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1. Introduction

Predictions of future climate trends, and assesswfemuman impact on climate and
ecosystems require knowledge of former climatgse@ally from the most recent geological
past (Alverson et al. 2001). Geochemical signatsaeted from carbonate skeletons or shells
of marine organisms have been used as paleoenwardamindicators for reconstructing
temperature and salinity variations of surface watasses (Jones 1983; Ganssen and Kroon
1991; Cole et al. 1993). For such an aim, shallatewcorals (mostly massiorites sp.
colonies) are commonly used as high-resolution qeadeironmental archives in tropical
marine environmentsPorites sp. colonies are well suited for geochemical studlae to
average growth rates of 10-15mm/y (Tudhope et336]1 Storz and Gischler 2011a). Long-
living bivalves, such ad\rctica islandica are commonly used in boreal seas. The main
constraint in using shallow water corals as welRasslandica is their limited geographical
range. Although non-tropical corals such @kadocora caespitosa are recently used as
climate archive from the Mediterranean Sea (Morgaghal. 2007), corals are confined to
tropical and subtropical seas, afddislandica to the North Atlantic. Moreover, bivalves are
influenced by an ontogenetic, asymptotic growtimdrenvhich lead to a decreased resolution
during the later stages of growth (Goodwin et 803, and are often biased by vital effects
(Schone et al. 2011), as well as corals (CoherMaa@onnaugey 2003).

Coralline red algae (non-geniculate algae of theeorCorallinales) are a major
calcifying component of marine benthos from troptcapolar oceans at all depths within the
photic zone in almost every habitat type (Fabriansl De’ath 2001; Kuffner et al. 2007).
Hence, they have no restriction in geographicatribigtion, unlike the above mentioned
biogenic archives. Additionally, occurring in hdrdttom benthic photic zones throughout the

world ocean, the many genera and species of noictdate corallines are important
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framework builders, framework cementers, and irdgiéments in coral reef environments

(Bjork et al. 1995; Basso 2012). Reefs (and postiohreefs) are structured by wave energy,
with coralline algae dominating at highest enerdialgal ridges), corals dominating at

intermediate hydrodynamics (Adey 1998). Corallied algae can also dominate on deep
banks and in fore reef zones (>60 m), if slopesrayderate (Dullo et al. 1990).

Laboratory experiments have shown that the Mg/Cao raf abiotic calcite
precipitated from artificial seawater is determirmgdthe temperature and Mg/Ca ratio of the
precipitating solution (Berner 1975). Chave and We (1965) found that the amount of
magnesium in the skeleton of the red alGsathromor phum compactum varies seasonally in
response to changes in sea surface temperature).(@@ditionally, experiments on
Neogoniolithon sp. have also shown that the amount of Mg incateakin the calcitic thallus
varies as a function of Mg/Ca ratio of the seawatexhich the algae is grown (Ries 2006).
Although secular variations in the Mg/Ca ratio haeeurred in seawater, the modern ocean
has a constant value of 5.2 molar (Ries 2006).|Wtiv, only few studies on corallines as
potential climate archive exist, and they are maadncerning species from boreal-subarctic
environments (Chave and Wheeler 1965; Halfar e2@0.7; Halfar et al. 2008; Kamenos et
al. 2008; Hetzinger et al. 2009; Hetzinger et L2, Halfar et al. 2011). Frantz et al. (2000)
found in a sub-tropical rhodolith dfithothamnion crassiusculum, evidence for EI Nifio-
Southern Oscillation (ENSO). Halfar et al. (20006urid a good correlation of Mg/Ca with
8'®0 and SST for the same species. However, it ischeatr how much algal metabolism
exerts control on Mg-carbonate chemistry. Ries §2@hd Kamenos et al. (2008) suggest no
significant vital effect for the Mg-fractionatiom icoralline algae and suggest that SST is the
dominant factor controlling Mg-carbonate chemisthy. a phylomolecular study of 191

coralline specimens from New Zealand, in contr@stjth et al. (2012) report that latitude (as
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a proxy for SST) has only a slight relationship\ig content. Fragoso et al. (2010) speculate
on phylogenetic control on small biomineralogicatigtions within the Corallinales. Moberly
(1968) suggested that the Mg content in calcitearflline red algae depends on growth
rates, which is a function of water temperatughtlintensity and physiological cycle.

The Li/Ca ratio has a constant concentration inptesent day ocean (Delaney et al.
1985). The major marine Li sources are rivers ayatdthermal activity (Edmond et al. 1979;
Stoffyn-Egli and Mackenzie, 1984). The applicatioh Li/Ca ratio as paleoceanographic
proxy in carbonate skeletons or shells of maringaoism is limited and controversially
discussed. An inverse correlation between Li/Ca #erdperature is seen in studies on
inorganic calcite and in aragonite skeletons oflsoand brachiopod shells (Marriott et al.
2004; Montagna et al. 2008; Delaney et al. 198%ijlevother studies on planktonic
foraminiferal tests and corals found no significeotrelation between Li/Ca and temperature
yet and suggested that the incorporation of Loistmlled by non-SST factors (Delaney et al.
1985; Hall and Chan 2004; Rollion-Bard et al. 2088J| and Chan 2004). Since Li/Ca ratio
was never investigated in the coralline algae tisathothing is known on the incorporation of
this element into algal skeleton, and a relatigmshith temperature might be found in
agreement with Marriott et al. (2004), Montagnalg008) and Delaney et al (1989).

Barium content of foraminifera shells and coralgarste was used to reconstruct
oceanic Ba distribution and as nutrient proxy (laeal Boyle 1989, 1993; Lea and Martin
1996; Tudhope et al 1996). Ba substitutes Ca imolattice of carbonate of coral skeleton
and foraminiferal shell in equilibrium with seawat®ntent (Lea and Boyle 1989). Hence,
these works suggest that also coralline red algagdcprovide a quantitative record of

seawater Ba content and an archive of upwellingnisity.



The predominant climate phenomenon of the subtab@ampling area is the Asian
Monsoon system, which is characterized by seaseratsals of the surface wind system and
a distinct seasonality of precipitation. It is dnivby the seasonal shift of the Inter-Tropical
Convergence Zone (ITCZ), due to different heatimgh® Eurasian subcontinent and the
Indian Ocean (Webster et al.1998; Al Saafani aneh8h2004; Al Saafani 2008). Upwelling
of deep water occurred during the summer monsoasose in the northwest Indian Ocean,
and with different intensity in the Gulf of Aden |(Aaafani and Shenoi 2007). The
hydrography and oceanography of the South Red &eat@ngly influenced by the south
Asian monsoon system (Edwards 1987; Al Saafani &hdnoi 2004). Additionally, the
Indian Ocean climate is affected by the El Nifio4Betn Oscillation (ENSO) phenomenon,
centered in the tropical East Pacific (Torrence Webster 1999). It force the south Asian
monsoon. In fact, warmest SSTs in the Indian O@anfound in non-El Nifio years in the
eastern part of the Indian Ocean, with above-aeepgcipitation during the SW monsoon
season, and strong El Nifio years cause higherribemal SSTs in the western equatorial
Indian Ocean (Bhatt 1989; Webster et al. 1998).

Coralline red algae are slow growing and, somehefrt are long living species that
can live more than 800 yrs (Halfar et al. 2007).ohm crustose coralline algae, the genus
Clathromorphum is particularly suitable for geochemical reconstien of the paleoclimate,
because it is one of the few encrusting corallilgae genera forming thickness individuals,
even up 5 cm thick (Halfar et al. 2007). Indeeaddliths (free-living coralline algae), as the
thick long-lived nodules formed by the gendrethothamnion and Phymatolithon, are
considered the more suitable for paleoclimate rsiwoation (Foster 2001). Moreover, these

genera show clear growth banding in longitudinatise of the thallus, which are interpreted



as annual growth bands (Adey and McKibbin 1970;sBak994; Basso et al. 1997; Foster
2001).

The aim of this study is to contribute to a bettederstanding and application of
coralline red algae as paleoclimatic archive. Aldjo coralline red algae are widely
distributed in the world oceans and resilient towaaiety of environmental disturbances,
rhodoliths are not common in some environments anficed to specific depth range.
Additionally, Clathromorphum is geographically restricted and encrusting coralblgae are
not usually so thick, rather, their strategy iseofa marginal growth. Therefore there is a need
to improve our knowledge on the potential of canall algae as biogenic archive of
paleoenvironmental signals across different enwirents, and thus to enlarge these studies
on other coralline genera or families. In this gtutthe thalli of two forms otithophyllum
kotschyanum f. affine (rhodolith and attached crust) from South Red &wh Gulf of Aden,
and a rhodolith ot.ithophyllum sp. from west Arabian Sea, were analyzed geocladiymian
high-resolution with respect to their Mg/Ca, Li/@Gad Ba/Ca ratios, as well the algal
extension rates, to investigate their applicatmmpialeoclimatic reconstructions. Contrarily to
previous studies of geochemical proxies in coraflinL.kotschyanum f. affine and
Lithophyllum sp. belong to a different phyletic line and thaitidity as paleoclimatic archive

has not been explored yet.



2. Biomineralization in corallinered algae

Biomineralization is the process whereby organi$onsn minerals, and research in this
field provides an excellent example at the intexfaetween the earth and life sciences. The term
biomineral refers not only to the mineral itselfjtkalso to the organic components associated
with the process of biomineralization (Weiner anov® 2003). These processes, reflecting the
degree of biological control, are divided into tftsmdamentally different groups (James and
Austin 2008): “biologically induced” and “organic atmnix-mediated”. In the first case, it is
recognized a process of secondary precipitatiormoferals resulting from the interactions
between biological activity and the environment @déonaughey 1989). In biologically
controlled mineralization, a generalized term foyamic matrix-mediated mineralization adopted
by Mann (1983), cellular activity locates and cotgrthe nucleation, growth and morphology of
the biomineral. As such, both, biological processed environmental signals are encoded into
biominerals, the former often know as “vital efféc(James and Austin 2008). One of the major
challenges now facing the palaeoceanographic contynus the need to improve our
understanding of some of the fundamental controlshe mechanisms of biomineralization and
an understanding of vital effects is central t@ gififort (James and Austin 2008).

Calcification can occur in the red algae eithemaonstant and characteristic systematic
feature of a group (Corallinaceae) or as a variahbracter according to the genera and species
(Peyssonneliaceae). Calcification within the redaal was only observed in the subclass
Florideophycideae. The orders of the Sporolithadesl Corallinales are always calcified
(Pueschel and Cole 1982, Le Gall et al. 2009). Suiigamily of Lithophylloideae, considered in

this study, belong to the family Corallinaceae,esr@orallinales.



The thallus of Corallinales and Sporolithales degelfrom a thin crust, is composed of
cell flaments that are connected together, andvtrdby division of the filaments and by
addition of one new cell at the tip of each filamédohansen 1981). The cell walls of the
coralline thallus are completely calcified, with awexceptions: the reproductive cells
(meristematic cells) and the superficial wall o€ thutermost epithallial cells in contact with

seawater (Fig 2.1A).

Fig. 2.1 SEM photos of longitudinal section of corallinaliins: A) Lithophyllum kotschyanum from Nabq (Gulf of
Agaba, North Red Sea) showing epithallus (arrowd)iaward the perithallus structure. Hypothallusofalline
algae is inward the perithallus, on base of alga;ithophyllum sp. from Socotra (DB635) showing transversal

section of thin needles of Mg-calcite crystals ¢ary and the plate crystals perpendicular to theveail

(arrowheads).

The calcification in these calcified algae occuiredatly in the vegetative cell wall. The
calcification appears to be controlled by a polgbacide matrix. In the first stages of the young
superficial cells (initial hypothallial and youngenithallial cells), calcification occurs as two

successive Processes:



1) In the outer zone the general envelope contaimsrtéedles arranged tangential to the
cells and to parallel to the polysaccharide fibrilewards the base of the outer cells
needles change progressively into plates. Amongephithallial cells, in the youngest
part, only tangential crystals can be observedthrg are regularly arranged in the
lateral walls (Fig. 2.1).

2) Inwards, from the perithallial meristem and dirgathder the epithallus, calcification
increases and a second phase can be observed iforthe of crystallization
perpendicular to the cell wall (Fig. 2.1B). Thesea@dary crystal are very closely

juxtaposed and form in contact with the plasmalemma

The thickness of the cell-wall may vary either witla species or from one species to
another (Cabioch and Giraud 1986). Although Walkedt Moss (1984) found that some species
of coralline algae repair damage to their subs@ttechment with granules of aragonite, the cell-
walls of coralline algae are composed of Mg-calaiigh [Mg] increasing in the calcite lattice as
the temperature increases, in seawater with prelsgniMg/Ca mole ratio (Chave 1954, Chave
and Wheeler 1965, Basso 1992, Halfar et al. 20@8s8 2012). The most important parameter
controlling the precipitation of a solid from sabrt is the degree of supersaturation. The
incorporations of elements into the structure ahdirt dependence on the environmental
parameters have to be known. Partition laws quauligtribution of an element between bulk
solid and aqueous solution (empirically). The hosrepus partitioning coefficient D for a trace

element T is given relative to the major elemeriit I€places:

[Toud _ o [Teal
[Cbulk] B D[CSO']



The substitution of cations in carbonates is maouytrolled by ion size, and charge
plays only a secondary role. Thus Sr, which haagel ionic radius than Ca, fits better into the
orthorhombic structure of aragonite than into tlexagonal structure of calcite. Partitioning
coefficients are strongly dependent on temperaflir@ce element concentrations are therefore,
often used as temperature proxy, but also othempeters such as precipitation rate or presence

of other trace elements are influencing the partitig coefficient.



3. Regional Setting

3.2. Balhaf (Yemen, Gulf of Aden)

Balhaf is located on the coast of Yemen at 13°584&8¢10.5E (Fig. 3.1). This area is
characterized by coral carpets of few centimetIk in thick, with living coral cover of 24-78%
(Benzoni et al. 2003). The coralline cover by dt&at forms is more than 16% (Benzoni et al.
2011), although the technique used by Benzoni.g8ll1) may underestimate the algae cover

(Caragnano et al. 2009). Very few and small specsred rhodoliths were observed during the

same study.
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Fig. 3.1 Map of the study area: A) location map of the GflAden between the Red Sea and the north-wegrind
Ocean; B) satellite photo of Balhaf by the softwgoegle earth 7.0.2, the circles indicate the samglites (yellow

for DB659 specimen, and red for DB657 specimen).

The Gulf of Aden is 900 km long, it spreads ovelaaga of about 220x¥&m?, and up to
about 1800 m deep and connects the Red Sea withottiewest Indian Ocean (Al Saafani and

Shenoi 2007). It extends from west-northeastwaainfrthe Strait of Bab-el Mandab to an
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imaginary line connecting Ras Baghashwa (Yementraasl Ras Asir (northern corner of the
Somalia Peninsula, Fig. 3.1A). Its hydrography atichate is strongly affected by the Indian
monsoon system (Al Saafani and Shenoi 2004; Al&@a&008). About 37% of the total volume
of water mass in the Gulf of Aden is the Red Setew@ane of the most saline water masses in
the world oceans (Al Saafani 2008). Four water mssse identified from salinity by Al Saafani
and Shenoi (2007). The surface water (between QL@Adn depth) reaches a salinity maximum
near the surface, and it is a mixture of local wated western Arabian Sea water during winter,
and with Red Sea surface water during summer (Aféa and Shenoi 2007; Al Saafani 2008).
Between 120 and 420 m depth the water mass is atkdar®d by low salinity due to the
northward spread of sub-tropical surface water fthensouth (Al Saafani and Shenoi 2007; Al
Saafani 2008). The third water mass (350-1050 nthjlep the Red Sea water that shows a
salinity maximum (Al Saafani and Shenoi 2007). Dogom water mass (1200-1600 m depth) is
characterized by a mixture of Red Sea water aneémait southern origin. Upwelling of deep
water occurs during the summer monsoon seasomeimarthwestern Indian Ocean, and with
different intensity in the Gulf of Aden (Al Saafeemd Shenoi 2007; Fig. 3.2).

In situ regular records of the oceanographic patarsdrom Balhaf are not available.
Therefore, have been used gridded instrumental atéinrecords, that averaged over a
geographical range and include various marinenggsitiSources and references of all climate

datasets used in this thesis are given in Table 1.
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Table 1 Instrumental records of Sea Surface Temperat8&)SSea Surface Salinity (SSS), precipitation,leeal
pressure (SLP), wind speed, zonal surface curreise] in this study. Abbreviations used here anthéntext:
HadiSST: Hadley Centre Global Sea Ice and Sea &urf@mperature; SODA: Simple Ocean Data reanalysis
project; ICOADS: International Comprehensive Océamosphere Dataset; CRU: University of East Anglia
Climate Research Unit.

Record

Grid

Reference

HadISST1

1°x1°;
47-48°E, 12-13°N;
54-55°E, 13-14°N

Rayner et al.
(2003; http://www.metoffice.gov.uk/hadobs/hadigst/

Zonal surface

0.5°x0.5°;

SODA, Carton et al. (2005; http://apdrc.soest.hawdil/)

currents 46-46.5°E, 12-12.5°N;
53-53.5°E, 12-12.5°N;
40-40.5°E, 16-16.5°N
SLP 2°x2° ICOADS v2.5
40-42°E, 14-16°N Woodruff et al. (2011; http://www.icoads.noaa.gov/
Wind speed 1°x1° ICOADS v2.5
46-48°E, 12-14°N; Woodruff et al. (2011; http://www.icoads.noaa.gov/
53-54°E, 13-14°N
SSS 0.5°x0.5°; SODA, Carton et al. (2005; http://apdrc.soest.haedi/)

46-46.5°E, 12-12.5°N;
53-53.5°E, 12-12.5°N;
40-40.5°E, 16-16.5°N

Precipitation

1°x1°;
46-47°E, 13-14°N;
29-30°E, 30-31°N

CRU TS3.10,
Mitchell and Joneg2005; http://www.cru.uea.ac.uk/cru/data/

Seasonal South Indig

rainfall (June-Sept)

0.5°x0.5°;
74-74.5°E, 13-13.5°N

IMD (CCCR,; http://cccr.tropmet.res.in/cccr/homegxdsp)
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Fig. 3.2 Horizontal distribution of sea surface temperataedinity and density in the Gulf of Aden durifgetSW

monsoon. The black circle indicates Balhaf (froffSAafani 2008).

During the winter monsoon season (November-Marthg, net flow in the gulf is
westwards and during the summer monsoon (Juneei®épt) eastwards along the northern side
of the gulf, westward along the southern side,amdnticyclonic eddy is seen at the center of the
gulf (Al Saafani 2008; Fig. 3.3). The wind speedare in Balhaf (Fig. 3.4A) does not show a
bimodal seasonal pattern with the highest valuglsiiy at the onset of the wet SW monsoon. The
seasonal reversal of the monsoon winds force Wersal of sea surface currents (SSC) at zonal

of Balhaf (Fig. 3.4B).
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42°E 46°E 50°E 54°E 42°E 46°E 50°E 54°E
Fig. 3.3 The surface currents derived from ship drifts €nduring the NE monsoon (on the left) and the SW
monsoon (on the right). The surce for the shipsliff the Ocean Current Drifter Data CDROMs NODCabd

NODC-54 (NODC, Department of Commerce, NOAA) (fréinSaafani 2008).

Monthly zonal surface currents from Simple OceartaD@eanalysis project (SODA)
gridded over 46-46.5°E, 12-12.5°N was used in stigly as an indicator of monsoon current
strength in Balhaf. South Indian precipitation frandian Meteorological Department (IMD)
dataset was usedas further indicator of the strenftthe summer monsoon. Salinity (SSS)
fluctuates between 36.05 (January) and 36.57 pstof@r) in the gridded SSS record, and it
exhibits a bimodal pattern (Fig. 3.5B). Althoughegpitation in Balhaf shows a bimodal pattern
as found for SSS, both records are not in phage &bA and B). This may be due to the fact
that hydrological cycle in the Gulf of Aden is cdegh to atmosphere (monsoon system) and the
Red Sea water mass cycle (Al Saafani and Shenai)20Qring summer Red Sea water mass,
one of the most saline water masses in the workhmg, inflow into the Gulf of Aden.
Additionally, during summer monsoon, the currentduice upwelling of deep water mass, that is
a mixture of Red Sea water and water of southeiginorMoreover, wind stress evaporation

during summer may also contribute to higher saliditring the wet summer monsoon season.
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Fig. 3.4 Two mean seasonal cycles to Balhaf of A) the mgrghidded ICOADS wind speed records since 1974

(Woodruff et al. 1998), B) the monthly gridded SOR@nal currents record since 1974 (graphs was itmthe

KNMI climate explorer web application, www.climekpmi.nl). Note that positive velocities correspdodzonal
velocity vectors orientated towards west, predomiigiiring SW monsoon season, while negative veéscit

accordingly correspond to vector oriented towawts,epredominant during the NE monsoon season.

The SST shows distinct seasonal variability in BalgFig. 3.5C). It is highest in May-

June (31-32 °C), and undergoes a cooling duringtinemer monsoon in July-August (29-30 °C)

depending on

monsoon winds in September, a heating of sea waidace takes place (up to 30 °C).

Afterwards, it cools again in October-January (34%€) in response to winter monsoonal north-
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the strength of the westerly monsoiodsy Due of the weakening of the summer
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easterly winds (Al Saafani 2008). The westerly wirdiring summer monsoon season cause
upwelling of cooler water along the northern pdrthe gulf that are rich in nutrients (Sheppard
et al. 1992; Al Saafani 2008). The gridded SST mkcghows a mean seasonality of 5.5 °C
(HadiSST1 dataset, Fig. 3.5C), and exhibits a bahpdttern, which is in phase with SSS (Fig.

3.5B and C).
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Fig. 3.5 Two mean seasonal cycles to Balhaf of A) the lowahthly gridded CRU precipitation records sincé4.9
(Mitchell and Jones 2005), B) the monthly gridd€alD3\ SSS records since 1974 (Carton et al. 2005)h€)

monthly gridded HadiSST since 1974 (Rayner et@D3). Note that the highest values are during tWen$onsoon.
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The predominant climate phenomenon in the Indiasa@cclimate north of 10°S is the
Indian monsoon system, but the last decades oamdseshowed that climate variability in the
Indian Ocean are mainly triggered by the Pacificug the Indian Ocean climate is affected by
the El Niflo-Southern Oscillation (ENSO) phenomenoentered in the tropical East Pacific
(Torrence and Webster 1999). The large-scale oiimattenomenon ENSO describes an
oscillation in sea level atmospheric pressure betwéhe central Pacific and the north
Australian/Indonesian region. Relatively low atmiospc pressure in the central Pacific and high
pressure over Indonesia results in a negative @lulee Tahiti-Darwin South Oscillation Index
(SOI; based on SLP), and indicates the “warm” Hid\phase of the Southern Oscillation, while
the opposite pressure regime describes the “col’Nifia phase of the oscillation. Previous
studies have shown that year with above-averageapmiaion during the SW monsoon season
over India, are often coincident with a positive IS@ith low pressure and relatively warm
temperatures over the Indonesian region and inedepsessure and cool temperatures over the
eastern Pacific Ocean, and vice versa in poor nwngears (Bhatt 1989; Webster et al. 1998).
In this study, the Nifio 3.4 index is used as abdd proxy for the strength of ENSO, and is based
on SST (HadiSST1) anomalies in the central Pa¢ifienberth 1997; Fig. 3.6A). The field
correlation in Figure 3.6B shows the weak and $iggmt (p-value>0.0001) positive correlation
between SST variability and Nifio 3.4 in the intenaa band. The cross-spectral analysis
between gridded SST of Balhaf and Nifio 3.4 revdadstypical modes of ENSO forcing in the
interannual range of the SST spectrum (Fig. 3.8I8)significant coherence is found for SST and
Nifio 3.4 in the decadal band (HadiSST1; Fig. 3.6C).

SST exhibit a significant long-term trend since 49%=0.5, p-value>0.0001 for

HadiSST1). The HadiSST1 datasets indicate a S®Tofi6.55 since 1974. Available SODA SSS
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data since 1974 indicate a negligible freshenimndr (r=-0.23, p-value=0.18), such as the

precipitation record (CRU TS3.10) since 1974 dassshow a secular trend.
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Fig. 3.6 A) Monthly and annual record of the ENSO index N84 (based on HadiSST1). B) R-values of running
correlations between the 12-months averaged high-fitered (year-on-year difference) record of N84, and
SST fields (based on HadiSST1) in the Indo-Padifased on a grid of 1°x1° for period 1974-2008 cBleircles
indicates the sites sampling (from left to rightarkaran, Balhaf and Socotra). A high-pass filteafyen-year
difference) was used in order to highlight the iateual variability by removing trends or slow \aidns.
Correlations stronger than r = +0.4 or r = -0.4sagmificant at 99%, based on a two-sided studégstt P-values <
0.2 have been masked out. Analysis was run withktkll climate explorer web application (van Oldemngl and

Burges, 2001http://climexp.knmi.n). C) Blackman-Tukey cross-spectrum between anmean Nifio 3.4 index and

gridded SST (HadiSST1) from Balhaf for the peri@¥4 -2008. The top panel shows the variance sp&wutizoth
records, and the botton panel shows the coheréineedrrelation coefficient as the function of fueqcy between
the records). Thin line on the bottom panel indisahe one sided lower error at 90%. Coherenceesah0.8
indicate that over 64% ((°)Bof the variance at these periods is linearlyeiated. Number are given in years. The
bandwidth is 0.06 (number of lags: 24). The critdar this are that the variance peaks are alidimetthe top panel)

and that the corresponding coherence exceed thecBffilence level (CL)
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3.2 Socotra (Yemen, south-west Arabian Sea)

Socotra is a Yemeni island and it is about 380 &ntd the Gulf of Aden coast of Yemen,
and only 100 km far to the Somali coast (Fig. 3.7M)e island stands on a broad undersea
plateau, the Socotra Platform, and spanning 133wkast to east and 43 km north to south

(Cheung and DeVantier 2006; Fig. 3.7B).
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Fig. 3.7 Map of the Study area: A) location map of the 8dRed Sea-Gulf of Aden- South-west Arabian Sea with
indication of the position of the island of Socot®d Geological Map of Socotra with indication bftposition of

the sampling site Ras Adho (from Cheung and De i¢an@006).

Socotra is located to the southwest of the Aral¥aa, and it is bordered by the Gulf of
Aden (Tudhope et al. 1996, Vecchi et al. 2004). ©end is influenced by the oceanographic
setting, with substantial seasonal and inter-annaiability in physical and biological
oceanography. It is bathed by a variety of difféene@ater masses, including those originating to
the south off East Africa, to the east by watethef central Indian Ocean, and to the north-west,
north and north-east, by the Red Sea, Gulf of Aaleth Arabian Sea respectively (Cheung and

DeVantier 2006).
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Bathymetry surrounding the islands reflects thearg tectonic history, and in several
respects is comparable to the islands’ landformise(@g and DeVantier 2006). Inshore, a
relatively flat shelf generally less than 50 m déeproken in places by narrow channels to ~80
m (Cheung and DeVantier 2006). Relict reef struesuwith characteristic spur and groove
systems occur off sections of the north and soa#tsts, remnants of extensive earlier periods of
reef growth (Cheung and DeVantier 2006). The di@gal sample collection is Ras Adho, in the
north-east part of the island (Fig. 3.7B). Diving sn Ras Adho is about 1 km far to the coast, at
12°38.638N and 54°16.147E (GPS coordinate in WGSFgft 3.8A). It is a rocky buttresses
with the base at 21 m and the top at 17 m altenwdtesandy channels (Fig. 3.8B). This site is
characterized by high hard and soft coral covewgrg directly on the rock and by the presence
of anthipatarians (unpublished report CREOCEANYgea(up to 2 m in diameter) and flattened
colonies, andGoniastrea pectinata are the dominant feature of this site (unpublishejplort
CREOCEAN). Encrusting and free living corraline eddae (rhodolith) are present and abundant

at first glance.

Photo by Eric Dutrieux

Fig. 3.8 A) photo of the north coast of Socotra to Ras Adj)gphoto of the sampling site characterized tpkyo

buttresses alternate with sandy channels.
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The climate and surface water oceanography of tiadiAn Sea region are dominated by
the seasonally reversing Asian monsoon. Strongstn®W airflow in summer (the SW monsoon)
alternates with weaker, dry and more variable NHoai in winter (the NE monsoon; Fig. 3.3).
The western Arabian Sea is a region with largeesaald strong surface wind forcing during the
southwest monsoon, and a vigorous dynamical oesponse that yields large SST gradients on
the oceanic mesoscale, with changes in SST thaexesed 5° C over 200 Km (Vecchi et al.
2004; Fig. 3.2). The SW monsoon winds drive a gir&@8C (the Somali current) across the
Arabian Sea. The winds during the SW monsoon indiiceng upwelling in the Arabian Sea
water, that triggers spectacular phytoplankton mgoresulting in the region being one the most
productive areas of the world’s oceans (Qasim, 188ack et al. 1993; Fig. 3.9). The upwelling

influences shallow hydrography to depths of ab&@m2 (Brock et al. 1992).

Fall Intermonsoon (November) NE Monsoon (February) Phytoplankton pigment

concentration (mg m™)

Land/No Data
0.041

0.071
01056
= 0.163
0.254
- 0.394
- 0.614
- 0.955
- 1.49
2.31
3.60
- 5.60
32.8

Fig. 3.9 Monthly climatologies for phytoplankton pigmentaentration (mg M) based on Coastal Zone
Color Scanner data acquired during November 19%81gh June 1986 (Feldman et al. 1989) and repiiegethie
four season of the annual cycle (from Brock e @B2). The white circles indicates Balhaf, while thhite stars

Socotra.
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Perennial records dh situ records on marine climate from Socotra are noilabla.
Therefore, have been used gridded instrumentalatdéimecords. Sources and references of all
climate datasets used are given in Table 1. Thel wpeed record in the North-East coast of
Socotra does not show a bimodal seasonal patterthethighest values in July at the onset of the
wet SW monsoon (Fig. 3.10A). The seasonal reverfséde monsoon winds force the reversal of
SSC at the North-East Socotra, and a local reweserent, not linked to the reversal of the
monsoon winds, occurs in winter (December-Marchy. A.10B). Monthly zonal SSC from
SODA gridded over 53-53.5°E, 12-12.5N was usedhia study as an indicator of monsoon
current strength in Socotra. South India precigtatfrom IMD dataset was used as further
indicator of the strength of the summer monsoon.

Salinity fluctuates between 35.64 (November) an@36gFebruary-March) in the gridded
SSS record (Fig. 3.11B). Precipitation in Socotravés a trimodal pattern with the highest peak
in October (at the onset of winter monsoon), and lwwer peaks, one in May (in the end of
winter monsoon), and one in January (winter; Fi13). The combined effects of upwelling of
cool subsurface water, lateral influx of cool water the Somali current and evaporative cooling
due to strong winds more than offsets solar gasullts in the lowest annual SST in August (Fig.
3.11C). During the NE monsoon, surface current flewerses and a winter temperature minima
in SST is attained in January (Fig. 3.11C). Theréttle upwelling associated with this weaker
NE monsoon flow (Tudhope et al. 1996). Warm SSTEsuwo in the spring (May) and autumn

(October-November) transition periods between mong&ig. 3.11C).
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Fig. 3.10 Two mean seasonal cycles to Socotra of A) the hitpgtidded ICOADS wind speed records since 1974

(Woodruff et al. 1998), B) the monthly gridded SORdnal currents record since 1974 (graphs was itinthe

KNMI climate explorer web application, www.climekpmi.nl). Note that positive velocities correspdodzonal

velocity vectors orientated towards west, predomtinliring SW monsoon season, while negative veéscit

accordingly correspond to vector oriented towawas,epredominant during the NE monsoon season.
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Fig. 3.11 Two mean seasonal cycles to Socotra of A) thd locethly gridded CRU precipitation records since
1974 (Mitchell and Jones 2005), B) the monthly ded SODA SSS records since 1974 (Carton et al.)2@)3he

monthly gridded HadiSST since 1974 (Rayner et@GD3).

Tourre and White (1995) suggested on the basisheir tanalysis of upper ocean
temperatures for the period 1979-1991, the presehas ENSO-style phenomenon in the Indian
Ocean. They suggested that the early stages of waon event manifested as positive SST
anomalies in the Arabian Sea which then propagedehtorward and eastward through time to

produce a variability similar in magnitude and tgito the Pacific ENSO. In this study, the Nifio
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3.4 index is used as a reliable proxy for the gjtierof ENSO, and is based on SST (HadiSST1)
anomalies in the central Pacific (Trenberth 199@; B.6A). The field correlation in Figure 3.6B
shows a strong and significant (p-value>0.0001)tpescorrelation between SST variability and
Nifio 3.4 in the interannul band. The cross-speeatnalysis between gridded SST of Socotra and
Nifio 3.4 reveals the typical mode of ENSO forcinghe interannul range of the SST spectrum
(Fig. 3.12). No significant coherence is found 88T and Nifio 3.4 in the decadal band
(HadiSST1; Fig. 3.12).

SST exhibit a weakly significant long-term trenchcg 1973 (r=0.3, p-value=0.05 for
HadiSST1). The HadiSST1 datasets indicate a S®Tofi.3 since 1973. Available SODA SSS

since 1973 does not show a secular trend.
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Fig. 3.12 Blackman-Tukey cross-spectrum between annual mé&am N4 index and gridded SST (HadiSST1) from
Socotra for the period 1974 -2008. The top panehstthe variance spectra for both records, antbottem panel
shows the coherence. Thin line on the bottom piaéaates the one sided lower error at 90%. Colwerenlues >
0.8 indicate that over 64% (B6)&f the variance at these periods is linearlyelated. Number are given in years.
The bandwidth is 0.06 (number of lags: 24). Theeda for this are that the variance peaks arenatig(in the top

panel) and that the corresponding coherence exbed®D% confidence level (CL).

3.3 Kamaran (Yemen, South Red Sea)

Kamaran is a small Yemeni island about 2 km fathe® Red Sea coast of Yemen (Fig.
3.1A). It is a flat arid island of about 18 Km loagd 7 Km wide. It is located at the southern end
of the Red Sea in the shallow water of the Aralp@ninsula’s continental shelf.

The diving site was close to the coast at 15°2IN982°37.54E (GPS coordinate in WGS
84; Fig.3. 13A). It is a sandy substrate dominatesponges, where several rhodoliths were

observed (Fig.3. 13B).
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Fig. 3.13 A) photo of the sampling site to Kamaran seen ftbencoast; B) photo of the sampling site char&sdr

by the presence of macro sponge.

The Red Sea is a long (~1932 km), narrow (an aeeod@80 km in width) body of water
surrounded by the African and Eurasian continedesal 1987). It is linked in the south to the
Indian Ocean, through the Gulf of Aden, by a vehal®w sill, and in the north to the
Mediterranean Sea by the Suez Canal (Al SaafanSaedioi 2004). The Hanish Sill is only 160
m deep and 5 km wide at the bottom, so that irugial in determining the nature of Red Sea
outflow water (Aiki et al. 2006).

The climate of the Red Sea is largely controlledthwy distribution of, and changes in,
atmospheric pressure over a very wide area, thi#th, some exceptions, shows a remarkable
uniformity throughout the year (Edwards 1987). WWeatover the area may be divided in the
year into cooler an hotter season correspondirtheaonventional northern hemisphere winter
and summer. The northern part of the Red Sea jedub greater variability of weather than the
south, particularly in winter when it may be infhoed by disturbances in the Mediterranean,
which leads typical winter rains (Edwards 1987;id-et al. 2000). This occur in association with

troughs of low pressure which move into the Red f&®&a the north and are often accompanied
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by changes in wind, temperature and humidity anéhbyeased cloud (Fig. 3.14). These fronts
may penetrate quite far south (to the latitude asbawa, at ~16°N) but south of about 25°N the
manifestations become much less marked and aredindlg absent (Edwards 1987). In the south,
variability is small and is mainly associated widasonal wind changes (Fig. 3.14). As in the
north the occasional outbreaks of rain still temtbé concentrated in the winter months (Edwards
1987). So, during winter the northern part of thelRSea is affected by the north African wind
system and northerly winds converge with the salitiveinds at about 18-20°N (Edwards 1987;
Fig. 3.14).

The excess evaporation over the Red Sea produtresnesty salty and dense water which
intermittently spills from the sill and cascadeswndoto the intermediate depth of the Indian
Ocean (Aiki et al. 2006). Passing through the GtilAden, the water outflows from the Red Sea
becomes a part of the intermediate circulatiorhaIlbhdian Ocean, which has been observed as a
mid-depth salinity maximum in the Arabian Sea awmdrein the southern hemisphere (Mecking
and Warner 1999). The hydrography and oceanograpthe Red Sea are strongly influenced by
the adjacent Indian Ocean through surface and galosucirculation regimes, governed by the
south Asian monsoon system and by thermohalinaileion (Edwards 1987; Al Saafani and
Shenoi 2004; Aiki et al. 2006). The thermohalinewiation in the Red Sea leads an inflow of
surface water from the Gulf of Aden, and outflow ddep and dense Red Sea water in the
opposite direction (Edwards 1987). During winteloydmber-April) the NE monsoon together
with thermohaline forces, create an inflow of soefavaters from the Gulf of Aden towards the

southern Red Sea, while deep waters flow backEdwérds 1987).
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Fig. 3.14 Winds over the Red Sea during early summer,

During summer (May-October), the SW monsoon wins the thermohaline forces have
opposite effects, resulting in a net surface outflowards the Gulf of Aden (Edwards 1987). The
Red Sea water overflows less in summer and moveériter, due to the monsoonal winds over
the Indian Ocean, that induces the summer cessattithie strait outflow (Aiki et al 2006).

Perennial records of in situ records on marine alerfrom Kamaran are not available.
Therefore, as for other locality involved in thisidy, have been used gridded instrumental
climate records (Tab. 1). As mentioned above weaththe Red Sea may be divided in the year
into cooler an hotter season corresponding to tmventional northern hemisphere winter and
summer. In fact, the wind speed record in Kamafraws the seasonal reversal in summer and
winter, resulting in positive wind speed in winterhen it blows northwards, and negative in

summer, when it blows southwards (Fig. 3.15A). Tikisn phase with the SSC record, with a
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negative value during winter, when there is anowflof the sea surface water from the Gulf of

Aden into the Red Sea, and a positive value dwumgmer, when the Red Sea's surface water
outflow into the Gulf Fig.3.15B). Both records (wiand current) are in phase with the sea level
pressure (SLP) record that expectedly shows thedoBLP in summer and the highest value in

winter, when the sea surface water inflow intoReel Sea from the Gulf of Aden (Fig. 3.15C).
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Fig. 3.15 Two mean seasonal cycles to Kamaran of A) the hipgridded ICOADS wind speed records since 1993
(Woodruff et al. 1998), B) the monthly gridded SOR@nal currents record since 1993, C) the monttitjdgd

ICOAD sea level pressure (graphs was run with tN&Kclimate explorer web applicatiomww.climexp.knmi.n).
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The cross-spectral density between Alexandria pitation record and annual SST did
not reveal coherence between the two records, asglith the sea level pressure record. Instead,
a cross-spectral density between the Alexandrigigtation record and the SSC revealed a

coherence for the period of 5 yrs (Fig. 3.16).
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Fig. 3.16 Blackman-Tukey cross-spectrum between annual méaxaAdria rainfall and gridded zonal surface
current (SODA) from Kamaran for the period 1974020The top panel shows the variance spectra fitr fezords,
and the bottom panel shows the coherence. Thiroline bottom panel indicates the one sided l@u@r at 90%.
Coherence values > 0.8 indicate that over 64%)0f&he variance at these periods is linearlyeated. Number
are given in years. The bandwidth is 0.06 (numibéags: 24). The criteria for this are that theigace peaks are

aligned (in the top panel) and that the correspandbherence exceed the 80% confidence level (CL).

Hence, this may confirm the weak influence of tbetimern climate to the more south part
of the Red Sea. A cross-spectral density betweenSiR record and SLP record revealed a
coherence for the periods of 2.8 and 2.5 yrs (Bifj7), substantiating the influence of Asian

monsoon system on the South Red Sea overflow.
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Fig. 3.17 Blackman-Tukey cross-spectrum between seasondh Sudia rainfall (SIR; IMD) and gridded sea suiac
pressure (SLP; SODA) from Kamaran for the period4l2008. The top panel shows the variance spfmtizoth

records, and the bottom panel shows the coher@haeline on the bottom panel indicates the onedidwer error
at 90%. Coherence values > 0.8 indicate that o4& @.8) of the variance at these periods is linearlyelated.
Number are given in years. The bandwidth is 0.@énlmer of lags: 24). The criteria for this are ttiet variance

peaks are aligned (in the top panel) and thatdheesponding coherence exceed the 80% confidemek(lEL).

The typical winter rain in the northern Red Seal$® present in Kamaran, but in this area
of the southern Red Sea the highest positive péakimfall occur during summer (Fig. 3.18A).
Salinity fluctuates between 36.5 psu (DecemberdJand 38.7 psu (August-September) in the
gridded SSS record, and it is in phase with SS@rde¢Fig. 3.18B). The SST shows distinct
seasonal variability in Kamaran, and it is in phaséh SSS record (Fig. 3.18C). Temperature
fluctuates between 25.4 °C in winter (Februaryyl 38.2°C in the end of summer (October), and
this range expectedly corresponds respectivelggdawest and highest value of SSS (Fig. 3.18B
and C). HadiSST1 SST data since 1993 to 2008 dexiobit a significant long-term trend, such

as available SODA SSS data for the same period. cfbss-spectral density between SST
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(HadiSST1) record and SSS record revealed cohefmtegeen the two records in the periods of
5.8 yrs and 2.5 yrs, and the SSS record shareghdthnnual SST almost 94% of the variance in

these periods (Fig. 3.19).
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Fig. 3.18 Two mean seasonal cycles to Kamaran of A) the logalthly gridded CRU precipitation records since
1974 (Mitchell and Jones 2005), B) the monthly ded SODA SSS records since 1974 (Carton et al.)2@)3he

monthly gridded HadiSST since 1974 (Rayner et@D.32.

As previously said, it has long been recognizetl\thaations in the intensity of the Asian
and Africa monsoon show some degree of correlatwth the Pacific ENSO (Bhatt 1989;

Torrence and Webster 1999). Interdecadal variatiortee coral skeletofi*®0 from south and
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north Red Sea have been correlated with ENSO (Kdeal. 1997; Felis et al. 2000). Particularly,
Klein et al. (1997) found, although weak, a sigi@fit coherence between SST and SOI, and
coral skeletons*®0 record and SOl for period centered at 2-2.5 yrshe southern Red Sea

(Eritrea).
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Fig. 3.19 Blackman-Tukey cross-spectrum between gridded (58@iSST1) and gridded SSS (SODA) from
Kamaran for the period 1974 -2008. The top panehstthe variance spectra for both records, anthottem panel
shows the coherence. Thin line on the bottom piadéates the one sided lower error at 90%. Colueremlues >

0.8 indicate that over 64% (B)®f the variance at these periods is linearlyeated. Number are given in years.
The bandwidth is 0.06 (number of lags: 24). Theeda for this are that the variance peaks arenatigin the top

panel) and that the corresponding coherence exbed®D% confidence level (CL).

As for the other areas of study (Balhaf and Sogotiee Nifio 3.4 index is used as a
reliable proxy for the strength of ENSO, which iasbd on SST (HadiSST1). The field
correlation in Figure 3.6B shows no correlationwetn SST variability and Nifio 3.4 in the

interannual band in the southern part of the Red Tlee cross-spectral analysis between gridded
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SST of Kamaran and Nifio 3.4 record reveals cohereanthe typical modes of ENSO forcing in
the interannual band at the periods of 3.7 andy&5Fig. 3.20). The latter shows the highest
coherence, and the 52% of the SST variance is iegolan this period. No significant coherence

is found for SST and Nifio 3.4 in the decadal band.(3.20).
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Fig. 3.20 Blackman-Tukey cross-spectrum between annual m&am3.4 index and gridded SST (HadiSST1) from
Kamaran for the period 1974 -2008. The top panehstthe variance spectra for both records, antvdttem panel
shows the coherence. Thin line on the bottom piadéates the one sided lower error at 90%. Colueremlues >
0.8 indicate that over 64% (B6)&f the variance at these periods is linearlyelated. Number are given in years.
The bandwidth is 0.06 (number of lags: 24). Theeda for this are that the variance peaks arenatigin the top

panel) and that the corresponding coherence exbed®D% confidence level (CL).
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4. Material and methods

4.1. Sampling and measur ements

Three living rhodoliths (DB657, DB635 and DB576)aan attached specimen (DB659)
were collected via SCUBA diving (Fig. 4.1). The CiB6and DB659 samples were collected at
Balhaf on the coast of Yemen (13°58.5N; 48°10.5F; 8.1B) in November 2008 between 6 m
and 8 m water depth (Fig. 4.1A, B). The DB635 sampbs collected at Ras Adho (Socotra,
Yemen,; 12°38.638N, 54°16.147E) in March 2010 at8epth (Fig. 4.1C). The DB576 sample
was collected at Kamaran (Yemen; 15°21.988N, 4%%F) in September 2009 at 1.5 m depth

(Fig. 4.1D).

A EEEEETEEEELEEE T

Fig. 4.1Specimens of coralline red algae analyzed: A) rlitsdof Lithophyllum kotschyanum f. affine from Balhaf
(DB657); B) attachedl. kotschyanum f. affine from Balhaf (DB659), note the presence of epilspas the
filamentous algae that grow on coralline alga; li@dolith ofLithophyllum sp. from Socotra (DB635); D) rhodolith

of L. kotschyanum f. affine from Kamaran (DB576).
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The air-dried coralline specimens were sectionedlighto the direction of growth using
a low speed saw with diamond blades (Fig. 4.2A, 4.8A, 4.5 and 4.6A). The sectioned parts
were polished with a 800 Grit silicon carbide pafmerwet grinding, cleaned ultrasonically and
organic matter was removed by immersion in a soubtf diluted hydrogen peroxide (Mertz-

Kraus et al. 2008).

Fig. 4.2 DB659 sample: A) vertical section parallel to theedtion of algal growth; B) magnification of the
protuberance (B) shown in (A) and referred to mtiext as DB659b; C) magnification of the protamee (C)
shown in (A), and referred to in the text as DB699ate in (B) and (C) the two parallel laser lingnsects of the

LA-ICP-MS analysis. Note the high presence of infau
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Fig. 4.3 Vertical section parallel to the direction of dlgeowth of the branch of DB659 sample and ref@itio in
the text as DB659bis. The four black lines arepiadile of the LA-ICP-MS transects. Note the higlegence of

infaunal.

Fig. 4.4 Sample DB657 A) vertical section parallel to thection of algal growth; B) magnification of the
protuberance analyzed showing the two parallel lése transects of the LA-ICP-MS analysis. Note ttigh

presence of infaunal.
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Fig. 4.5 Vertical section parallel to the direction of dlgeowth of the DB635 sample. The four black lirzes the

profile of the LA-ICP-MS transects. Note the higlegence of infaunal.

Fig. 4.6 Sample DB576 A) vertical section parallel to theection of algal growth; B) magnification of the
protuberance analyzed showing the laser line tassd the LA-ICP-MS analysis. Note the high preseof

infaunal.

Elementary concentration of Li, Mg, Ca and Ba wareasured at the Department of

Geosciences, Johannes Gutenberg-Universitat Madermany using an Agilent 7500ce
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Quadrupole ICP-MS coupled to a New Wave researdWRIN UP-213 laser ablation system
(213nm wavelength, Nd:YAG Laser) for DB659a andDB657specimens and to a NWR 193
(193nm wavelength, Nd:YAG Laser) for DB659bis, DB63and DB576 specimens.
Measurements were carried out with laser energgities of 2.76 J/cfand helium as carrier
gas. Transects parallel to the direction of growsine analyzed with a scan speed ofir)s, and

10 Hz pulse rate. The transects’ width were ofi6bfor DB659a and b, DB657 specimens, and
of 50 um for DB659bis, DB635 and DB576 specimens. On sarfyB659, two parallel transect
on two algal protuberances (DB659a and b) wereyaad| each couple of transects were of 6.5
mm and 3.5 mm long (Fig. 4.2B and C). Additionaby,DB659 four consecutive transects, to
follow the changes of the direction of growth, warelyzed, and they were combined to get a
single transect of 12.2 mm length (Fig. 4.3). At@3B, two parallel transect of 4.8 mm long on
an algal protuberance were analyzed (Fig. 4.4BDB635 four consecutive transects, to follow
the changes of the direction of growth, were aredyto get a single transect of 8.5 mm length
(Fig. 4.5). At DB576 a transect of 7.2 mm long anagal protuberance was analyzed (Fig.
4.6B). “*Ca was used as internal standard, and glass reéenmaterial NIST (US National
Institute of Standard and Technology Standard Refsr Material) SRM 610 as external
standard. Data reduction was carried out with tleenroercial software GLITTER 4.4.2
(Macquarie University, Sydney). Values for NIST SRIO0 reported in the GeoReM database
were used as the “true” concentrations in thisresfee glasses (Jochum et al. 2006). Detection
limits (99% confidence) weréLi=0.038ppm,**Mg=0.02ppm,**Ca=9.26ppm**'Ba=0.027ppm:;
the relative standard deviation (RSD) from repeatealysis for NIST SRM 610 is equal or less
than 5%:'Li/ **Ca=3%,*Mg/**Ca=5%,"*'Ba/*Ca=1%. The two parallel transects in DB659a,b
and DB657 of Mg/Ca, Li/Ca and Ba/Ca were averagetlasingle transect for each ratio was

considered for further analysis.
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Values of Mg, Li and Ba in the carbonate latticaalgfal thallus were received by mean of
LA-ICP-MS measures and they have been converted fiom to mmol mét and in the end to
mol % by the following equations:

A (mol moy=B/C (1)
Y (mmol mol*) = (D/A)*1000 (2)
mol % element =Y * 100 / (1000 +Y) 3)
Conversion factor (A) for each element used in #tisdy has been calculated dividing the
standard-atomic weight of the element (B) for thendard-atomic weight of calcium (C).
Afterward, conversion from pg'gto mol mol* for each element value measured (Y) has been
calculated dividing each element ratio measuredidDyonversion factor and multiply for 1000.
In the end to calculate the mol% for each elemeafast version equation was used (3).

The age models were established based on the s¢ayoles in algal Mg/Ca time series
(Fig. 4.7). Mg/Ca values were mainly tied to Jaguiar samples from Balhaf (Fig. 4.7A), to
August and January for sample from Socotra (FigB}®. and to February for sample from
Kamaran (Fig. 4.7C; HadlSST1 dataset minimum). Mwee, in samples from Balhaf (DB659
and DB657), where little decreases of Mg/Ca, betwes adjacent minimum ratio values were
recognized, corresponding to summer monsoon, marifig/Ca values were tied to June and
September (pre and post monsoon month). The chlogyolas thus tied two anchor points
within each year (Fig. 4.7A). In Socotra sample mmaxn Mg/Ca values were tied to May
(maximum SST month from HadiSST1; Fig. 4.7B). Cosedy, in Kamaran sample maximum
Mg/Ca values were tied to September-October (maxin@8ST month from HadiSST1; Fig.
4.7C). Since the distance from each Mg/Ca measurefran the living surface of the algae was
known, two adjacent annual Mg/Ca minima were usedestimate annual growth rate by

subtracting distance of these minima from the Gvéirface .
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Fig. 4.7 LA-ICP-MS measured of Mg/Ca cycles used for catinfy annual growth-increment widths in: A)
L. kotschyanum f. affine from Balhaf, example of the DB659b specimen wlarews indicate the lowest value of
Mg/Ca corresponding to the lowest value of SSTaimuary, the arrowheads the highest values of Mg/Ca
corresponding to the highest value of SST (pre@rstl monsoon) and the star the summer monsoo imtmth of
August; B)Lithophyllum sp. from Socotra, the lowest values of Mg/Ca apoad to the month of August; C)

kotschyanum f. affine from Kamaran, the lowest values of Mg/Ca corresitorthe month of February.

Monthly and annual time series were calculated bgraging of values within each

chronological series. They were compared to gridsied (HadiSST1).
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The samples were decalcified with Tellyeniczkygtdution for 3-5 days (Bressan 1974)
for algal identification and observations on algametry. Once decalcified, the samples were
washed in distilled water for 10-20 min. They wénen dehydrated through a graded ethanol
series and embedded in methacrylate resin (Techrtd@O; Heraeus Kulzer, Wehrheim,
Germany). Specimens were serially sectioned withroary microtome (Leica, Wetzlar,
Germany) and stained with 1% toluidine blue “O"siodium tetraborate (O’Brien and McCully
1981). Serial sections were mounted in Eukitt (iwdker GmbH & Co; Freiburg, Germany), and
permanent slides were examined and photographédawiEICA DM-RD microscope.

On DB659a-b and DB657 cell size variations weresuesd and compared with variation
in cell wall thickness by scanning electron micagsc (SEM). After geochemical analysis, the
samples were prepared and mounted on stubs wittr gjlue and were gold scatter-coated and
imaged with a Vega Tescan TS5136XM.

Anatomical terminology for coralline algae follo@shansen (1981).

4.2. Statistical treatment

Standard correlative statistics were used to estirttee similarity between each proxy
record along the same transect, in coral spot aisagnd between these proxy records and
gridded SST. For DB659a,b and DB657 specimens,tdstt-was performed between the 2-
parallel transects with the package Statistica(6t@tSoft 2001). When the t-test revealed no
significant difference, the two transects were radronto one and only the average between them
was used.

For the spectral analyses of the algae and institaheclimate data the software

Analyseries 2.0.4.2 was used. Prior to spectrdiaes, the individual time-series were detrended
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by removing the linear trend and normalizing tot wairiance. The Blackman Tukey method was
used (Blackman and Tukey, 1958), which is the @atsnethod for spectral analyses, and

widely used in coral spectral analysis. The alponitcomputes first the autocovariance of the
data, and then applies a window (Barlett), andllfyri@outier-trasforms the covariance functions

to compute a power spectrum (Paillard et al. 1996 chosen window should not considerably
affect the results for typical short and noisy tisegies. A further advantage of this method is the
possibility to apply cross spectra for two timeisgr This method provides the statistical tool to

detect correlations between two time series irsgeztral range.
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5. Reaults

5.1. Balhaf

5.1.1. DB657 and DB659a-b

To date, the coralline flora of the study areaasywpoorly known. The encrusting plant
lived on a reefal limestone and the rhodolith waswgng over a serpulid empty tube. Both
specimens are darkish pink, fruticose in growthmiowith protuberances up to about 10 mm in
length. Histological sections reveal cells of adjadilaments joined by secondary pit connections,
absence of cell fusions, uniporate tetrasporangpakceptacles in DB659 (diameter 300 pum,
height130 um, length of the pore canal 50.5 um;5=g\), and carposporangial conceptacles in
DB657 (Fig. 5.1B). Based on these attributes, thelline algae involved in this study were

identified adLithophyllum kotschyanum f. affine.

Fig. 5.1 Histological section of. kotschyanum f. affine from Balhaf A) tetrasporangial conceptacles in B86

sample; B) carposporangial conceptacles in DB651pEa

Histological sections showed a variability in ecdtbngation of the same cell filament along
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the main growth axis (Fig. 5.2A, B).

Fig. 5.2 Histological section of DB657 thallus: A) longitndl section of a protuberance showing band pecitydi

(arrowhead), three growth stages (arrows), anduthdiscontinuity (white arrow); B) magnificatiori A showing
different cell elongations along the same filam&&EM picture of DB657 section: C) longitudinal sentof calcite
thallus showing different cell dimension along filents; D) magnification of C showing presence afjer/smaller
cell along filaments; E) magnification of longetlseshowing thin wall cell; F) magnification of sitex cells showing

thick wall cell.
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Investigations by SEM have also shown this vangbih cell size (Fig. 5.2C, D). Thus,
both methods of observations pointed out an altermaf small/large cells from surface inward.
Moreover, SEM pictures show that the shortest gadlisl a thicker wall then the longest ones (Fig.
5.2E, F).

During the SEM observations it was not possibleneasure the cell lumen in calcified
samples, since they were obliterated after polghitence, only histological measures of cells
elongation from the meristematic cell inward alding same perithallial cell filament were plotted
to show cycling features (Fig. 5.3), since the ditan of cells along the same filament was

constant.
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Fig. 5.3 Graph of the cell elongation measured from thestematic cell inward of three different filameinsthe

histological section of the DB657 sample.

The two parallel transects of each analyzed protuoe in sample DB659 are not
significantly different (t-test) in the Mg/Ca, Li&Cand Ba/Ca time series, while in sample DB657
the time series of Mg/Ca and Li/Ca bear signifiagdifferences (Tab.2). The curves of Mg/Ca ratio

measured in DB657 along the two transects showe@rale peaks, possibly due to the
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measurement of secondary calcite, deposited irtkieleconceptacles (Fig. 5.4). Microscopical
observations of sectioned samples provide evideéhat the highest peak corresponds to a
conceptacle, while the other minor spikes corredpgorconceptacles buried under a thin layer of
calcite. Observations of Mg/Ca time series in DB66B@w that the production of carposporangial
conceptacles ih. kotschyanum f. affine occurs at the end of winter, when SST is rising.(5.4).

For these reasons, the elements average of thdangects in specimen DB657 was not retained
for the correlation with the SST record. Hence, rilationship between elements and SST was

investigated only in the two transects of speci&659.

Table 2 Statistical analysis (T-test) between elements&fias measured along the two parallel transectsian
protuberance (DB659a, DB659b and DB657) and betwetwo protuberances of sample DB659 (DB659a-b).

Samples T-value p-value df

Mg/Ca | Li/Ca | Ba/Ca | Mg/Ca | Li/Ca | Ba/Ca | Mg/Ca | Li/Ca | Bal/Ca

DB659a 1.82 1.04 -0.48 0.07 0.3 0.63 1600 | 1402 1402

DB659b 26 | 026 | -1.34 | 001 | 079 | 0.18 | 3901 | 3902 | 3902

DB659a-b| 3.7 | 08 | 54 |<0001| 04 | <0001| 86 86 86

DB657 3.03 | 6.4 | 077 | 0002 | <0.001| 0.44 | 2458 | 2398 | 2460
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Fig. 5.4 LA-ICP-MS measured Mg/Ca cycles of the two patatensects of the DB657 specimen showing the peaks

of high Mg/Ca value measured into the conceptdolesd along the transects (arrows).

T-tests between the mean elementary ratios ofwbeptotuberances of sample DB659 (DB659a
and DB659b) show significant differences in montllg/Ca and Ba/Ca time series, while these

differences does not occur for monthly Li/Ca (Tab.2

All time series from both specimens show fluctoasi of the analyzed elemental
ratios from living surface inward (Fig. 5.5). Vatuef Mg, Li and Ba in the carbonate lattice of
algae thallus are shown in Table 3. The sampletaowd an average of 20 mol % MgeQ SE),

8 pmol % LiCQ (0.7 SE) and 0.5 pmol % BaG@.03 SE).
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Fig. 5.5 LA-ICP-MS measured on DB659b of the two paraltahsects of: A) Mg/Ca cycles used for calculating
annual extension rates, showing two consecutiveldig/Ca values (arrows) corresponding to a yeat,sbhowing
monsoon Mg/Ca value (star) between the two Mg/Gkpef the pre and post monsoon (arrowheads); ByLi

cycles; C) Ba/Ca cycles.
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Table 3 Annual extension rates of all samples. Values wetained by mean of annual extension rates of kmmp

gotten from Mg/Ca age model. For each sample welieated the elements values mediated from timese
measured by LA-ICP-MS.

Sample | Location | extension rate (um MgCO; mol% | LiCOzpmol% | BaCQ; umol%
DB657 | Balhaf | 1182.9 (SD 422.2) 19.3 (SD 4.0)| 7.3 (SD 2.0)| 0.5(SD 0.2)
DB659a | Balhaf | 727.5 (SD 151.4)| 19.6 (SD 4.6)| 8.4 (SD 3.4)| 0.5 (SD 0.1)
DB659b | Balhaf | 1541.9 (SD 321.7) 21.2 (SD 4.2)| 8.7 (SD 2.5)| 0.5(SD 0.1)
DB659bis| Balhaf |337.75 (SD 124.08 20.2 (SD 4.3)| 8.8(SD 2.8)| 0.5(SD 0.2)
DB635 | Socotra| 208.2 (SD 86.78)| 20.1 (SD 4.9)| 6.9 (SD 2.5)| 0.4 (SD 0.1)
DB576 | Kamaran| 446.4 (SD 216) | 19.9 (SD 3.5)) 6(SD 1.6) | 0.4(SD0.1)

The annual mean extension rate has been measaned/fg/Ca age model for all samples
(Tab. 3). Extension rate was found to be highlyalde between the years and in different parts of
the same specimen (Fig. 5.6). The annual extematerwas on average 1134.75 um (SD 484) in

the encrusting specimen (DB659) and 1182.9 um (&D25) in the rhodolith (DB657) (Tab.3).
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Fig. 5.6 Annual extension rates measured by Mg/Ca cyclésrée specimens from Balhaf.

The monthly Mg/Ca mean ratio coincides with seakonsdations in SST (Fig. 5.7A).

Linear regressions between monthly mean Mg/Ca ai@dalLshow a significant correlation
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(r=0.85-0.9, p<0.0001) in both samples. Monthly/@and Li/Ca time series reveal a temporal
coherence (Fig. 5.7B). Linear regressions betwheretementary ratios and reconstructed SST
(HadiSST) were calculated using monthly values, anplositive relationship is observed for
DB659a-b (r=0.6-0.7, p<0.0001; Fig. 5.8, Tab. 4)eTegression between monthly algal Mg/Ca
with SSTs revealed an alga Mg/Ca to SST relatignshi0.0065 ratio °C, thus 1.06 mol % of
MgCO; °C* (DB659a) and 0.0078 ratio “Cthus 2.06 mol % of MgC{¥C™* (DB659b) (Fig. 5.8).
The regression of Li/Ca ratio with SSTs revealedlgae Li/Ca-SST relationship of 4@atio °C*,

thus 0.57 pmol % of LiCe°C™* (Fig. 5.8).

Table 4 Statistical analysis (linear correlation) for dlgamples between monthly elements/Ca ratio and SST
(HadiSST1), and fokithothaminion glaciale andPhymatolithon calcareumwith in situ SST by Kamenos et al. (2008),
andClathromor phum compactum andClathromor phum nerostratum with ERSST record by Hetzinger et al. (2010).

Samples Species Element r-correlation p-value
Mg/Ca ratio 0.6 <0.0001
DB659a L. kotschyanum f. affine Li/Ca ratio 0'7. - - <920001
. No statistically significant
Ba /Ca ratio .
correlation
Mg/Ca ratio 0.7 <0.0001
DB659b L. kotschyanum f. affine Li/Ca ratio 0.6 <0.0001
Ba/Ca ratio 0.4 0.002
Mg/Ca ratio 0.36 <0.0001
DB659bis L. kotschyanum f. affine Li/Ca ratio 0'37. - - <.O.'0001
. No statistically significant
Ba/Ca ratio .
correlation
Mg/Ca ratio 0.46 <0.0001
. Li/Ca ratio 0.38 <0.0001
DB635 Lithophyllum sp. — —
Ba/Ca ratio No statlstlcalIy.S|gn|f|cant
correlation
Mg/Ca ratio 0.48 <0.0001
DB576 L. kotschyanum f. affine Li/Ca ratio 0'42. - - <p.'0001
. No statistically significant
Ba/Ca ratio .
correlation
Lithothamnion glaciale Mg/Ca ratio 0.97 <0.0001
Kamenos et al (2008) Phymatolithon cal careum Mg/Ca ratio 0.89 <0.0001
Clathromor phum compactum Mg/Ca ratio 0.77 <0.001
P P Ba/Ca ratio -0.37 <0.01
Hetzinger et al. (2010) Mg/Ca ratio 0.54 <0.001
Clathromorphum nerostratum Ba/Ca ratio No statlstlcalIy_S|gn|f|cant
correlation
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The increase and decrease of Mg/Ca in the montidsaged time series coincide with the
increase of Ba/Ca (Fig. 5.9A), however, no sigaificcorrelation was found between the two
ratios. Correlation between monthly Ba/Ca and SS35 wot significant in DB659a, and
significant but weak in DB659b (r=0.4, p=0.002) [6T8). The highest Ba/Ca peak coincides with
spring-summer 2007, but it did not coincide with thghest Mg/Ca peak (Fig. 5.9A). This peak in

Ba/Ca was found in both protuberances of sampleS9BBut not in DB657 (Fig. 5.9B).
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Fig. 5.9 Monthly mean of: A) the Mg/Ca ratio compering wBh/Ca ratio in DB659b specimen; B) Ba/Ca ratio

measured on thallus of the two protuberance of BB&bnple and DB657 sample.
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5.1.2. DB659bis

This is the longest protuberance of DB659 samplesreran age model of 33 yrs has been
reconstructed. All time series show fluctuationstlod analyzed elemental ratios from living
surface to inward, and both Mg/Ca and Li/Ca timeesedisplayed a similar trend (Fig. 5.10).
Values of Mg, Li and Ba in the carbonate latticeatdae thallus are shown in Table 3. The
specimen contained an average of 20.2 mol % Mg@@Q SD), 8.8 pmol % LiC¢X2.8 SD) and
0.5 pmol % BaC@(0.2 SD), values that are similar to what has lfeend in the others specimens

of Balhaf (Tab. 3).
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Fig. 5.10 LA-ICP-MS measured on DB659bis specimen of: A) @and Li/Ca cycles; B) Ba/Ca ratio cycles

The annual mean extension rate has been measwmdMg/Ca age model (Tab. 3).
Extension rate was found to be highly variable leetwthe years (Fig. 5.11). The annual extension
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rate was on average 337.75 um (SD 124.08) andgerhetween a minimum of 185.5 um and a
maximum of 592.9 um. No significant correlationgdand between extension rates and gridded
SST (HadiSST1). Linear regression between extensata and gridded SSS (SODA v2.2.4)

revealed a weak correlation (r=0.3, p-value=0.07).
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§ 1000
2 800-
g /
X 600

400+
200+

Fig. 5.11 Annual extension rates measured by Mg/Ca cycled specimens from Balhaf.

The monthly Mg/Ca mean ratio coincides with seakeaadations in SST (Fig. 5.12).
Linear regressions between monthly mean Mg/Ca ardalLshowed a strong positive and
significant correlation (r=0.67, p-value < 0.008)onthly Mg/Ca and Li/Ca time series reveal a
temporal coherence except since 1978 to 1980 ®&:itf3). Linear regressions between the
elementary ratios and reconstructed SST (HadiS®€&lg calculated using monthly values, and a
positive weak, but significant is observed (Tab.™)e regressions between monthly algal Mg/Ca
with SSTs revealed an alga Mg/Ca to SST relatignshi0.0038 ratio °C, thus 0.62 mol % of
MgCOs °C* (Fig. 5.14A). The regression of Li/Ca ratio witBs revealed an algal Li/Ca-SST
relationship of 8*10 ratio °C", thus 0.46 umol % of LiC§°C* (Fig. 5.14B). The increase and
decrease of Mg/Ca in the monthly averaged timeseaincide with the increase of Ba/Ca, except

in 1992 and since 1974 to 1982 (Fig. 5.15). Howgavessignificant correlation was found between
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the two ratios. Correlation between monthly Ba/@d gridded SST was not significant.
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Fig. 5.12 Monthly mean of Mg/Ca ratio measured on thalluBB659bis specimen, comparing with monthly mean of

gridded SST (HadiSST1).
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Fig. 5.13 Monthly mean of Mg/Ca ratio and Li/Ca ratio measlon thallus of DB659bis specimen.
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The annual Mg/Ca coincides with annual variatiornSST except since 1982 to 1984, that
showed an inverse relationship between the two sienes (Fig. 5.16A). Annual Mg/Ca and Li/Ca
time series revealed a temporal coherence excépié and 1992 (Fig. 5.16B). Linear regressions
between elementary ratios and reconstructed SS€ wadculated using annual values, and a
positive weak relationship was observed for Li/G20(42, p-value=0.01), but no correlation was
found for Mg/Ca (r=0.26, p-value=0.1). Linear reggiens between annual mean Mg/Ca and
annual SST since 1976 to 2007 (avoided the yeare si974 to 1976) showed an increase of
statistical relationship, thus a weak correlati@sviound (r=0.34, p-value=0.06). The increase and
decrease of annual mean Ba/Ca coincides with tbeease of annual Mg/Ca. However, no

significant correlation was observed between thetime series (Fig. 5.16C).
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5.2. Socotra

To date, the coralline flora of Socotra is very ppd&nown. This is an area with several
endemism, mainly found in studies of terrestriatdland fauna, while marine environment is little
studied. Histological section of DB635 specimevesded cells of adjacent filaments joined by
secondary pit connection, absence of cell fusiongorate tetrasporangial conceptacles (diameter
240 pm, height 115 pm, length of the pore cand@ p; Fig. 5.17). Based on these attributes, the
coralline algae involved in this study was idestifiasLithophyllum sp. Morpho-genetic analysis
(studying in progress) showed that this sample cwtespond to any species described in

literature.

Fig. 5.17 Histological section ofithophyllum sp. from Socotra showing a tetrasporangial coogt

All time series showed fluctuations of the analyséeimental ratios from living surface
inward (Fig. 5.18), and an age model of 35 yrs lbeasn reconstructed (since August 1972 to
December 2009). The Mg/Ca and Li/Ca ratio displagetmilar trend (Fig. 5.18A, B). Values of
Mg, Li and Ba in the carbonate lattice of alga ldmahre shown in Table 3. The sample contained

an average of 20.1 mol % MgG(5D 4.9), 6.9 mol % LiCe(SD 2.5) and 0.4 mol % BaGQSD
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0.1).

The annual mean extension rate has been measamedMg/Ca age model (Tab. 3).
Extension rate was found to be highly variable leefvthe years (Fig. 5.19). The annual extension
rate was on average 208.2 um (SD 86.78), and gerdetween a minimum of 67.38 um and a
maximum of 410.43 um. No significant correlationaswfound between extension rates and
gridded SST (HadiSST1). Linear regression betwedansion rate and gridded SSS (SODA

v2.2.4) revealed a strong correlation (r=0.5, pteal0.002).
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Fig. 5.19 Annual extension rates afthophyllum sp. from Socotra.

The monthly Mg/Ca mean ratio coincides with seakwagdations in SST (Fig. 5.20A).
Linear regressions between monthly mean Mg/Ca af@hlratio showed a strong positive and
significant correlation (r=0.67, p-value < 0.000dpnthly Mg/Ca and Li/Ca time series revealed a
temporal coherence from 1972 to 2009 (Fig. 5.20B).

Linear regressions between the elementary ratiosesonstructed SST (HadiSST1) were
calculated using monthly values, and a positivekywéat significant is observed (Tab. 4). The
regressions between monthly algal Mg/Ca with S&Vsaled an alga Mg/Ca to SST relationship
of 0.0075 ratio °C, thus 1.22 mol % MgC§*C* (Fig. 5.21A). The regression of Li/Ca ratio with

SSTs revealed an algal Li/Ca-SST relationship dfod*ratio °C*, thus 0.52 pmol % of LiC®

°C (Fig. 5.21B).
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The increase and decrease of Mg/Ca in the montidsaged time series coincide with the
increase of Ba/Ca (Fig. 5.20C). However, no sigariiit correlations was found between the ratios.
Correlation between monthly Ba/Ca and gridded S&3 mot significant.

The increase and decrease of annual mean Mg/Qaaaiticides with the increase and
decrease of annual mean SST except since 19776 18nd since 1997 to 2000, that showed an
inverse relationship between the two time seriég. #:22A). The annual Mg/Ca and Li/Ca time
series revealed a temporal coherence except sBk2tb 1976 (Fig. 5.22B). Linear regressions
between elementary ratios and reconstructed SS€& wadculated using annual values, and no
relationship is observed between both time sefiks.increase and decrease of annual Ba/Ca did

not coincide with increase and decrease of anng#Cle| except since 1988 to 1996 (Fig. 5.22C).
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Fig. 5.22 Lithophyllum sp. from Socotra, annual mean of: A) Mg/Ca ratid gridded SST (HadiSST1); B) Mg/Ca and

Li/Ca ratio; C) Mg/Ca and Ba/Ca ratio.
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5.3. Kamaran

Histological section of DB576 sample revealed celfsadjacent filaments joined by
secondary pit connection, absence of cell fusiongorate tetrasporangial conceptacles (diameter
268 pm, height 153 um, length of the pore cand pén; Fig. 5.23). Based on these attributes, the

coralline algae involved in this study was idemtfiad.. kotschyanum f. affine.

Fig. 5.23 Histological section ofithophyllum kotschyanum f. affine from Kamaran showing a tetrasporangial

conceptacle.

All time series showed fluctuations of the analysdéeinental ratios from living surface
inward (Fig. 5.24), and an age model of 15 yrs lb@sn reconstructed (since January 1994 to
December 2008). The Mg/Ca and Li/Ca ratio displagestnilar trend (Fig. 5.24A and B). Values
of Mg, Li and Ba in the carbonate lattice of algallus are shown in Table 3. The sample contained
an average of 19.9 mol % MgGCsD 3.5), 6 mol % LIC®(SD 1.6) and 0.4 mol % BaG@SD

0.1).
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Fig. 5.24 LA-ICP-MS measured oh. kotschyanum f. affine from Kamaran of: A) Mg/Ca cycles; B) Li/Ca cycl€3)

Ba/Ca cycles.

The annual mean extension rate has been measwmdMg/Ca age model (Tab. 3).
Extension rate was found to be highly variable leetwthe years (Fig. 5.25). The annual extension
rte was on average 446.4 pm (SD 216), and it réveteween a minimum of 218.91 um and a
maximum of 915.15 um. No significant correlationaswfound between extension rates and
gridded SST (HadiSST1). Linear regression betweetension rate and gridded SSS

(SODAVv2.2.4) did not show significant correlation.
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Fig. 5.25 Annual extension rates f kotschyanum f. affine from Kamaran.

The monthly Mg/Ca mean ratio coincides with seakwagdations in SST (Fig. 5.26A).
Linear regression between monthly mean Mg/Ca af@aliatio showed a positive and significant
correlation (r=0.5, p-value <0.00001). Monthly M@/@nd Li/Ca time series revealed a temporal
coherence since 1994 to 2008 (Fig. 5.26B). Linegrassions between the elementary ratios and
gridded SST were calculated using monthly valued,aapositive weak, but significant is observed
(Tab. 4). The regression between monthly algal MgA@h SSTs revealed an alga Mg/Ca to SST
relationship of 0.0086 ratio °€thus 1.4 mol % MgC&°C™ (Fig. 5.27A). The regression of Li/Ca
ratio with SSTs revealed an alga Li/Ca-SST relatigm of 1*10° ratio °C*, thus 0.57 pmol % of

LiCO5 °C* (Fig. 5.27B).
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The increase and decrease of Mg/Ca in the montidseged time series coincide with the
increase of Ba/Ca (Fig. 5.26C). However, no sigaiiit correlations was found between the ratios.
Correlation between monthly Ba/Ca and gridded S&3 mot significant.

The increase and decrease of annual mean Mg/Gaaaiticides with the increase of
annual mean SST except for year 2004, that showed/arse relationship between the two series,
and the annual record peak of the year 1999, thegs the SST by 1 yr (Fig. 5.28A). The annual
Mg/Ca and Li/Ca time series revealed a temporakraite except since 2005 to 2008 (Fig.
5.28B). Linear regession between elementary ratimsreconstructed SST were calculated using
annual values, and no relationship is observeddmtvboth time series. the increase and decrease
of annual Ba/Ca did not coincide with increasemiwal Mg/Ca, except since 1994 to 1996, and

since 1998 to 2000 (Fig. 5.28C).
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6. Discussion

6.1. Biological features and algal banding

Based on morphological features, the corallineakbyzalyzed in this study were identified
as belonging to the species lof kotschyanum f. affine (Foslie) Foslie (1909) for the samples
DB659, DB657 and DB576, and to the species.itiophyllum sp. Philippi (1837) for sample
DB635.

Banding in longitudinal sections of coralline redage thalli has been well described in
species from high and medium latitudes (Cabiocl618@ey and McKibbin 1970; Agegian 1981,
Freiwald and Henrich 1994; Basso 1994; Basso dt917; Halfar et al. 2000; Blake and Maggs
2003). Although the genusthothamnion has been the most frequently used to date inestudfi
band periodicity, the present study shows the geage of annual banding also in the genus
Lithophyllum. Banding inLithothamnion is caused by different growth rates of alternating
thick-walled short cells versus thin-walled londls€gBasso 1994; Basso et al. 1997). This
different rate of calcite deposition on cell walkesponds also to a different cell size as shdwed
histological sections df. kotschyanum f. affine (Fig. 5.2 and 5.3). Adey and McKibbin (1966)
argued that difference in cell size found in hisgptal sections could be an artifact of sample
preparation, i.e. the use of the blade. This hyggithcan be excluded here, because differences in
length of cells revealed in the histological sawsiovere found also in the SEM pictures. To date
the reasons for different growth rate are poorlgiarstood, and more samples of this species from
wider geographical areas and a control of growtitepa over longer periods will be needed to
unravel the origin of banding In kotschyanumf. affine. The origin of banding in coralline algae is
not fully understood. Cabioch (1966) argued thabdiag was due to growth cessation in

rhodoliths by burial events. Recent studies havealked that the growth interruption by burial is

75



frequently accompanied by surface abrasion regpitira clear thallus discontinuity, which is a
detectable taphonomic feature (Basso et al. 20@0;52A). Adey and McKibbin (1970) and
Basso (1994) explain band formation by annual wiatel summer growth rhythms. Freiwald and
Henrich (1994) address banding patterns to momdmgt rhythms superimposed on annual cycle,
and winter organic matter enrichment. Halfar e{2000) found second-order cycles of unknown
nature, five to seven of which occur within an aadraycle.

Although conceptacles presence was not evideninglurA-ICP-MS analysis along
DB657 transects several conceptacles were founeir presence can be recognized by peaks in
the values of Mg and Li, because conceptacles Wied with secondary calcite. They were
probably hidden by a thin layer of calcified celdich became evident by the laser ablation.
Although this drawback has made the geochemical ofathis sample unsuitable for comparison
with climate data, this provided information abeuablogy of this algae along the Yemeni coast. It
is suggested that the conceptaclek.ikotschyanum f. affine are produced in late winter shortly
before the rise of SST in spring. In non-genicuateralline algae, conceptacles are located on the
surface of crusts or on protuberances. They origiwaen groups of perithallial meristematic cells
differentiate into conceptacle primordia (Johank@81; Woelkerling 1988), and it is assumed that
one layer of conceptacles is produced.ithophyllum incrustans each year in the British Isles
(Irvine and Chamberlain 1994). Carposporophytes farened when the post-fertilization
development with diploid cells occurs within femalenceptacles (Johansen 1981). Conceptacle
formation is probably seasonal in most speciesemperate areas, and sexual and asexual
reproduction occurs in different time of the yedwl{ansen 1981). SpeciesLathophyllum from
Pacific coast of Japan produce reproductive orgatise warmest time of the year, with the onset
of the summer until fall (Johansen 1981)LInncrustans from British Isles, all reproductive types

occur predominantly from October to April (Irvinendh Chamberlain 1994). Timing of
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reproduction of the species investigated in thigsdgt correspond to those described for
Lithophyllum from the British Isles an@lathromorphum spp. from the Gulf of Main (Adey 1965),

but not to those fatithophyllum spp. of the Pacific coast of temperate Japan.

6.2. Annual extension rates

6.2.1. Balhaf

The annual extension rate lof kotschyanum f. affine from Balhaf for the period 1974 to
2008 was variable with a mean of 470.96 [imand a minimum of 185.46 prityand a maximum
of 1.7 mm ¥*. Average vertical growth rates of coralline algaere reported to be highly variable,
such as foiIC. compactum from the Gulf of Maine (Halfar et al. 2011). Sealefactors act on
coralline algae growth. Growth rate is generallfieeted by 1) light intensity, only few species
tolerate bright light (Johansen 1981), althoughnghas positively correlated with light at higher
temperatures (Adey and McKibbin 1970); 2) sedimonarate: fine sedimentation threatens
corallines survival by smothering, since they dosvsgrowing plants (Dethier and Steneck 2001,
Foster 2001); 3) hydrodynamics: a moderate waterement is required to keep the coralline
surface clean and prevent poisoning by water stemgngSteneck and Adey 1976); 4) intensity and
type of herbivory: a moderate herbivory is vitattwrallines since herbivores keep encrusting algae
free from excessive shading by fast-growing soffaal (Steneck 1983). This is one of the
pioneering studies on coralline algae that livenglthe Yemeni coast, with that of Benzoni et al
(2011). Still, growth rate data af kotschyanum f. affine are missing in literature. The extension
rate of the investigated coralline algae is lowant reported by other authors. For instance,
extension rates of up to 8 mritwere found forLithophyllum congestum from a Caribbean algal

ridge (Steneck, Adey 1976). Adey and Vassar (183i%)d an average accretion rate of 1-5.2 mm
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ylin tropical algae, includind.. congestum. They report that in most reef environments with
considerable grazing pressure the accretion rasecoasiderably decreased to 0.5-2 nimhe
observed growth rate of our specimens falls withig latter range. Both specimens are affected by
endobionts, and as observed by Halfar et al. (20ELjlifferent position of the analytical transects
along the main axis of the protuberances might ladeced the accuracy of the extension rate
measurement. Light incidence on algal surfacekedylito decrease during the monsoon season,
owing to increased cloud cover and decrease watesgarency by upwelling. Irradiation might be
inhomogeneous in the different surfaces of the.afgashow in figure 4.1B, epibionts, as the
filamentous algae, often grow on coralline alg&elli affecting the incidence of light on the
thallus surface. Observations at the samplingsitev that shading by macroalgal cover did not
occur, as well as fine sedimentations and hydroehyoes of the study area did not cause water
stagnation events. Hence, out of several factdestaiig the coralline growth, it is speculated that
mainly light and grazing by fishes might influentiee observed annual extension Iof
kotschyanum f. affine in Balhaf. Moreover in DB659bis, the protuberant®B659 sample with
the lowest annual mean extension rates, in additoendobionts it showed dichotomization of
branch resulting in changes in the direction ofrtien axis of growth that leaded to an irregular
internal structure, that could explain the intr@&gmen variability in the extension rates observed
in DB659 sample. Additionally, for the irregulartténnal structure observed in DB659bis, it was
not possible to analyze the alga in this protubszaiong a single transect, but it has been needed

to divide it in four transects for following therdction of the main axis of growth.

6.2.1.1. Extension ratesvs. SST
The annual extension rates were poorly used asatdimproxy (Tiwari and Rao 2004;
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Kamenos and Law 2010; Halfar et al. 2011; Storz@rsthler 2011a, b). In particular the use of
coralline algal extension rates as archives of phstate has only recently been investigated
(Kamenos and Law 2010; Halfar et al. 2011). AltHolgamenos and Law (2010) did not find a
relationship between temperature and extensiors iat@aquaculture experiment bf glaciale,
Halfar et al. (2011) were able to detect in thetNdttlantic Ocean, multidecadal AMO (monthly
Atlantic Multidecadal Oscillation) teleconnectiornthva record of extension rates@compactum
from the Gulf of Main.

Investigations on coralline red algae proxy of ¢hedy area have never been conducted.
Contributions to the understanding of Indian Ocelamate variability only resulted from coral
proxy studies of the NW and W Indian Ocean (Tudheips. 1996; Charles et al. 1997; Cole et al.
2000; Pfeiffer et al. 20044a; Pfeiffer et al. 200Zlmke et al. 2004 Pfeiffer and Dullo 2006; Crueger
et al. 2009; Storz and Gischler 2011 a, b). Siheesamples of DB657 and DB659a-b resulted
unsuitable for paleoclimate reconstruction becahsé& short life span and thus their too much
limited temporal resolution, the DB659bis specimeith its age model of 33 years, was the only
specimen used in this study to investigate theability of L. kotschyanum f. affine in the
reconstruction of climate variability in the Gulf &den. Hence, the following discussion
regarding to the use &f kotschyanum f. affine extension rate as proxy of the climate variability
along the Yemen coast, it is only referred to tfB6B9bis specimen.

Although C. compactum from Gulf of Main revealed a poorly but signifi¢azorrelation
between extension rates and gridded ER3Skotschyanum f. affine from Balhaf did not show
relationship with gridded SST (HadiSST1). Kamenog haw (2010) irnL. glaciale did not find
consistent relationship between algal band widtth iansitu temperature. Halfar et al. (2011)
suggested that branched growth morphologies, whitte typical shape af. glaciale, are more

susceptible to damage or breakage than the masgi@e C. compactum), leading to an irregular
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internal structure and an interrupted environmengtadrd. Albeit the brancheslinkotschyanumf.
affine are more robust than In glaciale, the dichotomization of the branches and the eiotib
presence observed in DB659bis, yielded an irregatarnal structure, and a possible interrupted
environmental record, which could explain the latkelationship found irL. kotschyanum f.
affine between extension rate and SST. Despite the tionmtaf gridded datasets used in this study
and the several already mentioned factors affeatorglline growth, the SST is not likely the
dominant factor, but light and grazing by fishes #re mainly factors that influence the observed

annual extension df. kotschyanum f. affine in Balhaf.

6.2.1.2. Interannual and decadal climate variability

The Gulf of Aden connects the Red Sea with the M@édn Ocean. Studies on coral proxy
from Seychelles (Charles et al. 1997), Kenya (@bla. 2000), la Réunion (Pfeiffer et al. 2004b),
the Chagos Archipelago (Pfeiffer et al. 2004a), Mualdives (Storz and Gischler 2011a) have
demonstrated ENSO-driven interannual and decadabtg variability. The Indian Ocean SSTs
are externally forced by the ENSO, centered incééretral Pacific (Webster et al. 1998). El Nifio
events in the Pacific lead to a turnaround in drgd-scale Walker circulation. The result is the
reversal of zonal wind stress, and therefore inak@8Ts. Hence, strong El Nifio years cause
higher than normal SSTs in the western equatardihh Ocean (Webster et al. 1999). As already
mentioned in chapter 3.2., the area of Balhaf exdea significant but weak relationship with
ENSO (Fig. 3.6B). Moreover, since between the ahexi@nsion-rates and SST variations is not
found a significant relationship, one could expalsb no evidence for ENSO signature in this
record. A cross-spectral analysis revealed sewpedtral peaks from sub-decadal to interannual

range centered at ~6.7 yrs, ~3.6 yrs, ~2.9 andy¥&,2&nd expectedly these peaks are not link with
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SST (Fig. 6.1).
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Fig. 6.1 The results of Blackman-Tukey cross-spectral aislyetween DB659bis annual extension rates and SST

(HadiSST1) for 1974-2008. Bandwidth = 0.06, numifdags = 24. See Figure 3.6C for legend.

Although the periods of 3.6, 2.9 yrs and 2.3 ym some of the typical modes of the
ENSO-driven interannual variability (Charles etl#897; Conversi and Hammed 1998; Pfeiffer et
al. 2004; Tawari and Rao 2004; Zinke et al. 200#brSand Gischler 2011), and significant
coherence was found for the periods 3.5-3.7 yrs aBeR.7 yrs in the cross-spectral analysis
between field SST and Nifio 3.4 index (Fig. 3.682ske peaks in spectral density of algal extension
rate are not link with ENSO. Indeed, the cross-speanalysis between extension rates and Nifio
3.4 index showed significant coherence for 3.6pgsod, but cross-phase analysis revealed that
the Nifno3.4 index lags the extension-rate recordHis period by 1 yr, which disproves causality

(Fig. 6.2).
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Fig. 6.2 Cross-spectral analysis of DB659bis extensiorsre¢esus Nifio3.4 index (from HadiSST1) for 1974200
Note that it reveals strong coherence for periodared at 3.6, but cross-phase analysis (dashedhlithe bottom

panel) shows that extension rates record lags tfi@3N} index by 1 yr, which disprove causality. Bauidth = 0.06,

number of lags = 24. See Figure 3.6C for legend.

All this endorses the idea that the temperatuneotsthe main factor that influences the
coralline growth in Balhaf. Before it was specuththat mainly light and grazing by fishes might
influence the observed extension rate Lofkotschyanum f. affine in Balhaf. However, the
cross-spectral analysis between extension rategradakd cloud cover record showed two aligned
and coherent peaks for periods 2.9 yrs and 2.348,3ut cross-phase analysis revealed that algal
growth lags cloud cover, which disproves causdkig. 6.3). The lack of relationship between
coralline annual extension rate and cloud coves dm¢ invalidate the hypothesis that mainly light
influences the algal growth in Balhaf because, lemady mentioned, despite the limitation of
gridded datasets used in this study, availabilityght is affected by other factors of which ai& n

available dataset (e.g. decrease in water transpal®/ upwelling).
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Fig. 6.3 Cross-spectral analysis of DB659bis extensiorsragesus cloud cover (ICOADS) for 1974-2008. Nbt it
reveals coherence between the two time seriesefiwgcentered at ~2.9 and ~2.2 yrs, but crossepanalysis
(dashed line in the bottom panel) shows that trsemet causality for these periods. Bandwidth s60rflumber of lags

= 24. See Figure 3.6C for legend.

6.2.1.3 Extension rates vs. Asian monsoon system

Since NW Indian Ocean, and the Gulf of Aden arergjly affected by Asian monsoon
system, variability in monsoon strength could beorded in the algal extension rates. To date,
only Storz and Gischler (2011b) have provided ssfteg studies in reconstructing temporal
variability of the Indian monsoon system in the NWdian Ocean by coral extension rates from
Maldives. Although the seasonal reversion of cusdar the NE and SW monsoon in Gulf of
Aden including Balhaf was observed (Fig. 3.4B) atlore annual extension measured from 1974
to 2007 did not show link with gridded zonal cutsemnecord (not shown). Hence, the annual
extension rate seems not to be affected by vanigtio hydraulic energy due to Asian monsoon

system at Balhatf.
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Decadal variations in the strength of the Indiamsomn system are forced by endemic
Indian Ocean SST variations, rather than by ENS@(¥arski et al. 2006). The basic principle of
the Asian monsoon system are that, during sumrseax,rasult of the differential sensible heating
between land and ocean, there is formation of ltmoapheric pressure over the Tibetan Plateau,
and high atmospheric pressure above the relatoatlyindian Ocean at about 30°S. This results in
a strong surface southwest airflow across the eantindian Ocean. When the moist air from the
ocean moves inland over the Indian subcontinecduse heavy rain, known as the summer SW
monsoon rainfall (Webster et al. 1999). Therefaneaddition to the monsoon current a further
parameter trigger by the strength of the monsoategy is the summer South India monsoon
rainfall (SIR). The CCCR provided the record of 3tR1974-2007, and it has been used as a SW
monsoon strength index (Sontakke et al. 2008).08spectral analysis between algal extension
rates and CCCR record revealed coherence betweeadbrds in the period of ~18 yrs, and weak
coherence in the period of 2.9 yrs (Fig. 6.4). Giplkase analysis showed that annual extension

rates lags the SIR by 2.5 yrs in the period of wk3(Fig. 6.4).
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Fig. 6.4 Cross-spectral analysis of DB659bis extensiorsragesus the seasonal South India rainfall redM®Y for
1974-2008. Note that it reveals coherence betweetwo time series for period centered at ~18 grsaweak

coherence for period centered at ~2.9 yrs. Bandwidd.06, number of lags = 24. See Figure 3.60eigend.

Storz and Gischler (2011b) found link between cesdknsion rates from Maldives and

SIR for the same period (18-19 yrs), and coralresit rate lags SIR by 2 yrs, similar to extension
rate record oL. kotschyanum f. affine from Balhaf. AlImost 92% of coral extension ratei@ace is
explained in this period comparing with the only2af coralline. That might be due to: 1) longer
time series used by authors: 89 yrs of coral (sirf8¥7 to 2006) comparing with the only 33 yrs of
coralline (since 1974 to 2007); 2) different griddgIR used: 3°x2° by authors comparing with
0.5°x0.5° used in this study; 3) different strengththe monsoon affecting the study areas
(Maldivesvs. Balhaf). Periodicity in the range of 18-19 yrs mt been found in the annual mean
coral3*®0 records of the NW Indian Ocean reported by Ckatal. (1997), Cole et al. (2000), and
Pfeiffer and Dullo (2006). Storz and Gischler (2BL§uggested that this is likely due to the fact
that variations in monsoon strength are not accaomegay measurable SST and salinity changes

in the areas of these studies.
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A weak negative, but poorly significant correlatimas found between annual extension
rates and SIR (r =-0.31, p-value = 0.07). Stoz @rschler (2011a) found in coral extension rates
from Maldives a negative correlation with precifida over India. They suggested that periods of
stronger Indian monsoons that generate strongesooonrainfall over India, and enhanced SW
monsoon current velocities in the NW Indian Ocdhase led elevated hydrodynamic energy in
center of Maldives explaining reduced coral extemsrates during such periods. Despite
correlation between algal extension rates and SR poorly significant, it is suggested that the
negative correlation found in kotschyanum f. affine extension rate is likely due to an increase of
hydrodynamic energy in Balhaf during periods obsger Indian monsoon, that it led to an

decrease water transparency by upwelling and thaa tlecrease of algal growth.

6.2.1.4. Red Sea teleconnections

About 37% of the total volume of water mass inf@f@ilAden is the Red Sea water, one of
the most saline water masses in the world oceahSdfani and Shenoi 2004; Al Saafani 2008).
Although weakly correlated, a relationship was filetween annual extension rates and annual
gridded SSS. Klein et al. (1997) found in cai&0O from South of Red Sea signals of the Asian
monsoon. Interannual variations in co&lO showed a weak correlation with the southern Red
Sea SST, but were strongly correlated with theandDcean SST, especially on the decadal
time-scale. Hence, since several climate and emwviemtal factors act on coralline algae growth,
and already mentioned above (chapter 6.2.1.), onkl @xpect evidence for Asian monsoon, as
well as for Red Sea climate in the extension ratend. Cross spectral analysis between extension
rates and gridded SSS revealed coherence for gesf@16 yrs and 2.9 yrs (Fig. 6.5A). The surface

water in the Gulf of Aden reach a salinity maxineanthe surface, and it forms as a mixture of
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local water and water from western Arabian Seanguwinter, and Red Sea surface water during
summer (Al Saafani and Shenoi 2007; Al Saafani 200®reover, during summer monsoon,
upwelling of deeper water occur in the Gulf, angd thottom water is a mixture of Red Sea water
and water of southern origin (Al Saafani and Sh@@di7). Since cross spectral analysis between
Balhaf SSS and Arabian Sea SSS did not revealmbgis (not shown), it is suggested that zonal
SSS variability is mainly affected by influx of seater from Red Sea into the Gulf of Aden.
Hence, the SSS variability was used in this stuglg andex of the Red Sea climate influence in
Balhaf. In order to demonstrate that coralline egien rate is affected by Red Sea SSS, cross
correlations were applied for the annual recordvdi) the mean summer (May-September) SSS
(SSSS) of Balhaf (2) the difference between wiatgd summer SSS (ASSSG) of Balhaf, as an
intra-annual gradient (3) the SSS of South Red Baia.analysis led to:

1) Link between summer SSS of Balhaf and extension rate. Expectedly, the spectrum
between the time series of summer SSS and exterai®mecord reveals both spectral alignment
and significant coherence for the periods 3.6 w29 yrs (Fig. 6.5C). At these periods, almost
70% of the variance is linearly correlated betwiese time series. No temporal lag between both
time series is found (Fig. 6.5C). Although weakfherent a correspondence is still found for
period centered at ~18 yrs. Cross-phase analysgaled that extension rate lags the zonal SSS
record for this period by 1.5 yrs (Fig. 6.5C). Qidimk between extension rates and SIR is found
for the same period, it suggested an influence@stuummer monsoon strength to the surface water
influx from Red Sea to the Gulf of Aden.

2)No link between Winter-Summer SSSdifference and extension rates. The generated time
series of seasonal differences between summer emer8SS shows stronger spectral coherence
for periods centered at ~3.6 yrs and ~2.9 yrs. £pbgmse analysis showed that the SSS record lag

the extension rate for these periods by respegttvdl y and 0.8 y, which disproves causality (Fig.
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6.5D).

3) Link between SSS of South Red Sea and extension rates. The spectrum of the annual
mean SSS record showed coherence with the extemates for period 3.6 yrs (Fig. 6.6).
Cross-phase analysis showed that the extensiotagge¢he SSS record for this period by 0.5y, as
found in cross-spectral analysis between extensites and zonal SSS for the same period (Fig.

6.5A and 6.6).
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Fig. 6.5 A) cross-spectral analysis of DB659bis extensairg versus local SSS (SODA) for 1974-2008; B)
corresponding analysis for extension rates verseenmwinter monsoon SSS ( extracted from SODA); C)
corresponding analysis for extension rates versesannsummer monsoon SSS (extracted from SODA); D)

Cross-spectral analysis of annual algal extensitesrversus annual SSS gradient record (ASSS@retiite between
mean summer and winter monsoon SSS, extracted$MOBA) for 1974-2008. Bandwidth = 0.06, number gfsla

24. See Figure 3.6C for legend.
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Years of higher extension rate are matched to higihieual SSS values. The cross spectral analysis
between gridded SSS of Balhaf and SIR revealedreabe for period 2.9 yrs (Fig. 6.7A). That
suggested that SSS variability recorded in thellboesextension rate for this period is of bottom
water origin, that reaches the surface during sunmaozsoon for the upwelling events, that occur
in this season. While, cross spectral analysis éetvwgridded SSS of Balhaf and gridded SSS of
South Red Sea showed coherence for period 3.&gsq.7B). Hence, SSS variability recorded in
the coralline extension rate for this period i€lklinked to the sea surface water mass outflow
from Red Sea during summer monsoon.

Therefore L. kotschyanum f. affine from Balhaf recorded the Asian monsoon system and
the Red Sea teleconnections in the extension matesd by SSS variability. Since SSS variability
has never been described as a factor to act tralicergrowth, it is assumed that the SSS

variability observed in Balhaf is likely link to ¥ation in nutrient content in sea water mass, iand
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is an index of the intensity of the Red Sea surfaater outflow into the Gulf of Aden and of the

upwelling intensity during the summer monsoon.

@
~

SSS Balhaf

BW —— SSS Balhat

@

o
.
»

Spectral denstty of seasonal South India

1 = = =SSS SRS

= = = South India prec

IS
:
o

29yrs

©
2

precipitation

Spectral density of annual SSS in Balhaf ﬂ

N
L

[SERZIEN

South Red Sea

Spectral density of annual SSS in Balhaf .
)

Spectral density of annual SSS in

o =~ N o s a o =~

o -

o
o
o
Y
o
»
o
IS
o
o
o

01 02 03 04 05

o -/\f//?:\//\\.\
WAV/AEERY

< 80% CL

] - e
f M NV A

80% CL

o

Coherence
Coherence

0

o] y
05 05

F 1)
requency (1/yrs) Frequency (1/yrs)

Fig. 6.7 Cross-spectral analysis for 1974-2008 of annu8 &ODA) in Balhaf versus: A) seasonal South India

rainfall; B) annual SSS (SODA) in South Red Seand®@dth = 0.06, number of lags = 24. See Figur€3@ legend.

Cross-spectral analysis between algal extensi@s r@td annual South Red Sea current
revealed a weak coherence for periods of 2.7-&8amd 2.3 yrs (Fig. 6.8A). In summer the Red
Sea water mass outflow into the Gulf of Aden. Cigs=ctral analysis between extension rates and
summer South Red Sea current variability showe@lmmed peak with a weak coherence at
5.5-6.7 yrs, and cross-phase analysis showed xterigon rate lags the summer South Red Sea
current by 1.2 yrs (Fig. 6.8C). Storz and Giscl{911b) found in coral extension rates from
Maldives for the same period of 6.7, as well ag&fl9 yrs, coherence with seasonal South India
precipitation, thus signal in the coral extensiaterof the Asian monsoon system. It is suggested
that the variation of hydrographic energy in theitBhdRed Sea in this period could be influence by
Asian monsoon system, thus the relationship fouetivéen coralline extension and current
variability in the South Red Sea for period of 6.3-might be indirectly a signal of the Asian

monsoon variability. In the end analysis betweeagalagrowth rates and the gradient of current
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reconstructed in the South Red Sea (differencedstvgummer and winter mean current) reveals
significant coherence for period 2.3 yrs. Crosssghanalysis showed that the extension rates
record lags the gradient of current record by t5fgr this period (Fig. 6.8D). Since of the weak

coherences found between algal extension ratedeoa the annual South Red Sea current, it is
highly recommended further studies to investigageuseful of algal extension rate as proxy of the

Red Sea hydrographic energy in the Gulf of Aden.
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(SODA) for 1974-2008; B) corresponding analysisdgtension rates versus mean winter monsoon zonara
velocities in the South Red Sea (extracted from 8)) corresponding analysis for extension ra@sys mean
summer monsoon zonal current velocities in the I5B&d Sea (extracted from SODA); D) Cross-speatralysis of
annual algal extension rates versus annual zomgdrdwelocities gradient record in the South Red BASRSG
current, difference between mean summer and winégsoon zonal current velocities in the South Rea| Bxtracted

from SODA) for 1974-2008. Bandwidth = 0.06, numbélags = 24. See Figure 3.6C for legend.

Climate of the South Red Sea is partially affedigdNorth Red Sea climate (Eshel et al.

1994). The negligible winter rains that reach tbetimrern Red Sea are part of the Mediterranean
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climate regime to the north (Eshel et al. 1994)isFet al. (2000) found in coraf®O from Ras
Umm Sid signal of the Alexandria precipitationjrdex of the Mediterranean climate influence to
the northern Red Sea regime. In this study it i®es$tigated the presence of northern Red Sea
climate signals on coralline thallus using the Aledria precipitations variability as index of the
northern Red Sea climate. Cross spectral densityelem algal extension rates and Alexandria
rainfall revealed a strong coherence at period/&s9but the cross-phase analysis showed that the
Alexandria precipitation record lags the extensiates record for this period by 1 y, which

disproves causality (Fig. 6.9). Hence, corallinevgh rate did not record the northern Red Sea

climate variability.
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Fig. 6.9 Cross spectral analysis of DB659bis extensiorsnadesus annual Alexandria precipitation (CRU T83far
1974-2008. Note coherence for period centered & w2, but cross-phase analysis (dashed lineditditom panel)

shows that there is not causality for this perBandwidth = 0.06, number of lags = 24. See Figus€ 3or legend.
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6.2.2. Socotra

Based on morphological features, the coralline alglected to Socotra and involved in
this study (DB657), was identified as the generd.ittiophyllum Philippi (1837). Since these
morphological features not correspond to any spediscribed in the literature, as well as
molecular analysis revealed that this sample iseteally different from other species of
Lithophyllum (studying in progress), the sample from Socotgerserally considered in this study
as alLithophyllum sp.

The annual extension rate bithophyllum sp. of Socotra for period 1972 to 2009 was
variable with a mean of 208.2 urit,yand a minimum of 67.38 pni"and a maximum of 410.43
um y'. As already mentioned above (chapter 6.2.1.),ameevertical growth rates of coralline
algae were reported to be highly variable, and red¥actors act on coralline algae growth. Adey
and McKibbin (1970) assumed that coralline grovetipositively correlated with light at higher
temperature. This is one of the pioneering studganalline algae that live along Socotra Island
coast. The extension rate of the investigated rlithds lower than reported by the other authors
for coralline algae from subtropic (Adey and Vaskar5). In the sample has been observed the
presence of endobionts that resulting in changéldrdirection of the main axis of growth, and
thus it leaded to an irregular internal structltence, it was not possible to analyze the algagalon
a single transect, but it has been needed to dividdour transects for following the directiom o
the main axis of growth. Halfar et al. (2011) olveerthat the different position of the analytical
transects along the main axis of coralline thathight reduced the accuracy of the extension rate
measurement. Moreover, although light penetratidinbe less if water is turbid, in the very clear
water of the open ocean less than 25% of the sitiglet reaches a depth of 10 m (Davis 1991).

Lithophyllum sp. of Socotra was collected at 22m depth, atatgr depth than the kotschyanum
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f. affine of Balhaf and Kamaran (respectively 6-8 m and 1dgpith). Moreover, light incidence on
algal surface is likely to decrease during the roonsseason, owing to increase cloud cover and
decrease water transparency by upwelling. Additignan agreement with Cabioch (1966) and
Halfar et al. (2011) growth cessation can occutithophyllum sp. from Socotra by burial. Hence,
out of several factors affecting the coralline gtlowt is speculated that mainly light and temporal

burial might influence the observed annual extemsid_ithophyllum sp. of Socotra.

6.2.2.1. Extension rates vs. SST

Investigations on coralline red algae proxy ofghely area have never been conducted. As
for L. kotschyanum f. affine from Balhaf,Lithophyllum sp. from Socotra did not show relationship
with gridded SST (HadiSST1), in agreement with Kaogeand Law (2010). Despite the limitation
of gridded datasets used in this study, temporaabaf rhodolith from Socotra may have led to
growth cessation, thus to an interrupted envirortaleacord (Cabioch 1966, Halfar et al. 2011).
Halfar et al. (2011) found o@. compactum from Gulf of Main a poorly but significant relatiship
between extension rates and SST (ERSST). At the dame the authors suggested the more
suitable of attached livingC{ compactum) than free living algae (rhodoliths) for partiaica
temporal burial affecting the rhodoliths leadingwth cessation. Moreover, Adey and McKibbin
(1970) assumed that coralline growth is positivegyrelated with light at higher temperature, thus
the SST is not likely the dominant factor, but tighthe mainly factor that influence the observed
annual extension dfithophyllum sp. in Socotra, as well as lof kotschyanum f. affine in Balhaf

(see chapters 6.2.1.1. and 6.2.2.).
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6.2.2.2. Interannual and decadal climate variability

Socotra island is located to the southwest of ttebian Sea, and is bordered by the Gulf of
Aden. Itis bathed by a variety of different watggisses, including those originating to the south of
East Africa, to the east by water of the centralidn Ocean, and to the north-west, north and
north-east, by the Red Sea, Gulf of Aden and Arallaa respectively (Cheung and DeVantier
2006). Studies on coral proxy distributed in thdidm Ocean have demonstrated ENSO-driven
interannual and decadal climate variability (Chardg al. 1997, Cole et al. 2000, Pfeiffer et al.
2004b, Pfeiffer et al. 2004a, Storz and Gischlel1). The extension rate record bf
kotschyanum f. affine from Balhaf has not demonstrated ENSO-driven dienvariability (chapter
6.2.1.2). Comparing to Gulf of Aden the Socotraasskhowed a stronger positive and significant
relationship between field SST variability and ENBQhe interannual band (Fig. 3.6B and Fig.
3.12). Since no relationship was observed betwesllime extension rates and gridded SST, one
could expect also no evidence for ENSO signaturéhis record. The cross-spectral analysis
revealed several peaks from decadal to interamaungle centered at ~25, ~11 yrs and ~2.2 yrs

(Fig. 6.10).

97



BW Extension rate

11-12.5 yrs

Spectral density of SST (HadiSST1)

Spectral density of extension rate
o - N w B~ (4] o ~ @ ©
PR T T M 1

0 0.1 0.2 03 0.4 0.5

Coherence
o
(%]
L
) >
N
E ‘\\
‘\
RPN RPN 3
—.
iy

02
Frequency (1/yrs)

o
1

Fig. 6.10 Cross-spectral analysis of Socotra sample (DB6&gtnsion rates versus annual SST (HadiSST1) for
1972-2009. Note that it does not show any aligresakp between the spectral density of both timeseBandwidth =

0.06, number of lags = 24. See Figure 3.6C forridge

Expectedly, these peaks are not link with gridd&T.SThe period of ~2.3 yrs in the
Blackman Tukey spectrum is the typical mode of @easi-biennial oscillation (QBO), a
phenomenon that was originally observed betweentengsand easterly equatorial stratospheric
winds (Baldwin et al. 2001). The QBO significantiyluences the Indo-Pacific realm and is found
in a variety of meteorological records of precipdn, wind-speed and SST (Conversi and
Hammed 1998). Although Tawari and Rao (2004) foilvedQBO in the extension rates record of
coral from the northern Arabian Sea, cross-speetnalysis betweehithophyllum sp. extension
rate and Nifio3.4 index did not show aligned peakstiiis period (Fig. 6.11), as well as
cross-spectral analysis between Nifio3.4 index added SST did not revealed coherence for this
period (Fig. 3.12). However, this cross-spectrallgsis revealed coherence for period at 10-12 yrs,
and cross-phase analysis showed that extensiotaggghe Nifio3.4 index by 1 yr (Fig. 6.11).

Although studies on coral proxy observed mainly iaterannual climate variability link to
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ENSO-force, Cole et al. (2000) found in coral présom Kenya a decadal link.
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Fig. 6.11 Cross-spectral analysis of Socotra sample (DB68&nsion rates versus Nifio3.4 index (from HadiSST1)
for 1972-2009. Note that it shows coherence foiggecentered at ~12 yrs. Bandwidth = 0.06, numlbéags = 24.

See Figure 3.6C for legend.

Since it has been assumed that mainly light migluence the observed extension rate
of Lithophyllum sp. in Socotra, the relationship between corakixiension and cloud cover was
investigated. The cross-spectral analysis betwieefdth records revealed no aligned peaks (not
shown), in agreement with extension rate recoid &btschyanum f. affine from Balhaf. The lack
of relationship between coralline annual extensae and cloud cover does not invalidate the
hypothesis that mainly light influences the algalvgth in Socotra, as well as in Balhaf because, as
already mentioned, despite the limitation of gridldatasets used in this study, availability oftigh
is affected by other factors of which are not alzl# dataset (e.g. decrease in water transparency

by upwelling).
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6.2.2.3. Extension rates vs. Asian monsoon system

Since NW Indian Ocean is strongly affected by Asmansoon system, variability in
monsoon strength could be recorded in the algansibn rates. Although the seasonal reversion
of currents for the NE and SW monsoon in Socotra wlaserved (Fig. 3.10B), cross-spectral
analysis betweehithophyllum sp. extension rate and zonal current did not dhdwbetween the
records (not shown), as also observed in extensitenrecord ot.. kotschyanum f. affine from
Balhaf. The current dataset used in this study (8O0@ovide data of surface current velocity ,
thus of the first 5 m depth. Since rhodolith of &woa lived at 20 m depth, it is reasonable to agsum
that at this depth, the coralline alga has notndmd the surface current variability caused by wind
monsoon.

In addition to the monsoon current a further patemé&igger by the strength of the
monsoon system is the summer SIR. Thus seasond#h 8ulia rainfall is used as index of the
Asian monsoon intensity. Cross-spectral analysiedsen extension rate record lathophyllum
sp. from Socotra and SIR did not showed alignedp@aig. 6.12). Thus rhodolith from Socotra
did not record the Asian monsoon system in thersxbe rates record. Halfar et al. (2011)
suggested the more suitable of attached livingk¢tschyanum f. affine from Balhaf) than free
living algae Lithophyllum sp. from Socotra) for partial and temporal buatiecting rhodoliths
leading growth cessation, and therefore to an mmpéed environmental record. Since annual
extension of.. kotschyanumf. affine from Balhaf resulted a proxy of Asian monsoon &fatlity by
SIR, it is assumed that Socotra rhodolith hasyikalen affected to temporal burials which led to a
growth cessation, and therefore to an interruptett@enmental record, as well as at 20 m deep the
oceanographic environment is likely to be morelstttan at 6-8 m of the sample from Balhaf and

thus less influenced by climatic and oceanographénges related to the monsoonal system.
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Fig. 6.12 Cross-spectral analysis of Socotra sample (DB68&nsion rates versus seasonal South India

precipitation (IMD). Bandwidth = 0.06, number ofta= 24. See Figure 3.6C for legend.

6.2.2.4. Red Sea teleconnections

Socotra is bathed by a variety of different wabasses, including those originating to the
north-west by the Red Sea. Passing through thedb@flen, the water outflows from the Red Sea
becomes a part of the intermediate circulatiorh@Ihdian Ocean, which has been observed as a
mid-depth salinity maximum in the Arabian Sea audrein the southern hemisphere (Mecking
and Warner 1999).. kotschyanum f. affine from Balhaf revealed Red Sea teleconnections 8/ SS
variability. Moreover, as already mentioned ab®eyeral climate and environmental factors act
on coralline algae growth (see chapter 6.2.1.)mRftese observation, one could expect evidence
for Red Sea climate signals in the extension rat®rd of Lithophyllum sp. from Socotra.
Cross-spectral analysis between extension rategadded SSS revealed a strong coherence for

period of 25 yrs (Fig. 6.13A). Coherence valuetlfas period is higher than 0.8 indicating that over
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64% of the variance at this period is linearly etated. Thus coralline growth rate increase with
increase of local SSS. It is assumed that increds®SS is likely an index of an increase of
nutrients. The strong coherence for this period feasd also in cross-spectral analysis between
annual coralline extension and mean summer SSS,alhdugh weaker coherence was still
showed in cross-spectral analysis with intra-anguadiient of SSS in Socotra for this period (Fig.
6.13C and D). Instead, cross-spectral analysisdmtveoralline extension and mean winter SSS
revealed coherence for this period, but cross-paaalysis showed that winter SSS lags extension

rate by 0.7 y, which disprove causality (Fig. 6.13B
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Fig. 6.13 A) cross-spectral analysis of Socotra sample ([(ZEp@3tension rates versus SSS (SODA) for 1972-2BD9;

corresponding analysis for extension rates versenmwinter SSS (extracted from SODA); C) correspandnalysis

for extension rates versus mean summer monsoor{e88cted from SODA); D) Cross-spectral analy$iarmual
algal extension rates versus annual SSS gradiemtd€ASSSG, difference between mean summer antmwin

monsoon SSS, extracted from SODA) for 1972-2009dBadth = 0.06, number of lags = 24. See Figur€3@

legend.
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Fig. 6.14 Cross-spectral analysis of Socotra sample (DBég&nsion rates versus SSS (SODA) in South RefoBea

1972-2009. Bandwidth = 0.06, number of lags = 2 Bigure 3.6C for legend.

Cross-spectral analysis between extension ratedesul gridded SSS of South Red Sea
did not revealed relationship (Fig. 6.14). Moregweoss-spectral analysis between SSS of Socotra
and SIR revealed strong coherence for period cemtext ~23.5 yrs (Fig. 6.15A), while
cross-spectral analysis between SSS of Socotré&&&&dof South Red Sea did not showed link
(Fig. 6.15B). Therefore, it is suggested thigtopyllum sp. from Socotra recorded in the extension

rate record the Asian monsoon system by locahtiars of SSS.
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rainfall (IMD); B) annual SSS (SODA) in South RegaSBandwidth = 0.06, number of lags = 24. SeerEigu6C for

legend.

Expectedly, cross-spectral analysis between exdemate and Alexandria precipitation did

not revealed relationship (not shown).

6.2.3. Kamaran

The annual extension rate lofkotschyanum f. affine of Kamaran for period 1994 to 2008
was variable with a mean of 446.4 pih wnd a minimum of 218.9 pniyand a maximum of
915.15 pm ¥. In this specimen was observed an higher vartgoli extension rate than in the
samples of Balhaf. As already mentioned, averaggcaé growth rates of coralline algae were
reported to be highly variable, and several facamtson coralline algae growth (chapter 6.2.1.).
Adey and McKibbin (1970) assumed that corallinevghois positively correlated with light at

higher temperature. The extension rate of the DBp&&imen is lower than reported by the other
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authors for coralline algae from subtropic (Adeyl &fassar 1975). The rhodolith of Kamaran is
strongly affected by endobionts (Fig. 4.6), as vasllobserved ih. kotschyanum f. affine from
Balhaf and irLithophyllum sp. from Socotra. Thie. kotschyanum f. affine of Kamaran was living
close to the coast and in the very shallow wat#hn high level of sediment abating the bright light
normally found in shallow water (Fig. 3.13B). Mowen, being a rhodolith, growth cessation can
occurred it by burial (Cabioch 1966, Halfar et2fl11). Hence, out of several factors affecting the
coralline growth, it is speculated that mainly ligsedimentation and temporal burial might

influence the observed annual extensioh.dotschyanumf. affine of Kamaran.

6.2.3.1. Extension rate vs. SST

Investigations on coralline red algae proxy ofshely area have never been conducted. As
for L. kotschyanum f. affine of Balhaf andLithophyllum sp. of Socotra, and in agreement with
Kamenos and Law (20100, kotschyanum f. affine of Kamaran did not show relationship with
gridded SST (HadiSST1). Although the limitationgpidded datasets used in this study, however,
temporal burial of rhodolith from Kamaran may héegto growth cessation, thus to an interrupted
environmental record (Cabioch 1966, Halfar et &11). Halfar et al. (2011) found o@.
compactum from Gulf of Main a poorly but significant relatiship between extension rates and
SST (ERSST). At the same time the authors suggéiseedhore suitable of attached livinG. (
compactum) than free living algae (rhodoliths) for partiahdatemporal burial affecting the
rhodoliths leading growth cessation. Moreover, Adagl McKibbin (1970) assumed that coralline
growth is positively correlated with light at higheemperature, thus the SST is not likely the
dominant factor, but light is the mainly factor thafluence the observed annual extensioth.of

kotschyanum f. affine from Kamaran, as well as of the other subtrompa&cimen analyzed in this
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study.

6.2.3.2. Interannual and decadal climate variability

Studies on coral proxy from Dahlak Archipelago (Klet al. 1997) and Ras Umm Sidd
(South of the Agaba Gulf, Felis et al. 2000) hagendnstrated ENSO-driven interannual climate
variability in the Red Sea. Klein et al. (1997) foua weak correlation with local SST on the
interannula time-scale, while Felis et al. (20G0) abserved in coral skeletdit®0 record a strong
correlation with local SST on interannula time-sc@l cross-spectral analysis between extension
rates and gridded SST revealed an interannual pestiered at ~8.3 yrs, but no coherence was
found for this period (Fig. 6.16), as well as betwextension rate record and Nifio3.4 index (not
shown). Despite the limitations of the gridded data used in this studly, kotschyanumf. affine
from Kamaran did not record in the extension ratesrd the periodicity of climate in the Red Sea

by local SST variability and even the ENSO-forcetlom Red Sea climate.
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Fig. 6.16 Cross-spectral analysis of Kamaran sample (DBBX@nsion rates versus annual SST (HadiSST1) for
1994-2008. Bandwidth = 0.14, number of lags = ¥k Bigure 3.6C for legend.
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Furthermore, cross spectral analysis between atgasion record and zonal current record
(SODA) revealed coherence for period 8.3 yrs, boss-phase analysis showed that current lags
the record by 2 yrs, which disprove causality (Bid.7).

6 - —_— BW e xtension rate - 45

83yrs ====*current I\ L4

w £ o
1 1 1

N
L
Spectral density of zonal current
(SODA)

Spectral density of extension rate

0 0.1 0.2 0.3 0.4 05

Coherence
o
(4]
1
\\\\
\:\
2
1
¢
[
§
1]
[
{ >
]
1]
H
g‘/
[
[]
v
Y
§\~.
A N ©
Phase (yrs)

0 0.1 02 0.3 0.4 05

Frequency (1/yrs)
Fig. 6.17 Cross-spectral analysis of Kamaran sample (DBBX&nsion rates versus zonal current (SODA) for
1994-2008. Note that it shows strong coherencpdadpd centered at ~8.3 yrs, but cross-phase dsdtiashed line in
the bottom panel) reveals that there is not caydali this period. Bandwidth = 0.14, number ofdagll. See Figure

3.6C for legend.

The South Red Sea climate is influence by the ¢Bro&the northern part of the Red Sea,
and the latter it is subject to greater variabibfyweather than the south, particularly in winter
when it may be influenced by disturbances in thelidderanean, which leads typical winter rains.
Felis et al. (2000) found in coral skele®fiO signal of the Mediterranean climate by Alexandria
rainfall variability. Therefore, influence of theolkh Red Sea on the South Red Sea climate has

been investigated ih. kotschyanum f. affine from Kamaran by Alexandria rainfall variability
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recorded in the alga extension rates. Although aroetation was found between alga extension
rates and annual Alexandria precipitation, crogsBgl analysis between the two records showed
coherence for period of 8.3-10 yrs (Fig. 6.18). SSrphase analysis revealed that the extension
rates lags the Alexandria precipitation by 3 yise phase line rapidly drops to negative values for
this period within the Barlett window used, whidils into question the reliability of the causality
for this period (Fig. 6.18). However cross-spectiadlysis between the Alexandria precipitation
and the zonal sea surface current of Kamaran redeaherence for the period of 5 yrs (Fig. 3.16).
The short life span df. kotschyanum f. affine from Kamaran, thus its limited temporal resolution
seems to have led a reduction of the sensitivityefstatistical analysis used in this study.

Hence, extension rate bf kotschyanum f. affine of Kamaran did not show signal of the

Red Sea climate variability.
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Fig.6.18 Cross-spectral analysis of Kamaran sample (DBBX@nsion rates versus Alexandria precipitation JCR
TS3.10) for 1994-2008. Note that it shows stronigetence for period centered at ~9 yrs. Bandwiddhl4, number

of lags = 11. See Figure 3.6C for legend.
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6.2.3.3. Asian monsoon system teleconnections

Klein et al. (1997) observed in coPO of South Red Sea strong correlation with the
Indian Ocean SST, especially on the decadal timkesAlthough a strong positive and significant
correlation was found between extension rate oflehth from Kamaran and SIR (r = 0.57,
p-value = 0.03), no coherence was found in crosstsal analysis between extension rate and SIR

(Fig. 6.19).
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Fig. 6.19 Cross-spectral analysis of Kamaran sample (DBBX@nsion rates versus seasonal South India rainfal

(IMD) for 1994-2008. Bandwidth = 0.14, number af$a= 11. See Figure 3.6C for legend.

The lack ofL. kotschyanum f. affine from Kamaran to detect the climate variability by
extension rate record, is likely due to many faxtd) the limitations of gridded datasets used in
this study, 2) alterations on coralline growth daigemporal burial, 2) mainly to its short life spa
(only 15 yrs), thus its limited temporal resolutibtence, further long-term studies on coralline red

algae of this area are strongly needed.
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6.3. Mg/Caratio
6.3.1. Balhaf

6.3.1.1. Mg/Caratio vs. SST

Pioneer investigations reported the Mg contengalnite of rhodoliths ranging between 7.7
and 28.8 mol % MgCe¢(Chave 1954). IrC. compactum from the Gulf of Maine this range
resulted 9.5 to 14 mol % MgGQ@Chave and Wheeler 1965). The Mg contentithothamnion
spp. is between 7.7 and 18 mol % in subarctic spe@nd between 13.2 to 22.4 mol % in
subtropical species (Halfar et al. 2000). Samptdstbophyllum spp. from New Zealand, deposit
calcite containing 11.6-16.4 mol % MgG@mith et al. 2012). Although Smith et al. (2012)
speculate that latitude (as a proxy for water taatpee) had only a minor effect on the Mg content
in coralline algae, other authors suggest thaMfecontent of coralline algae varies as a function
of SST (Chave and Wheeler 1965; Halfar et al. 28@0nenos et al. 2008; Hetzinger et al. 2009).
It is therefore suggested that within a generagisgesampled in warmer regions should contain
higher mol % MgC@. The mean Mg content measured.itkothschyanum f. affine was 20 mol %
MgCQO; (SE 0.87), which is significantly higher than 114 mol % MgCQ found in
Lithophyllum spp. of New Zealand temperate environment (Sntigh. 2012).

The relationship between Mg and SSTLikotschyanum f. affine ranges between 0.62 and
2.06 mol % of MgC@ °C* in the same sample (DB659), demonstrating a higta-specific
variability. Moberly (1968) suggested that the Mptent in calcite of coralline red algae depends
on growth rates, which is a function of water tenapgre, light intensity and physiological cycle.
The lowest relationship between Mg and SST obseirvéite specimen with the lowest extension

rates (DB659bis), which can be explained by a Mgsvariability detected in a low coralline
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extension rate. However in specimens with highderesion rates (DB659a and DB659b) this
variability still occurred (1.06-2.06 mol % of MgGOC™). The Mg-SST relationship observed is
range between half and twice as high as observdteisubarctic speciek: glaciale (Henrich et

al. 1996; Halfar et al. 2000; Kamenos et al. 20@8)calcareum (Kamenos et al. 2008§.
compactum (Moberly 1968), where this relationship was fouwdbe one to one. Chave and
Wheeler (1965) reported a relationship close to MgCO; °C* in C. compactum. These
differences should be explained by different reghalspecies from different genera and families
(Hapalidiaceaevs. Lithophylloideae) used by the different studiesamples from different
geographic localities (subarctis. tropic), the application of different sample tejues (higher
sampling resolution of transect than spots; Hetairgg al. 2010), the sampling of carbonate in
lower growth intervals, which resulted in a poaesolution sampling per year in the studies of the
other authors, the quality of SST datasets us#usrstudy in comparison to more reliable data of
in situ SST datasets used in Kamenos et al. 2008, andsthef different method of analysis
(electron microprobe analysis. LA-ICP-MS). The latter is due to higher resolutic A-ICP-MS

line transect data highlight more fine-scale hegengities and are therefore able to better capture
seasonal extremes in comparison to electron micb@panalysis (Hetzinger et al. 2010). The
correlation between Mg-SST is still lower than fduim previous studies, but still significant.
Although the limitations of the gridded SST datagds suggested that also lin kotschyanum f.
affine SST is likely the dominant factor controlling Mgrbonate chemistry in this algae. Smith et
al. (2012) found that Mg contents in the generhitifophyllum andMesophyllum were especially
variable. Therefore, although Ries (2006) has shibnahinNeogoniolithon sp. a vital offset in the
process of Mg fractionation is negligible, we sugige consider possible physiological influence
on thallus Mg (Lea 2003). Mg deposition variability Lithophyllum thallus, may explain the

significant difference found in the monthly averag®lg/Ca between the two protuberances of the
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same alga analyzed. Moreover, since the correldiEtween Mg-SST drastically decrease in
DB659bis specimen (with the lowest extension rateserved), that underlines the limitation of
coralline with low extension rates to detect all Mayiability, and so to get a reliable Mg-SST
correlation.

Since the samples of DB657 and DB659a-b resulteguitable for paleoclimate
reconstruction because their short life span ans their too much limited temporal resolution, the
DB659bis specimen, with its age model of 33 yeaes the only specimen used in this study to
investigate the suitability df. kotschyanum f. affine in the reconstruction of climate variability in
the Gulf of Aden. Hence, the following discussiegarding to the use &f kotschyanum f. affine
Mg/Ca ratio as proxy of the climate variability atpthe Yemen coast, it is only referred to the

DB659bis specimen.

6.3.1.2. Interannual and decadal climate variability

The correlation between annual Mg/Ca ratio anddgddSST was weak but significant. For
the same geographic, hydrological and climate reagbat characterized the study area and
already mentioned in chapter 6.2.1.2, one mighteixpvidence for ENSO signature in Mg/Ca
record. A cross-spectral analysis revealed seveeaks from decadal to interannual range,
centered at ~17-18 yrs, ~8 and ~5 yrs (Fig. 6.209ss-spectral density between annual Mg/Ca
record and gridded SST (HadiSST1) revealed weakreolce for period centered at ~17-18 yrs
(Fig. 6.20). Almost 90% of Mg/Ca variance is explai this period. Cross-phase analysis showed
that Mg/Ca record lags the SST by 1.5 yrs (Fig0p.Zhis period in the Mg/Ca ratio and SST
spectral density appears to be an “endemic” patieciimate variability in the NW Indian Ocean

(Storz and Gischler 2011a-b). Periodicity in thagea of 18-19 yrs has been found in annual
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extension rates of coral from Maldives, in zonakent and in South India Rainfall variability by
Storz and Gischler (2011a-b). Periodicities in ffesiod has been found neither by authors in the
annual mead'®0 record in coral from Maldives, and nor in the @armean corad*®0 records of
the NW Indian Ocean reported by Charles et al. 7),.990le et al. (2000), and Pfeiffer and Dullo
(2006). Storz and Gischler (2011b) suggested tiiatis$ likely due to the fact that variations in
monsoon strength are not accompanied by measu&dleand salinity changes. Although a weak
or poorly relationship was found between monthlyaime Mg/Ca record and gridded SST, and
any correlation was found between annual Mg/Ca ratid SST, the weak coherence observed
between coralline record and SST for period of @84% might be due to the fact that variations in

monsoon strength are not accompanied in Balhafdgsarable variation in SST.
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Fig. 6.20 Cross-spectral analysis of DB659bis Mg/Ca ratisue gridded SST (HadiSST1) for 1974-2008. Noteitha
reveals weak coherence for period centered at rsl@wandwidth = 0.06, number of lags = 24. See lE@@.6C for

legend.

The period of 5 yrs is a typical modes of the EN&®en interannual variability, and it has
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been also observed in cross-spectral analysis batie Nifio 3.4 index and gridded SST (Fig.
3.6C). However cross-spectral analysis between anvg/Ca ratio and gridded SST did not
reveal coherence for this period, and althoughscepectral analysis between Mg/Ca ratio and
Nifio 3.4 index showed a weak coherence at 5 yieghethe cross-phase analysis revealed that

Nifio 3.4 index lags the Mg/Ca ratio by 1.9 yrs, ethdisproves causality (Fig. 6.21).
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Fig. 6.21 Cross-spectral analysis of DB659bis Mg/Ca ratisuemifio 3.4 index (from HadiSST1) for 1974-2008.
Note that it shows coherence for period centerethatrs, but cross-phase analysis (dashed lineeiibdttom panel)

reveals that there is not causality for this perBandwidth = 0.06, number of lags = 24. See FiQUBE for legend.

6.3.1.3. Mg/Caratio vs. Asian monsoon system

While decadal variability in the Mg/Ca record was linkS8T variability, the interannual
variability seems to be due to different climatiodaenvironmental factors. As previously
discussed, the amount of Mg incorporated in thalboe algae varies as a function of SST, but it

might be affected by other factor as growth rakdskierly 1968) and algal “vital effect” (chapter
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6.3.1.1.). Additionally, experiments on marine onigans have shown that this amount in coralline
calcitic thallus varies as a function of the Mgt@#o of the seawater in which these organisms are
grown (Ries 2006). The NW Indian Ocean is affettgdsian monsoon system, and variations in
hydraulic energy is an index of the monsoon stienDespite Storz and Gischler assumed that
variations in monsoon strength are not accompébyedeasurable salinity changes, in this study it
is found thatL. kotschyanum f. affine from Balhaf recorded SSS variability in extensrates
record (see chapter 6.2.1.4.). Hence, althoughassumed that in modern seas the Mg/Ca ratio of
seawater is globally constant (mMg/Ca =5.2; Rie8&0local content of Mg in the surface
seawater might change during the SW monsoon wheur apwelling of deeper water that could
be rich/poor of Mg. Moreover changes in the localinsty might affect the "partitioning
coefficient” leading to changes in the distribut@rivig between bulk solid and aqueous solution
(see chapter 2).

Cross spectral analysis between coralline Mg/Carteand zonal current revealed spectral

coherence in the range of 17-18 yrs and ~5-6 ys (F22).
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Fig. 6.22 A) cross-spectral analysis of DB659bis annual Mgr&tio versus zonal current (SODA) in Balhaf for
1974-2008; B) corresponding analysis for annual®égvatio versus mean winter monsoon current ( ebedafrom
SODA); C) corresponding analysis for annual Mg/@%orversus mean summer monsoon current (extréicied
SODA); D) cross-spectral analysis of annual Mg/&#orversus annual current gradient record (ACUR&(Eerence
between mean summer and winter monsoon curremfotet from SODA) for 1974-2008. Bandwidth = 0.8émber

of lags = 24. See Figure 3.6C for legend.

In order to demonstrate thiat kotschyanum f. affine records the strength of SW monsoon
by Mg/Ca variation recorded in the calcite thakwgss correlations were applied for the annual

Mg/Ca record with 1) the mean NE monsoon (Noventehruary) current record, 2) the SW
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monsoon (May-September) current record and 3) ifferehce between NE and SW monsoon
currents (ACURRG) as an intra-annual gradient. @hislysis led to two conclusions:

1) No link between NE monsoon currents and Mg/Ca record. Spectral coherence between
Mg/Ca record and NE monsoon current was foundhersignal of 5 yrs, but cross-phase analysis
showed that zonal current record lags the Mg/Carcedor these period by 2.9 yrs, which
disproves causality (Fig. 6.22B).

2) and 3)Link between SW monsoon and Mg/Ca record. Expectedly the cross spectrum
between the time-series of the SW monsoon currehtree Mg/Ca record revealed a coherent peak
for period centered at 17-18 yrs (Fig. 6.22C). Asn@0% of the variance of annual Mg/Ca ratio in
this range can be explained by the variance ingbierated dataset. The Mg/Ca ratio variability
with this period can be explained by changes insthength of the SW monsoon current, that
begets SST variability (see chapter 6.3.1.2.). G&eerated time series of seasonal differences
between summer and winter monsoon displayed a sgdtral coherence in the interannula range
(Fig. 6.22D). Almost 80% of the variance of annMag/Ca ratio in this range can be explained by
the variance in this dataset within the range 6fygs. For this period no link was found with SST,
so it suggested that Mg/Ca variability for thisipdris due to changes in the strength of the SW
monsoon currents, linkage to upwelling events, thgght have led to changes in seawater Mg.
Storz and Gischler (2011) found in their coral grexudy withP. lutea from Maldives decadal
growth variability with similar periods of 18-19g/and 6-7 yrs, that they explained by changes in
the strength of SW monsoon currents, but not linte®ST variability. As they themselves
suggested, this may be due to the fact that caralasllected in a lagoon, where SST and current
variations were likely larger than indicated bydgied instrumental climate records.

Annual Mg/Ca variability ir_. kotschyanum f. affine calcite thallus did not show link with

SIR, the other parameter used as index of the noonstength. Indeed, cross-spectral analysis
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between annual Mg/Ca ratio and SIR revealed stcohgrence for periods centered at 17-18 yrs

and ~8 yrs, but cross-phase analysis disprovedtipumr these periods (Fig. 6.23).
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Fig. 6.23 Cross-spectral analysis of DB659bis annual Mgéi@ wersus seasonal South India precipitation (JMD

Balhaf for 1974-2008. Bandwidth = 0.06, numberagfd = 24. See Figure 3.6C for legend.

6.3.1.4. Red Sea teleconnections

Albeit interannual fluctuations in algal extensiates can be explained by SSS anomalies
driven by current forcing in the South Red Sea, thod showing teleconnection with the Red Sea
climate, the annual Mg/Ca record in the coralliakeite thallus did not revealed signals of Red Sea
climate influences. Indeed, cross-spectral analysitareen Mg/Ca record and zonal SSS did not
reveals connections, as well as between Mg/Cadeaod SSS of South Red Sea (not shown).
Moreover, cross spectral analysis between Mg/Gardeand current in the South Red Sea revealed
spectral coherence for period centered at 17-18byitscross-phase analysis showed that current

lags the Mg/Ca ratio by 1.5 yrs, which disprovedsadity (Fig. 6.24A). Periodicity in the range of
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17-18 has been observed in the cross spectralsasaligtween the record and the summer current
variability in the South Red Sea (Fig. 6.24C). DgrBW monsoon surface water mass from Red
Sea outflow into the Gulf of Aden. The cross spchowed a weak coherence for this period, and
cross-phase analysis did not revealed lags beth@thrtime series. This suggested an influence of
the hydraulic energy of the Red Sea to the sudacalation of the Gulf of Aden, recorded on the

L. kotschyanum . affine thallus by Mg/Ca variability.

120



45 = Mg/Ca - 5 45 N — 45
17-18 yrs —BW 9 . BW Mg/Ca
o 4 = = =SRScurrent 45 ﬁ - = =\\/SRS current 4 £
§ = <
© F4 g S 35 8
Q 5< o 5<
o - 3500 = o0
= =0 = -3 §Q
T -3 52 3 =
g N3 5 2533
£ . 250" S 5N
8 23 15 2 23
° -2 8¢ z e
Z o z 1585
S - 15353 3 “ 23
° 50 = <)
= B © L1 =
© -1 g = $
g 2 g g
g 05% & - 05 @
7]
0 0
0 0.1 0.2 0.3 0.4 0.5
1 4 1 4
@ 1<
é -l FAN "‘~o/.! rf\i ,‘ 80/nCL 0 f § o 2
F05Fe N\ @ 20. %
S -2 & £ 2 2
o /\ L=y, 3 o
0 -4 -4
0 04 05 0 0.1 0.2 0.3 0.4 0.5
Frequency (1/yrs) Frequency (1/yrs)
45 = —_— 6 45 = 45
° — Mg/Ca o — B\ Mg/Ca
= 4 - = = =SSRS current = 5 4 4 = e «ASRSGcurrent L 4
: -5 % S 5
@ o =
Q 3.5 1 £ Q 35 35 5
> 3 4 [
% 3 - -4 0 3 3 A L 3 g
E} € @ 5 o
255 EX c 7]
c2 3 R S 25 A 25 «
sy
Py | 5 & 5 o]
z ° z%5 2z 2 F2 oz
7] % 0 (7]
2 15 L 223 2 | S
3 8 g 15 5 8
R g T 1 - L1 £
8 05 13 g g
- Q
- @ & 05 4 05 o
0 T T T T 0
0 0.1 0.2 0.3 04 05
1 4 _
- ‘-\ 0
=3 . 2 2>
§05 /i /\ ,/ 1 1 Ses o 3 )
g g = \/ 80"/ cL 8 5
5 ; 2% g
o
0 -4 8
0 -
Frequency (1/yr5) 0 0.1 0.2 0.3 0.4 05

Frequency (1/yrs)
Fig. 6.24 A) cross-spectral analysis of DB659bis annual Mgr&tio versus zonal current (SODA) in South Rea Se
for 1974-2008; B) corresponding analysis for aniMiglCa ratio versus mean winter monsoon currentraeted
from SODA); C) corresponding analysis for annual/@®kyratio versus mean summer monsoon current (detta
from SODA); D) cross-spectral analysis of annual®gratio versus annual current gradient recordR8S current,
difference between mean summer and winter monsowert, extracted from SODA) for 1974-2008. Bandvid

0.06, number of lags = 24. See Figure 3.6C forridge
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6.3.2. Socotra

6.3.2.1. Mg/Caratio vs. SST

Expectedly for subtropical coralline sample, the ameMg content measured in
Lithophyllum sp. was 20.1 mol % MgGO(SD 4.9) which is similar to what found in.
kothschyanum f. affine of Balhatf.

The relationship between Mg and SSTithophyllumsp. of Socotra is 1.22 mol % MgGO
°C" that fall in the range found In kotschyanum f. affine of Balhaf and it is twice time higher than
the DB659bis specimen (the protuberance analyz8dBBb9 with the lowest extension rates). As
previously discussed the sample from Socotra shameelxtension-rate record with low growth
rates that was similar to what measured in DB658peximen. Despite the limitation of gridded
dataset used in this study, the difference betwédophyllum sp. from Socotra and the DB659bis
from Balhaf on the Mg/Ca-SST relationship shouldéxplained by different factors: 1) the
different species analyzed, 2) the variability ofj ontents in the genera bithophyllum and
Mesophyllum (Smith et al. 2012), 3) the vital effect, despties (2006) has shown that in coralline
algae a vital offset in the process of Mg fracttomais negligible, 4) the low extension rate hex |
to a less Mg variability detected in a low coraliextension rate, 5) temporary cessation of
rhodolith growth due to temporary burial that ledan interrupted environmental record in the
coralline algae (Cabioch 1966, Halfar et al. 20B))different living environment of coralline
algae due to different depth (6-8 m of L. kotschyanf. affine from Balhaf against 22 m of
Lithophyllum sp. from Socotra). This could also kexp the lower correlation found comparing
with previous studies (Kamenos et al. 2008, Hetirgg al. 2010). Therefore, as already discussed
for Balhaf samples (chapter 6.3.1.1.), it is suggpbthat also ihithophyllumsp. from Socotra SST

is likely the dominant factor controlling Mg carkaie chemistry, but the combination of these
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factors have led to the low relationship.

6.3.2.2. Interannual and decadal climate variability

The correlation between annual Mg/Ca ratio anddgadSST was weak but significant. For
the same geographic, hydrological, climatic andremwnental reasons that characterized the study
area and already mentioned in chapter 6.2.2.2noght expect evidence for ENSO signature in
Mg/Ca record. A cross-spectral analysis revealeakpdrom decadal to interannual range,
centered at ~20, ~4.3, ~3 yrs and ~2.4 yrs (Fig5)6.Cross-spectral density between annual
Mg/Ca record and gridded SST (HadiSST1) showed weh&rence for period centered at ~3 yrs,
and cross-phase analysis revealed that the remgsdSST by 2 yrs (Fig. 6.25). Only the 45% of the

Mg/Ca variance is explained in this period.
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Fig. 6.25 Cross-spectral analysis of Socotra sample (DB&8%FCa ratio versus annual SST (HadiSST1) for
1972-2009. Note that it shows weak coherence foogeentered at ~3 yrs. Bandwidth = 0.06, numbéags = 24.

See Figure 3.6C for legend.
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Albeit a relationship was observed between ENSOgaiattied SST for periods 5 yrs and
3.6-3.7 yrs (Fig. 3.12), and a weak but significamtelation was observed between annual Mg/Ca
and Nifo3.4 index (r = 0.33, p-value = 0.04), rigredd peaks were found in cross-spectral density
between Mg/Ca record and Nifio3.4 index (Fig. 6.2@nce the Mg/Ca record dumthophyllum

sp. thallus of Socotra did not record any signahefENSO-force in the Indian Ocean.
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Fig. 6.26 25 Cross-spectral analysis of Socotra sample (DB&BFLa ratio versus Nifio 3.4 index (from HadiSST1)

for 1972-2009. Bandwidth = 0.06, number of lagsd=%ee Figure 3.6C for legend.

6.3.2.3. Mg/Caratio vs. Asian monsoon system

The NW Indian Ocean is affected by Asian monsoatesy, and variations in hydraulic
energy is an index of the monsoon strength. De#ipidvig/Ca record oh. kotschyanum f. affine
from Balhaf revealed signal of the monsoon strebgtlocal hydraulic variability, the Mg/Ca ratio
on Lithophyllum sp. thallus from Socotra did not show any relaiop with zonal current (not

show). As already mentioned in chapter 6.2.2.%,dlwrent dataset used in this study (SODA)
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provide data of surface current velocity, thusheftirst 5 m depth. Since rhodolith of Socotradive
at 20 m depth, it is reasonable to assume thaisatepth, the coralline alga has not recorded the
surface current variability caused by monsoonabiwirhus, the lake of coralline alga from Socotra
to record the variation in local hydraulic energyrobably due to the limitation of gridded dataset
used in this study, as well as to the temporargatém of rhodolith growth due to temporary burial
that it led to an interrupted environmental recorthe coralline alga (Cabioch 1966, Halfar et al.
2011).

However, a positive weak correlation was found leetmvannual Mg/Ca ratio of coralline
alga from Socotra and SIR, the other parameter aseddex of the monsoon strength (r = 0.43,
p-value =0.008). Expectedly, cross-spectral deftyveen Mg/Ca record and SIR showed strong
coherence for period of 20-22 yrs (Fig. 6.27). Tisighe typical mode of the Asian monsoon
system already found either in extension-rate obrcoral from Maldives, and in this study, in
Mg/Ca record ot.. kotschyanum . affine from Balhaf (chapter 6.3.1.3.). While Mg/Ca recofd..
kotschyanum faffine from Balhaf did not reveal correlation with SIRyral extension rates from
Maldives showed a negative correlation, explaingd evreduction of coral growth during periods
of stronger summer monsoon (Storz and Gischler R0IThe positive relationship found in
Mg/Ca record otithophyllum sp. from Socotra might be explained by the chamgalinity due to
the variation of the monsoon intensity, that somehthange positively the mechanism of

incorporation of Mg into the calcite lattice of tberalline.
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Fig. 6.27 Cross-spectral analysis of Socotra sample (DBB8FLCa ratio versus seasonal South India precipitati
(IMD) for 1972-2009. Note that it reveals strondnecence for period centered at ~21 yrs. Bandwidd08, number

of lags = 24. See Figure 3.6C for legend.

6.3.2.4. Red Sea teleconnections

Socotra is bathed by a variety of different watasses, including those originating to the
north-west by the Red Sea. The Red Sea water isfdhe most saline water masses in the world
oceans. Passing through the Gulf of Aden, the wat#lows from the Red Sea becomes a part of
the intermediate circulation in the Indian Oceahio has been observed as a mid-depth salinity
maximum in the Arabian Sea and even in the southemisphere (Mecking and Warner 1999).
Therefore, changes in the local SSS and connectiotis the southern Red Sea SSS were
investigated in the Mg/Ca record afthophyllum sp. from Socotra. Cross-spectral analysis
between Mg/Ca record and gridded SSS showed stamgyence for period of 20-22 yrs, and the

record lags the SSS by 1.7 yrs (Fig. 6.28).
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Fig. 6.28 Cross-spectral analysis of Socotra sample (DBB8FLa ratio versus annual SSS (SODA) for 1972-2009.
Note that it shows strong coherence for perioderedtat ~21 yrs. Bandwidth = 0.06, number of lagd =See Figure

3.6C for legend.

Cross-spectral analysis between Mg/Ca record anthem Red Sea SSS revealed strong
coherence for period centered at ~16.5 yrs, andettezrd lags the SSS by 1 yr (Fig. 6.29A).

Strong relationship for the same period was fourtveith winter and summer SSS of
southern Red Sea, with a lag of 1 yr and 1.7 yspeetively (Fig. 6.29B, C). Since local SSS
showed a strong significant correlation with SIRt bhot with SSS of the South Red Sea for the
period centered at ~23.5 (Fig. 6.15), and Mg/Canc:cevealed a strong coherence with SIR for
the same period, it is assumed that signal of |&S% variability in the Mg/Ca record for this
period is likely due to upwelling of more dense pkrewater during monsoon.

While, the period of 3 yrs found in cross-spectiahsity between Mg/Ca record and SST

was still revealed by cross-spectral analysis betwvtbe record and zonal current of southern Red

Sea (Fig. 6.30).
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Fig. 6.29 A) cross-spectral analysis of Socotra sample ((E}&8g/Ca ratio versus SSS (SODA) in South

Red Sea for 1972-2009; B) corresponding analysiarfioual Mg/Ca ratio versus mean winter SSS (etddaicom

SODA); C) corresponding analysis for annual Mg/&@#orversus mean summer monsoon SSS (extracted from

SODA); D) Cross-spectral analysis of annual Mg/&#orversus annual SSS gradient record (ASSSGerdiite

between mean summer and winter monsoon SSS, edriom SODA) in South Red Sea for 1972-2009. Badtiw

= 0.06, number of lags = 24. See Figure 3.6C foetel.

128

South Red Sea



Mg/Ca
s ====eSRS current

[©]
1

o

N

N
South Red Sea (SODA)

N
Spectral density of zonal current in

N

Spectral density of annual Mg/Ca ratio
w

0 01 02 03 04 05

Coherence

Frequency (1/yrs)

Fig. 6.30 Cross-spectral analysis of Socotra sample (DBB&FLa ratio versus zonal current (SODA) in Southi Re
Sea for 1972-2009. Note that it shows coherencpddod centered at ~3 yrs. Bandwidth = 0.06, nurobkags = 24.

See Figure 3.6C for legend.

6.3.3. Kamaran

6.3.3.1. Mg/Caratio vs. SST

Expectedly for subtropical coralline, the mean Mgtent measured in. kothschyanum f.
affine of Kamaran was 19.9 mol % MgG@SD 3.5), similar to the Mg content in the sampés
the same species of Balhaf and.ithophyllum sp. of Socotra.

The relationship between Mg and SSTLirkothschyanum f. affine of Kamaran is 1.4 mol
% MgCQ; °C* that fall in the range found in the samples ofshme species from Balhaf and it
was similar to what found ihithophyllum sp. of Socotra, although the latter is a diffespgcies.
Instead it is twice time higher than the DB659le@smen (the protuberance analyzed in DB659
with the lowest extension rates). As previouslycdssed difference on Mg/Ca-SST relationship

found inL. kothschyanum f. affine from Kamaran comparing with the other samples aalyin
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this study should be explained by different facté)ghe different species analyzéditfiophyllum

sp. from Socotra), 2) the variability of Mg conteirt the genera dfithophyllum andMesophyllum
(Smith et al. 2012), 3) the vital effect, despiied(2006) has shown that in coralline algae d vita
offset in the process of Mg fractionation is neiglig, 4) the low extension rate has led to a legs M
variability detected in a low coralline extensiate; 5) temporary cessation of rhodolith growth
due to temporary burial that led to an interrupgedlironmental record in the coralline algae
(Cabioch 1966, Halfar et al. 2011), 6) differentiig environment of coralline algae due to
different depth (1.5 m of L. kotschyanum f. affinem Kamaran against 22 m of Lithophyllum sp.
from Socotra). This could also explain the lowerelation found comparing with previous studies
(Kamenos et al. 2008, Hetzinger et al. 2010). Tioeee as already discussed for Balhaf and
Socotra samples (chapter 6.3.1.1. and 6.3.2.1s)siiggested that alsolinkotschyanum . affine
from Kamaran SST is likely the dominant factor coling Mg carbonate chemistry, but the

combination of these factors have led to the loati@ship.

6.3.3.2. Interannual and decadal climate variability

A Cross-spectral analysis revealed in the Mg/Catsglean interannual peak centered at
~7.7 yrs (Fig. 6.31). Albeit extension rate did slebw signal of ENSO-force in the South Red Sea,
and field correlation between Nifno3.4 index and S&The South of Red Sea did not show
significant correlation (Fig. 3.6B), cross-specttahsity between Mg/Ca record and Nifi03.4 index
revealed a weak coherence for period 7.1-8.3 yis 9% of the Mg/Ca variance is explained in
this period (Fig. 6.31). Felis et al. (2000) foumdoherence preferentially for period of ~5.7, and
Klein et al. (1997) in the interannula range. Materocross spectral analysis between Nifio3.4

index and local SST revealed coherence in theantera range but in different periods (Fig.
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3.20). These factors and coralline’s short life rsganly 15 yrs), thus its limited temporal

resolution further confirm the need of long-termdsés on coralline red algae of this area.
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Fig. 6.31 Cross-spectral analysis of Kamaran sample (DBB{SYLa ratio versus Nifio 3.4 index (from HadiSSTdr) f
1994-2008. Note that it shows weak coherence foogeentered at ~7.5 yrs. Bandwidth = 0.14, nunadfésigs = 11.

See Figure 3.6C for legend.

Cross-spectral analysis between Mg/Ca record andl zurrent did not reveal coherence
(not shown), but cross-spectral density betweenr¢herd and the SLP showed coherence for
period 7.1-8.3 yrs (Fig. 6.32). Klein et al. (199tggested that, on a decadal time-scale, there are
simultaneous changes in the phases of the SouBsailiation, the south Asian monsoon and the
Indian Ocean SST, which are recorded in the stabtepe composition of the southern Red Sea
corals. Hence, it is suggested here, that like¢y Mg/Ca composition in the. kotschyanum f.
affine of Kamaran recorded on quite decadal time-sdageENSO influence on the Red Sea by the

SLP variability, rather than by SST variability.
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Fig. 6.32 Cross-spectral analysis of Kamaran sample (DB a ratio versus annual SLP (SODA) for 1994-2008.
Note that it shows weak coherence for period cedtat ~7.5 yrs. Bandwidth = 0.14, number of lag4 =See Figure

3.6C for legend.

No relationship was found with Alexandria precifita (not shown).

6.3.3.3. Asian monsoon system teleconnections

As for extension rate, also the Mg/Ca did not reayproxy of the influence of the Asian

monsoon system on the Red Sea climate.
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6.4. Li/Caratio

6.4.1. Balhaf

6.4.1.1. Li/Caratio vs. SST

Li in coralline algae firstly investigated here s®oLi/Ca time series following the Mg/Ca
curve and strong and significant correlations leetwboth time series in all transects. The mean
Li content measured ih. kothschyanum f. affine was 8.3 umol % LIC®(SE 0.68), and the
relationship between Li and SST was 0.46 and 0r6@!|% of LiCQO; °C™ in the same sample
(DB659). That resulted steady respect Mg-SST wmalahip. In fact, the lowest relationship is
found for specimen with the lowest extension rda8§59bis), which can be explained by a
decreased ability to detect Li variability, while $specimen with higher extension rate (DB659a
and DB659Db) the relationship is found constantlyado 0.57 pmol %.

Since SST was considered the main factor contgptliie incorporation of Mg in coralline
algal thallus, a significant correlation was fousetween monthly average Li/Ca and SST, it is
speculated that SST is also the dominant factortralting Li-carbonate chemistry irL.
kotschyanum f. affine of Balhaf. Studies on skeleton of other marineaargms gave evidence
confirming this control (Delaney et al. 1989; Mattiet al. 2004; Montagna et al. 2008), while
other provided evidence of the contrary (Delaneal.€t985; Hell and Chan 2004, Rollion-Bard et
al. 2009). In this study, a positive relationshigtvieen Li/Ca and SST was found. This is in
contrast to studies on other marine skeletal-bgaiganisms (Delaney et al. 1989; Marriott et al.
2004; Montagna et al. 2008). This is the first evice that Li/Ca could be used as a proxy for SST.
However, more studies from different environmentslifferent climatic regions and from longer

records are needed to fully assess the potenttaioélementary ratio as climate proxy.
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Since the samples of DB657 and DB659a-b resulteguitable for paleoclimate
reconstruction because their short life span aus their too much limited temporal resolution, the
DB659bis specimen, with its age model of 33 yeaes the only specimen used in this study to
investigate the suitability df. kotschyanum f. affine in the reconstruction of climate variability in
the Gulf of Aden. Hence, the following discussiegarding to the use &f kotschyanum f. affine
extension rate as proxy of the climate variabgityng the Yemen coast, it is only referred to the

DB659bis specimen.

6.4.1.2. Interannual and decadal climate variability

Since between Mg/Ca and Li/Ca time series showsiloag and significant correlation,
and the observed significant Li-SST relationshipe anight expect evidence for SST and ENSO
signature in Li/Ca record for the same periods ébtor Mg/Ca record. Cross-spectral analysis
between Li/Ca record and gridded SST (HadiSSTlgald a multi-decadal coherent peak
centered at 17-18 yrs, that is more coherent thfanmd in Mg/Ca record for the same period (Fig.
6.33, Fig. 6.20). The period of 17-18 yrs share® &8 algal thallus Li/Ca variance. Cross-phase

analysis did show lags between the two time sé€Figs 6.33).
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Fig. 6.33 Cross-spectral analysis of DB659bis Li/Ca raticsuergridded SST (HadiSST1) for 1974-2008. Noteithat

reveals coherence for period 17-18 yrs. Bandwidh06, number of lags = 24. See Figure 3.6C foerelg

The interannula variability in the Indian Oceanclsaracteristic of ENSO force, while
decadal and multidecadal response to Pacific inflees under debate. In fact some studies on
coral skeleton from Seychelles, Madagascar and ivddfound for decadal variability an
expression of the monsoon system (Charles et &7;18inke et al. 2004; Storz and Gischler
2011a, b), while Cole et al. (2000) in their stualy coral from Kenya, suggested that decadal
variability in the coral records is primarily a pesse to Pacific influences. In the present sthdy t
cross-spectral analysis between algal Li/Ca reamd the Nifio 3.4 index showed a weak
coherence for period 17-18 yrs (Fig. 6.34), whishnot found in Mg/Ca record (Fig. 6.21).

Cross-phase analysis showed that Li/Ca recordthteghliiio 3.4 index by 2 yrs (Fig. 6.34).
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Fig. 6.34 Cross-spectral analysis of DB659bis Li/Ca raticsue Nifio 3.4 index (from HadiSST1) for 1974-2008.
Note that it reveals weak coherence for period 8 ¥%, and cross-phase analysis (dashed line ibhdtiem panel)
shows that Li/Ca record lags the Nifio3.4 index lyyfor this period. Bandwidth = 0.06, numberadd = 24. See

Figure 3.6C for legend.

6.4.1.3. Li/Caratio vs. Asian monsoon system

To detect a response to Asian monsoon in the &i¢@h record cross-spectral analysis
between annual mean of element ratio and the tagaént was conducted. Strong coherence was
found for period centered at 17-18 yrs, but crdsasp analysis revealed that current lags Li/Ca

ratio by 0.8 y, which disproves causality (Fig.5.3
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Fig. 6.35 Cross-spectral analysis of DB659bis Li/Ca raticsue zonal current (SODA) in Balhaf for 1974-2088te
that it reveals strong coherence for period 17458lyut cross-phase analysis (dashed line in ttierhganel) shows

that there is not causality for these periods. Badth = 0.06, number of lags = 24. See Figure I@Tegend.

However, spectral coherence was revealed for thne ggeriod between Li/Ca record and
SIR, and the Li/Ca record lags the seasonal Soutia rainfall record by 2.8 yrs (Fig. 6.36). The
Li/Ca-SIR showed a weak negative, but significanrelations (r= -0.42, p-value = 0.01). Storz
and Gischler (2011b) found a negative relationdiepyveen coral extension rate record from
Maldives and seasonal South India rainfall, ang #wplained it by a reduction of coral growth
during stronger Asian monsoon due to increase mwinser monsoon current. Although extension
rates record of. kotschyanum f. affine from Balhaf showed negative weak but poorly sigaift
correlation with SIR, the negative and significegiaitionship found between Li/Ca record and SIR
might be explain with a decrease of the corallixtersion rate during stronger monsoon probably
due to decrease of water transparency and lighglgudpr increase of suspension for upwelling.
Therefore the reduction of algal growth rates leagkduction of Li variability detection.

It is assumed that coralline Li/Ca variabilityassignal of the monsoon strength for this
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period, and not of the ENSO force, since: 1) Stmd Gischler (2011a, b) observed in coral
extension rates from Maldives, coherence with zenalent and SIR for the same period (18-19
yrs); 2) decadal coral®O variability has been linked to Asian monsoon ivstrstudies in the NW
Indian Ocean, excepted Cole et al. (2000) who foarttecadal signal of ENSO on cofafO
variability; 3) in this study the decadal Mg/Ca iaility on L. kotschyanum f. affine thallus has
been found to be a signal of zonal current vaiigthbr period of 17-18 yrs, 4) the limitation of
gridded datasets used in this study, that mighae#uwe lack of signal of zonal current variabiiity
coralline Li/Ca record for this period, 5) limitkdowledge on process of Li incorporation into the
coralline calcite thallus; that it could only spkta that decadal variability in algal record is

primarily a response to monsoon system, which isghlg influenced by ENSO force.

[o2]
]

BW T Li/Ca

17-18 yrs easesS|R

(2] ~
1 1

[6,]
1

N w
1 1

Spectral density of annual Li/Ca ratio
N
1

-
L

Spectral density seasonal South India
precipitation (IMD)

0 T T - 0
0 0.1 0.2 0.3 0.4 0.5
1 - -4
.
= NARYINT ./

hase (yrs)

Coherence
L]
N
P

0.5 =so%ci
-“ cman e
0

frequency (1/yrs)

‘.r\ 7
IRINE

WIS L

3 0.4 0.5

Fig. 6.36 Cross-spectral analysis of DB659bis Li/Ca raticsue seasonal South India rainfall (IMD) in Balfaf

1974-2008. Note that it reveals coherence for petio-18 yrs, and cross-phase analysis (dashedhlite bottom

panel) shows that the Li/Ca record lags SIR byygs&or this period. Bandwidth = 0.06, number afda 24. See

Figure 3.6C for legend.
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6.4.1.4. Red Sea teleconnections

As for Mg/Ca record no teleconnection with the S climate was found for Li/Ca record (not

shown).

6.4.2. Socotra

6.4.2.1 Li/Caratiovs. SST

Li/Ca in Lithophyllum sp. thallus of Socotra showed a strong positiveé significant
relationship with Mg/Ca ratio, in agreement withattobserved in.. kotschyanum f. affine of
Balhaf. The mean Li content in the rhodolith fr@wmcotra was found lower than that measured in
coralline from Balhaf. This can be explain by seVéactors: 1) unknown of the Li incorporation
mechanisms into the calcite lattice of the coreallaigae, 2) different species used, 3) temporal
cessation of rhodolith growth due to temporary &lutihat led to an interrupted environmental
record in the coralline alga (Cabioch 1966, Hadtal. 2011), 4) different depths of life of the
samples.

Li-SST relationship irLithophyllum sp. was 0.53 pmol % of LiCO3 “Cthat resulted
steady respect Li-SST relationship observed. ikotschyanum f. affine of Balhaf. Since SST was
considered the main factor controlling the incogtimn of Mg in coralline algal thallus, a
significant correlation was found between monthhgrage Li/Ca and SST, it is speculated that
SST is also the dominant factor controlling Li-camhte chemistry ihihtophyllum of Socotra, as

it has been assumed florkotschyanum f. affine of Balhaf (see chapter 6.4.1.1.).
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6.4.2.2. Interannual and decadal climate variability

Since between Mg/Ca and Li/Ca ratio showed a stemtiysignificant correlation, and for
significant Li-SST relationship observed, one migkpect evidence for SST and ENSO signature
in Li/Ca record. A cross-spectral analysis reveakeral peaks from decadal to interannual range,
centered at ~15, 4.2 yrs and 3 yrs (Fig. 6.37)hd\igh monthly Li/Ca ratio showed significant
correlation with SST, annual mean of element rdtt not reveal significant relationship with
annual SST. Expectedly cross-spectral analysisdsetw.i/Ca record and gridded SST did not
show aligned peaks (Fig. 6.37). However cross-spleahalysis between annual Li/Ca record and

Nifio3.4 index revealed weak coherence for periodered at ~14.5 yrs (Fig.6.38).
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Fig. 6.37 Cross-spectral analysis of Socotra sample (DB&BER ratio versus annual SST (HadiSST1) for

1972-2009. Bandwidth = 0.06, number of lags = 2 Bigure 3.6C for legend.
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Fig. 6.38 Cross-spectral analysis of Socotra sample (DB&BER ratio versus Nifio 3.4 index (from HadiSSTa)) f
1972-2009. Note that it reveals coherence for perentered at ~14.5 yrs. Bandwidth = 0.06, numblkags = 24. See

Figure 3.6C for legend.

6.4.2.3. Li/Caratio vs. Asian monsoon system

The Li/Ca record orLithophyllum sp. thallus from Socotra did not record variatain
monsoon intensity neither by hydraulic energy Maligy, nor by SIR (not shown), despite annual
Li/Ca ratio showed positive significant correlatiith SIR (r = 0.49, p-value = 0.002). However
the positive Li/Ca-SIR relationship is in agreemefith correlation found between annual Mg/Ca

ratio and SIR fotithophyllum sp. from Socotra.

6.4.2.4. Red Sea teleconnections

Socotra is bathed by a variety of different watasses, including those originating to the
north-west by the Red Sea. The Red Sea water isfdhe most saline water masses in the world
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oceans. Passing through the Gulf of Aden, the wattflows from the Red Sea becomes a part of
the intermediate circulation in the Indian Oceahjolr has been observed as a mid-depth salinity
maximum in the Arabian Sea and even in the southemisphere (Mecking and Warner 1999).
Therefore, changes in the local SSS and connectiotls the southern Red Sea SSS were
investigated in the Li/Ca record bfthophyllum sp. of Socotra. Although Mg/Ca ratio recorded
signal of local SSS variability, cross-spectrallgsia between Li/Ca record and gridded SSS did
not show relationship between both time series émawn). Therefore, cross-spectral analysis
between Li/Ca record and South Red Sea SSS revaated) coherence in the period of 14-15 yrs
(Fig. 6.39A). Almost 90% of Li/Ca variance is exiplan this period. Cross-phase analysis showed
that Li/Ca lags South Red Sea SSS by 1.3 yrs @=8pA). Coherence for the same period was
observed in cross-spectral analysis between tleedend winter and summer South Red Sea SSS
, and cross-phase analysis revealed a similarflag@a record on the south Red Sea SSS in this

period (Fig. 6.39B and C).
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Fig. 6.39 A) cross-spectral analysis of Socotra sample (EB&¥Ca record versus SSS (SODA) in South Red Sea
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from SODA); C) corresponding analysis for Li/Cagrtversus mean summer monsoon SSS (SRS SSSStextra

from SODA). Bandwidth = 0.06, number of lags = 3&e Figure 3.6C for legend.

Moreover, cross-spectral analysis between Li/Carte@and South Red Sea current
revealed coherence for the same period (14-15 gms),cross-phase analysis showed that Li/Ca

record lags South Red Sea current by 2 yrs (F@PA. Stronger coherence was observed in
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cross-spectral analysis between the record and surSouth Red Sea current for the period of
14-15 yrs (Fig. 6.40C), while no coherence was €oumncross-spectral density with winter South
Red Sea current (Fig. 6.40B). Indeed, passing tirdne Gulf of Aden, the water outflows from

the Red Sea during summer, becomes a part of themiadiate circulation in the Indian Ocean,
which has been observed as a mid-depth salinityirman in the Arabian Sea and even in the
southern hemisphere (Mecking and Warner 1999). élghe Li/Ca ratio in theithophyllum sp.

of Socotra recorded signal of the Red Sea envirotahevariability by South Red Sea

hydrographic energy and South Red Sea SSS vatyabili
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6.4.3. Kamaran

6.4.3.1 Li/Caratiovs. SST

Li/Ca in L. kotschyanum f. affine thallus of Kamaran showed the lowest correlation
coefficient (r) with Mg/Ca ratio, compared to thiner samples analyzed in this study, but it was
still positive and significant. The mean Li contémthe rhodolith from Kamaran was found to be
the lowest compered ta kotschyanum f. affine of Balhaf and_ithophyllum sp. of Socotra. It was
of about 30% less than that measuret.ikotschyanum f. affine of Balhaf. This difference might
be due to different environmental conditions, anénreto different coralline form (attached
corallinevs. rhodolith). Indeed temporal cessation of rhotiagitowth due to temporary burial lead
to an interrupted environmental record (Cabioch61&6d Halfar et al. 2011).

Li-SST relationship irL. kotschyanum f. affine of Kamaran was 0.57 pmol % of LiCO3
°C?, that resulted steady respect the relationshigrebs inL. kotschyanum f. affine of Balhaf,
and inLithophyllum sp. of Socotra, but higher than in DB659Uis Kotschyanum f. affine of
Balhaf). This difference with sample from Balhafgmi be due to in DB659bis specimen the
transect of analysis was divided in four transextsllow the main axis of growth, while in sample
from Kamaran the analysis was done along a sinmgleséct, and that might has reduced the
accuracy of the Li measurement in DB659bis. Sin&¥ Svas considered the main factor
controlling the incorporation of Mg in corallinegal thallus, a significant correlation was found
between monthly average Li/Ca and SST, it is spgedlthat SST is also the dominant factor
controlling Li-carbonate chemistry In kotschyanum f. affine of Kamaran, as it has been assumed

for L. kotschyanum f. affine of Balhaf, and fot.ithophyllum sp. of Socotra.
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6.4.3.2. Interannual and decadal climate variability

A cross-spectral analysis revealed two peaks imtieeannual range, centered at ~9 yrs and

~2.5 yrs in the spectral of Li/Ca ratio (Fig. 6.41)
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Fig. 6.41 Cross-spectral analysis of Kamaran sample (DBE&i76p ratio versus gridded SST (HadiSST1) for

1994-2008. Bandwidth = 0.14, number of lags = ¥e Bigure 3.6C for legend.

The period of ~2.3 yrs in the Blackman Tukey speutris the typical mode of the
Quasi-biennial oscillation (QBO), a phenomenon thas originally observed between westerly
and easterly equatorial stratospheric winds (Baidwt al. 2001). The QBO significantly
influences the Indo-Pacific realm and is found invariety of meterological records of
precipitation, wind-speed and SST (Conversi and iHath1998). Tawari and Rao (2004) found
the QBO of 2.3 yrs in the coral extension rate ftbmnorthern Arabian Sea. The QBO of ~2.5 yrs
was observed in coraf®0 in the South Red Sea by Klein et al. (1997). éligh the ENSO-SST

relationship for this period was found in the Kaaraarea (Fig. 3.20), the cross-spectral density

147



between algal Li/Ca record and SST did not reveatdabrence for this period (Fig. 6.41), as well
as between the record and Nifio3.4 index (not shokoyvever, cross-spectral density between
Li/Ca record and zonal current revealed cohereoicthe period of 2.5 yrs (Fig. 6.42). Albeit less
than 40% of Li/Ca variance is explained in thisigey it is suggested that the QBO-style is
recorded in theL. kotschyanum f. affine of Kamaran Li/Ca record by current variability.

Nevertheless, although the limitation of griddetbdats used in this study, it is suggested further

coralline analysis on longer time term.
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Fig. 6.42 Cross-spectral analysis of Kamaran sample (DB&i76x ratio versus zonal current (SODA) for
1994-2008. Note that it reveals weak coherencpddod centered at ~2.5 yrs. Bandwidth = 0.14, nemolblags = 11.

See Figure 3.6C for legend.

Felis et al. (2000) found in the coral skeletomhaf North Red Sea in the interannual range,
link with Alexandria precipitation as signal of inénce of the Mediterranean climate on the
northern Red Sea. Cross-spectral density betwe€altiecord and Alexandria rainfall showed
coherence for period 8.3-10 yr, and cross-phaséysisarevealed that the record lags the
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Alexandria precipitation by ~2 yrs (Fig. 6.43). Adst 90% of the Li/Ca variance is explained in
this period, but only 30% of the Alexandria pretaion variance is expressed in this period. The
northern part of the Red Sea is subject to greaahidity of weather, particularly in winter the

weather in the North Red Sea is influenced by distuces in the Mediterranean, which leads
typical winter rains (Edwards 1987). This occuassociation with troughs of low pressure which
move into the Red Sea from the north and are @teompanied by changes in wind, temperature

and humidity and by increased cloud. These froratg penetrate quite far south.
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Fig. 6.43 Cross-spectral analysis of Kamaran sample (DB&i#6x ratio versus Alexandria rainfall (CRU TS3.10)
for 1994-2008. Note that it reveals coherence éoigal 8.3-10 yrs. Bandwidth = 0.14, number of ladsl. See Figure

3.6C for legend.

Cross-spectral density between Li/Ca record and dam precipitation revealed strong
coherence for period 8.3-10 yrs and weaker cohertarcperiod 2.5 yrs (Fig. 6.44). Cross-phase
analysis showed that Li/Ca ratio lags the Kamaragipitation by 2.7 yrs for period of 8.3-10 yrs

and by 1.4 yrs for period of 2.5 yrs (Fig. 6.44)eid et al. (1997) suggested that, on a decadal
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time-scale, there are simultaneous changes in lthsepof the Southern Oscillation, the south
Asian monsoon and the Indian Ocean SST, whichemerded in the stable isotope composition of
the southern Red Sea corals. Thus, it is suggésted that L. kotschyanum f. affine of Kamaran
recorded in the Li/Ca ratio the influence of thethern Red Sea to the southern Red Sea climate by
precipitation variability, which are likely influeed by ENSO on the decadal range. While it
recorded the typical ENSO-style frequency influencethe southern Red Sea climate on the

interannual range by hydrographic energy and Ipcadipitation variability.
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Fig. 6.44 Cross-spectral analysis of Kamaran sample (DBE&i76x ratio versus Kamaran rainfall (CRU TS3.10) fo
1994-2008. Note that it reveals strong coherenceddods centered at ~9 and 2.5 yrs.

Bandwidth = 0.14, number of lags = 11. See FiguB€3or legend.

6.4.3.3. Asian monsoon system teleconnections

The Li/Ca ratio ofL. kotschyanum f. affine of Kamaran did not recorded signal of the

influence of the Asian monsoon system to the RedcBmate.
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6.5. Ba/Caratio

6.5.1. Balhaf

6.5.1.1. Ba/Caratio vs. SST

In Scleractinian corals and planktic foraminifeBa/Ca ratios was successfully used as
nutrient proxy (Lea and Boyle 1989; Lea et al. 198@a et al. (1989) found that coral Ba/Ca
tracks historical SST, because a decrease in SQmpanies the upwelling of cold, nutrient-rich
waters to the surface. In coralline alg@athromorphum spp.) Hetzinger et al (2010) found a low
and negative correlations between Ba/Ca and Mg#Dd, weakly negative or no significant
relationship between Ba/Ca and gridded SST. Coelsens L. kotschyanum f. affine relationship
between Ba/Ca and SST, when found, was alwaysymsithe weak or no significant relationship
between monthly Ba/Ca and gridded SST suggestadSBa plays only a minor role in the
incorporation of Ba into algal high-Mg calcite la#, this is in agreement with the study on the
subarcticClathromorphum spp. by Hetzinger et al. (2010). Since valuesafX ratio increase in
spring-summer monsoon (May to September) it idyikeat the seasonality of Ba/Ca is linked to
the monsoon-induced nutrient introduction of degpewinto the shallow water environment. In
contrast to the observation by Lea et al. (1983hatGalapagos Islands, in this case the SST did
not work as monsoon intensity index because as#mpling site monthly SST does not vary
significantly during the summer monsoon. Additidpals for other elements-SST relationship, it
is important to consider the limitation of griddeztord comparing to climate situ records.
Elementary Ba incorporated in coral skeletons Hss lbeen used as tracer for coastal riverine
inputs and to monitor long-term increases in sediffrem rivers (Alibert et al. 2003; McCulloch

et al. 2003). Monthly algal Ba/Ca ratios did nabwsta relationship with Yemeni precipitation, but
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in the year 2007 the highest peak of Ba/Ca ratie fwand in two protuberances of DB659 sample
(DB659a and DB659b), but not in DB659bis, and DB6Sd@mples were collected along a small
peninsula of the coast (Fig. 6.45) in an area tdtedy intense building activities. They were
sampled in different parts of this peninsula, resipely on the base of it and on the opposite gide
the main area of the building work (site B) andngldhe tip of the peninsula (site C; Fig. 6.45).
During this year, dredging and building work todge. The dredging has produced a plume of
sediment southeastward (Fig. 6.45), and a seditm@mtstudy done in the 2007, showed higher
terrestrial sediment input at location B than iu8published record CREOCEAN). The sediment
released by the building activity has been trartsglan part into Site B by wind, while site C was

apparently unaffected.

Area F

Clay > 40%
Bt + Chl high

Clay > 40% O, Clay > 40%
Bt+Chlhigh 9%, | Bt + Chl high

Clay < 40%
Bt + Chl low
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Area C f
Clay > 40%
Bt + Chl very low

Silt Curtains

YLNG Plant

Fig. 6.45 Satellite image of building work area in Balhath8matic representation of clay percentages ard@il
(mica and chlorite) content in the examined samflae main clay and Bt + Chl sources are repredefftem

unpublished CREOCEAN'’s 2006-2007 report).
152



In the other protuberance analyzed of the DB65%#a{DB659bis) was not observed the
Ba/Ca peak in the year 2007. As for Mg/Ca and Lif@io, this might be due to the lowest
extension rates of this protuberance, which regduite poorer resolution sampling per year.

Since the samples of DB657 and DB659a-b resulteguitable for paleoclimate
reconstruction because their short life span ans their too much limited temporal resolution, the
DB659bis specimen, with its age model of 33 yeaes the only specimen used in this study to
investigate the suitability df. kotschyanum f. affine in the reconstruction of climate variability in
the Gulf of Aden. Hence, the following discussiegarding to the use &f kotschyanum f. affine
extension rate as proxy of the climate variabgityng the Yemen coast, it is only referred to the

DB659bis specimen.

6.5.1.2. Interannual and decadal climate variability

Due to weakly or no significant relationship betweeonthly Ba/Ca and SST suggested the
missed of the Ba/Ca time series in reconstructi8d $hterannual and decadal variations. A
cross-spectral analysis revealed a spectral paageitod 9-13 yrs (Fig. 6.46). Although, cross
spectral analysis between Ba/Ca record and SShatidhow coherence for this period, cross
spectral analysis between the record and Nifioriéx revealed coherence for this period (Fig.
6.47). Cross-phase analysis showed that Ba/Cadéags Nifio 3.4 record by 2 yrs (Fig. 6.47).
Cole et al. (2000) in their study on coral from Kansuggested that decadal variability in the coral
records is primarily a response to Pacific inflieshcTherefore, Ba/Ca variability in tHe
kotschyanum f. affine thallus result apparently a signal of ENSO-foneethie Indian Ocean for

period 9-13 yrs.
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Fig. 6.46 Cross-spectral analysis of DB659bis Ba/Ca recerdus SST (HadiSST1) for 1974-2008.

Bandwidth = 0.06, number of lags = 24. See FiguB€3or legend.
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Fig. 6.47 Cross-spectral analysis of DB659bis Ba/Ca recerdus Nifio 3.4 index (from HadiSST1) for 1974-2008.
Note that it reveals coherence for period centatedll yrs. Bandwidth = 0.06, number of lags =24 Figure 3.6C

for legend.
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6.5.1.3. Ba/Caratio vs. Asian monsoon system

Tudhope et al. (1996) in coral from the close Aaaldsea (Oman coast) found that coral did
not show a simple response to the strength of SWsomn upwelling. They suggested that Ba
maxima may not only be a direct response to ineeasirface water Ba but might also reflect
site-specific factors in organism-Ba incorporatisnch as inclusion of organically bound
particulate Ba. Moreover, another important issoeted out by authors was the incomplete
understanding of the processes of barium incorfworatwhich hinders the use of the
coral-Ba-results in reconstructing interannual aons in upwelling intensity in this particular
settings. Cross-spectral analysis between Ba/Cardeand annual current revealed a strong
coherence for period 9-13 yrs, but cross-phaseysisathowed that current lags Ba/Ca record,

which disprove causality (Fig. 6.48).
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Fig. 6.48 Cross-spectral analysis of DB659bis Ba/Ca recerdus zonal current (SODA) in Balhaf for 1974-2008.

Bandwidth = 0.06, number of lags = 24. See Figu€3or legend.

Annual Ba/Ca ratio on L. kotschyanum f. affine fr@dalhaf showed a strong negative
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correlation with SIR (r = -0.54, p-value<0.0001)yo€s-spectral analysis between Ba/Ca and SIR
revealed coherence for period 9-11 yrs, and crbssg analysis showed that Ba/Ca record lags
SIR by ~3 yrs (Fig. 6.49). Since a correlation ¥easd between Ba/Ca and Nifio3.4 index for the
same period, it is speculated that strength monsanoability for this period, is likely influenceyb
ENSO. Moreover, in agreement with Tudhope et &96), Ba maxima may not only be a direct
response to increased surface water Ba but mightraflect site-specific factors, as observed in
the year 2007 on the two protuberances analyzeDBH59 sample (DB659a and DB659b).
However, the negative and significant relationstopnd between Ba/Ca record and SIR is in
agreement with the Li/Ca-SIR relationship foundeer the same sample. As explicate in chapter
6.4.1.3. this negative correlation might be explaith a decrease of the coralline extension rate
during stronger monsoon, that lead to a reductioBabvariability detection. The decrease on
coralline growth is probably due in Balhaf to dese of water transparency and light supply for

increase of suspension for upwelling.
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Fig. 6.49 Cross-spectral analysis of DB659bis Ba/Ca recerdus seasonal South India rainfall (IMD) for 12008.
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Bandwidth = 0.06, number of lags = 24. See Figus€3or legend.
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6.5.1.4. Red Sea teleconnections

As for Mg/Ca and Li/Ca records no teleconnectiothwhe Red Sea climate was found for

Ba/Ca record (not shown).

6.5.2. Socotra

6.5.2.1. Ba/Caratio vs. SST

The Ba content iriithophyllum sp. of Socotra resulted lower thanLlinkotschyanum f.
affine of Balhaf, likely due to different species consete Although Lea et al. (1989) found in
scleractinian corals that Ba/Ca tracks historical' Sand Hetzinger et al. (2010) observed a low,
negative but significant correlation betwe€hathromorphum spp. Ba/Ca and gridded SST, as
observed inL. kotschyanum f. affine of Balhaf, as well as Ba/Ca record Liithophyllum sp. of
Socotra showed a seasonality, but significant ielahip was found neither between monthly
Ba/Ca and Mg/Ca, nor between monthly Ba/Ca andlgddSST. In contrast to the observations by
Lea et al. (1989) at the Galapagos Islands, instioidy the SST did not work as monsoon intensity
index, although in Socotra during the summer mons®cecorded the lowest SST of the year (Fig.
3.11C). In scleractinian corals and planktic fonaifera, Ba/Ca ratios was successfully used as
nutrient proxy (Lea and Boyle 1989; Lea et al. )98@lditionally, elementary Ba incorporated in
coral skeletons has also been used as tracer &stataiverine inputs and to monitor long-term
increases in sediment from rivers (Alibert et @02; McCulloch et al. 2003). The lack of
relationship between Ba/Ca record and SSTLithophyllum sp. of Socotra as well ds.
kotschyanum f. affine of Balhaf, might be due either to the limitatidrgodded dataset used and to

the low growth rates, which result in the decreabdity to detect Ba variability and to an
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interrupted environmental record (Cabioch 1966 fatadt al. 2011).

6.5.2.2. Interannual and decadal climate variability

Tudhope et al. (1996) observed that in coral skalétom Arabian Sea, although annual
Ba/Ca ratio displayed strong annual cycles, thertedid not appear to directly record interannual
climatic/oceanographic variability. They observed the outer few millimeters of the coral
skeleton (i.e. tissue not completely removed byinital field treatment with bleach) small barite
crystal, that confirmed elevated Ba content. Tloemtl , that the barium was concentrated in pores
between coral trabeculae and between individugaamige fibres. In the end the authors suggested
of release through time of barium incorporated theskeleton, in a phase distinct from aragonite
(i.e. a refractory, slowly decomposing organic coonpd and/or barite), at the time of growth.
These have been observed in elevated barium levetsal skeleton. However itithophyllum sp.
of Socotra elevated annual Ba levels were onlydiogince 1988 to 1996, but this time range also
showed an higher annual Mg and Li content. Herge suggested that the Ba content measured in
Lithophyllum sp. was not affected by factors mentioned by Tpdret al. (1996).

Nevertheless, cross-spectral analysis betweaiCaB record and SST showed an
interannual peak for the period centered at 6.4busany aligned peak in the spectral density of
gridded SST (Fig. 6.50). Expectedly, cross-speenallysis between Ba/Ca record and Nifio3.4
index did not reveal coherence. Hence, in coralivadlus, the record appeared to neither directly

record interannual SST variability, nor ENSO-force.

158



9 6.4yrs - 6
Ba/Ca

Spectral density of annual Ba/Ca ratio
Spectral density of annual SST (HadiSST1)

Coherence
Phase (yrs)

Frequency (1/yrs)

Fig. 6.50 Cross-spectral analysis of Socotra sample (DBB8%La ratio versus annual SST (HadiSST1) for

1972-2009. Bandwidth = 0.06, number of lags = 2 Bigure 3.6C for legend.

6.5.2.3. Ba/Caratio vs. Asian monsoon system

Although annual Ba/Ca ratio revealed positive aiggiiicant correlation with SIR (r =
0.49, p-value = 0.002), cross-spectral analysisvéen the two records did not show coherent
peaks (not shown). However, cross-spectral analysigzeen Ba/Ca record and zonal current
showed weak, but significant coherence for periddldyrs (Fig. 6.51). This is the typical mode of
Asian monsoon system in agreement with Storz arsth@®r (2011b). The 94% of the Ba/Ca
variance is explain in this period, and cross-plaasdysis showed that Ba/Ca lags current by 1.9
yrs (Fig.6.51). The positive correlation found beémn the annual Ba/Ca ratio and SIR is in
agreement with its feature to track variation otrieat content in water by upwelling of deep,

nutrient-rich waters to the surface during the smmonsoon.

159



H
1
~
&)
>

9 6.4 yrs 9 7
— B BalCa z Ba/Ca
% 8 - eeeescurrent 4 g o 81 BW eeess\W.current 3
c 7 A 352 B L5 £
8 Z 8 7 2
86 L, 2 % ]
= 3 967 =
3 = ] ®
Zs 25% 2 54 £z
T o c o
& R & -3 Jo
54 2% %5 44 82
5 3 152 e o3 -
° i} 1] ©
© 3 3 b
£2 T EOE 29 B
g £ £ L1 B
g, 058 B , <
o & &' @
0 0 0 0
0 01 02 03 04 05 0 01 02 03 04 05
1 4 1 4
Too™
4 1]
!\ n-« | '1 E‘\ H 2
i 2 i A z
8 -' 1\ - oo £ 8 3 i~ o\ s
5 i | > 205 50% CLY 09
805 : 0g 2 ” o [ £
o} = [+ ol o
o oo \
-2 1] M2
1y
0 4 0 4
o 05 0 0.1 02 03 0.4 05

Frequency (1/yrs)
Frequency (1/yrs)

o
©

Ba/Ca
I~ =e=e=eS-current

PN N
o & & o
(SODA)

o
o
Spectral density of zonal summer current

Spectral density of annual Ba/Ca ratio

o

o

0 0.1 0.2 03 [o]

IS

[N

o
Phase (yrs)

LU fY‘ o
2 VIRAT

0 0.1 05
Frequency (1/yrs)

Coherence
e

1

A

Fig. 6.51 A) cross-spectral analysis of Socotra sample (EB&%/Ca ratio versus zonal current (SODA) for
1972-2009; B) corresponding analysis for Ba/Cara¢irsus mean winter monsoon current (extracted S@DA);
C) corresponding analysis for Ba/Ca ratio versuamsimmer monsoon current (extracted from SODA).

Bandwidth = 0.06, number of lags = 24. See FiguB€3or legend.

During the SW monsoon occur the upwelling of deeqmdder and rich in nutrient water.
This bottom water is also rich in organic matteattmay therefore contain high levels of barite
crystals which come from tissues of decomposednisges. Thus, in this case the SSS variability

can be an index of the monsoon strength. Crosdrgpanalysis between Ba/Ca record and local
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SSS revealed weak coherence for the period ofi8.4Ryg. 6.52A). In order to demonstrate that
coralline Ba/Ca recorded the Asian monsoon syste®@3§ variability, correlations were applied
for the annual record with 1) the mean winter (Nuaber-February) SSS (WSSS) of Socotra, 2) the
mean summer (May-September) SSS (SSSS) of So&)tthe difference between winter and
summer SSS (ASSSG) of Socotra, as inter-annuaiegriad his analysis led to:

1) No link between Winter SSS of Socotra and Ba/Ca ratio. Expectedly, the spectrum
between the time series of winter SSS and Ba/CGadetid not reveal coherence for the period of
6.4 yrs (Fig. 6.52B).

2) and 3)Link between SW monsoon and Ba/Ca record. Cross-spectral analysis between
Ba/Ca record and summer SSS of Socotra revealset@ace for period 6.4 yrs (Fig. 6.52C).
Cross-phase analysis did not show lags betweemwthdime series for the same period (Fig.
6.52C). Stronger coherence was observed for the gemod in cross-spectral analysis between

Ba/Ca record and ASSG for the period 6.4 yrs (6i§2D).
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for legend.
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6.5.2.4. Red Sea teleconnections

During summer water mass outflow from the Red $&éathe Gulf of Aden, and in the
Indian Ocean. Although, cross-spectral analysiwéeh Ba/Ca record and South Red Sea SSS did
not show aligned peaks (not shown), and cross+spectalysis between Ba/Ca record and South
Red Sea current did not reveal coherence (FigA9,5®herence between the record and summer
South Red Sea current was observed in cross-spantbysis for period of 6.4 yrs (Fig. 6.53B).
Cross-phase analysis showed that Ba/Ca recordiaggimmer South Red Sea current by 2.4 yrs
(Fig. 6.53B). Hence, Ba/Ca ratio inthophyllum sp. of Socotra recorded signal of the Red Sea

influence by South Red Sea hydrographic variability
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Fig. 6.53 A) cross-spectral analysis of Socotra sample (EB&2/Ca ratio versus zonal current (SODA) in Sdrld
Sea for 1972-2009; B) corresponding analysis fdCBaatio versus mean summer monsoon current (gettdrom

SODA). Bandwidth = 0.06, number of lags = 24. Siguffe 3.6C for legend.
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6.5.3. Kamaran

6.5.3.1. Ba/Caratio vs. SST

The Ba content i. kotschyanum f. affine of Kamaran was found lower than the other
samples of the same species from Balhaf, but sirtoldhe Ba content ihithophyllum sp. of
Socotra. Lea et al. (1989) found in scleractinianals that Ba/Ca tracks historical SST, and
Hetzinger et al. (2010) observed a low, negativa Bignificant correlation between
Clathromorphum spp. Ba/Ca and gridded SST. Indeed although théaBatio inL. kotschyanum
f. affine of Kamaran showed a seasonality, a significaratieship was found neither between
monthly Ba/Ca and Mg/Ca, nor between monthly Baggridded SST as well as observed.in
kotschyanum f. affine of Balhaf, and irLithophyllum sp. of Socotra.

In scleractinian corals and planktic foraminifeBa/Ca ratios was successfully used as
nutrient proxy (Lea and Boyle 1989; Lea et al. 198@iditionally, elementary Ba incorporated in
coral skeletons has also been used as tracer &stataiverine inputs and to monitor long-term
increases in sediment from rivers (Alibert et @032; McCulloch et al. 2003). The lack of
relationship between Ba/Ca record and SSI. ikotschyanum f. affine of Kamaran as well as in
the other samples analyzed in this study, mighddmee either to the limitation of gridded dataset
used and to the low growth rates, which resulbexdecrease ability to detect Ba variability and to

an interrupted environmental record (Cabioch 19&8far et al. 2011).

6.5.3.2. Interannual and decadal climate variability

A cross-spectral analysis revealed peaks from dgtadhterannula range, centered at ~8.5

yrs and 2.9 yrs (Fig. 6.54).
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Fig. 6.54 Cross-spectral analysis of Kamaran sample (DBBa&a ratio versus Nifio 3.4 index (from HadiSST) f
1994-2008. Note that it shows strong coherencedaod centered at ~8.5 yrs.

Bandwidth = 0.14, number of lags = 11. See Figu€3or legend.

Expectedly, no link was found between Ba/Ca re@md gridded SST (not show). Since
the period of 2.9 yrs is the typical ENSO-stylegfrencies, one might expect coherence between
Ba/Ca record and the Nifio3.4 index for this periogdtead, cross-spectral density between both
the two time series did not showed aligned peakshis period, but a strong coherence for the
period 7.1-10 yrs (Fig. 6.54). AlImost 90% of thed®a variance in the. kotschyanum f. affine of
Kamaran is explained in this period, and cross-plaamlysis revealed that Ba/Ca record lags the
Nifio3.4 index by 2.7 yrs (Fig. 6.54). Hencekotschyanum f. affine of Kamaran recorded in the
Ba/Ca composition the ENSO on a decadal time-scagreement with what observed by Klein et
al. (1997) in the stable isotope composition ofghethern Red Sea coral.

ThelL. kotschyanum f. affine of Kamaran did not record in the Ba/Ca compositi@nother

climate and oceanography features of the studyused here.
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6.5.3.3. Asian monsoon system teleconnections

Although the annual Ba/Ca revealed strong and fstgnit correlation with SIR (r = 0.5,
p-value = 0.04), cross-spectral analysis betweeilC®8aecord of.. kotschyanum f. affine from

Kamaran and SIR did not show coherent peaks.

166



7. Summary and conclusions

The results of this study provide the records ef élementary ratio of Mg/Ca, Li/Ca
and Ba/Ca measured for the first time on coraltetalgae thalli from the NW Indian Ocean
(South Red Sea, Gulf of Aden, and South-west Araldaa). In particular, the elementary
ratios were investigated for the first time in th&hophylloideae thallus L{thophyllum
kotschyanum f. affine andLithophyllum sp.). The seasonal fluctuations of Mg/Ca also igieov
information on thalli annual extension rates, om kMgCQ present in the carbonate lattice of
coralline Mg-calcite thalli, and on algal biologguch as the season of reproduction.

Banding due to different growth rates of alterngitthick-walled short cellsersus
thin-walled long cells has been revealed by lomital section of histological and calcite
thallus ofL. kotschyanum f. affine from Balhaf, Yemen. Banding in longitudinal seasoof
coralline red algae thalli has been well descrilmedpecies from high and medium latitudes
(Cabioch 1966; Adey and McKibbin 1970; Agegian 19Bteiwald and Henrich 1994; Basso
1994; Basso et al. 1997; Halfar et al. 2000; Blakd Maggs 2003). To date, the reasons for
different growth rates are poorly understood, armdensamples of this species from a wider
geographical range and a control of growth patteser longer periods are needed to unravel
the origin of banding ih.. kotschyanum f. affine.

The LA-ICP-MS measured dn kotschyanum f. affine from Balhaf of Mg/Ca cycles
revealed that carposporangial conceptacles areupeodin this alga in late winter shortly
before the rise of SST in spring correspondinghtusé described fdrithophyllum from the
British Isles (Irvine and Chamberlain 1994) addthromorphum spp. From the Gulf of Main
(Adey 1965).

The annual extension rate resulted highly variabla@l samples. Ir.. kotschyanum f.
affine it ranges from a minimum of 185.46 prit o a maximum of 1700 pm™y and in

Lithophyllum sp. of Socotra it ranges from a minimum of 67.38 ' to a maximum of
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410.43 pm . Although growth rate is generally affected byfetiént environmental factors
it is speculated that light mainly influences thewgth rate of these coralline red algae.
Moreover, all specimens were found to be affectgdehdobionts that in addition of
dichotomization of branch in fruticose coralling@® (attached. kotschyanum f. affine of
Balhaf) has led to changes in the direction of ite@n axis of growth, thus to an irregular
internal structure, that could explain the obsemntid-specimen variability. Consequently, it
is suggested that rhodolithk. (kotschyanum f. affine of Kamaran and.ithophyllum sp. of
Socotra) have been affected by temporal burialdlingao growth cessation.

Expectedly for subtropical coralline algae, the médg content measured ib.
kotschyanum f. affine was compatible with the definition of high Mg-déé¢ namely 20 mol
% MgCQ; (SE 0.7), and 20.1 mol % MgG@8D 4.9) inLithophyllum sp. of Socotra.

Results showed a positive and strong relationskigvéen monthly coralline Mg/Ca
and gridded SST irLithophyllum spp. with an higher annual extension rates, wiile
decreases and it was found weak but significanh wiécreasing annual extension rate.
Instead, no correlation was found between annudClelgaind gridded SST. The relationship
between Mg and SST in kotschyanum f. affine ranges between 0.62 mol % MggO™* and
2.06 mol % MgCQ@ C*?, and inLithophyllum sp. of Socotra is 1.22 mol % MgGQ™. Hence,
it is suggested that despite the limitations of ghidded SST dataset used in this study, the
SST is the dominant factor controlling Mg carboneltemistry in these algae, and that the
low growth rate or cessation of growth due to terapdiodolith burial have likely resulted in
interrupted environmental record. Moreover, sintattached.. kotschyanum f. affine with
highest extension rates and, thus, more detailedrdeof the Mg-SST relationship, the
variability still occurs (from 1.06 to 2.06 mol % d@O; C*), it is assumed an algal
physiological influence of unknown origin on thalliyig incorporation.

The mean Li content ih. kotschyanum f. affine was 7.8 umol % LICQ(SE 1.2), and

in Lithophyllum sp. of Socotra was 6.9 pmol % Li@@SD 2.5). A positive and strong
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relationship was found between coralline Mg/Ca dnfCa. Since Mg/Ca ratios are
temperature-controlled, and given the positive @lation between Li/Ca and SST, it is firstly
suggested here that seawater temperature playm@ortant role in the incorporation of Li
into coralline thallus. As for Mg-SST relationshigdso the Li/Ca correlations with gridded
SST was strong based on monthly means in algaetiatihighest annual extension rate, but
it became weak with decreasing annual growth hNecorrelation was found between annual
mean Li/Ca and SST. The Li-SST relationshipLinkotschyanum f. affine ranges between
0.46 to 0.57 umol % LiCOC?, and inLithophyllum sp. of Socotra it was 0.53 umol %
LiCO3 C™. It is assumed that this variability might be daean algal physiological influence
as mentioned above for the Mg-SST relationship.

The relationship between coralline Ba/Ca ratio &8I was not significant. It is
assumed that the SST is not the dominant factotralbng the Ba carbonate chemistry in
these algae, but nutrient and sedimentation ragetla@ main factors affecting the Ba
variability in the coralline thalli analyzed in thistudy. The mean Ba content in
kotschyanum f. affine was 0.48 pmol % BaGQSE 0.04), and iithophyllum sp. of Socotra
was 0.4 umol % BaCgSD 0.1).

In this study a different phyletic line (Lithophgitleae) from that of the species
investigates to date (Hapalidiaceae), was studsedatential paleoclimatic archive. For the
first time it has been demonstrated that variationannual extension rates and elementary
ratio of Mg/Ca, Li/Ca and Ba/Ca on Lithophylloide@mallus record historical climate and
oceanographic variations of the NW Indian Ocearralline red algae proxy records from the
Gulf of Aden, South Red Sea and South Arabian Seanat exist, and they differently
recorded the climatic and oceanographic connectimtaeen the three studied areas, and
even the ENSO teleconnections.

TheL. kotschyanum f. affine from Balhaf recorded the quasi-multidecadal oatidhs

(~18 yrs) of the Asian monsoon system in the anmxaknsion rate, Mg/Ca and Li/Ca
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variability. The interannual variability (~5-6 yref the monsoon system was recorded in the
coralline Mg/Ca record by local hydrographic energriability. Such periodicity of the
Asian monsoon system on quasi-multidecadal andaniteial time-scales was also recorded
in the annual extension rates of the central Malslicorals (Storz and Gischler 2011a,b).
Teleconnections with the Red Sea was recorded enirtterannual range in the coralline
extension rate by local SSS variation and soutikeEd Sea hydrographic energy variations.
The coralline Li/Ca variations recorded, on a cqunasitidecadal time-scale, either the ENSO-
force and the Asian monsoon variability. The camallBa/Ca ratio recorded on decadal time-
scale (centered at 11 yrs) the signal of the Asmmsoon variability and the ENSO-force.
Therefore, it is suggested that on the decadal-tica¢e, Li/Ca and Ba/Ca composition of the
north-east Gulf of Aden coralline algae recordaduianeous changes in the phase of the
ENSO and the Asian monsoon.

The Lithophyllum sp. from Socotra recorded the decadal (11-12 BBKSO-force in
the annual extension rate variations, correspondmgthose found in stable isotope
composition of corals from Kenya by Cole et al.q@p A multidecadal oscillation (centered
at 23.5 yrs) of the Asian monsoon system has besorded in the annual extension rate and
Mg/Ca records by local SSS and south Indian rdiniability. Moreover, the influence of
the Red Sea oceanography on decadal time-scaléeednat 16.5 yrs) was found in the
Mg/Ca and Li/Ca records by South Red Sea SSS aumith $ved Sea hydrographic energy
variability. Simultaneous interannual (6.4 yrs) ilatons of the local hydrographic energy,
local SSS and of the South Red Sea hydrographicggnsere recorded in the Ba/Ca
variability.

The growth rate and Ba/Ca ratio lin kotschyanum f. affine from Balhaf increased
with the increasing current and decreasing seastmath India Rainfall (SIR), mirroring the
variability of the Asian monsoon system and itssamuences in term of water transparency,

nutrient supply by upwelling, and rainfall reginW¢hile Ba/Ca ratio irLithophyllum sp. from
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Socotra increase with the increasing seasonal Sodih Rainfall, mirroring the variability of
the Asian monsoon system and its consequencesninafenutrient supply by upwelling. It is
suggested that, on decadal time-scale, there sm@taneous changes in the South Red Sea
oceanography, Asian monsoon system, and ENSO-felieh are recorded in the annual
extension rates and in the elementals ratio cortipnsif the north-east Gulf of Aden and of
the south-west Arabian Sea coralline red algae.

The extension rate and elementals ratio compositidn kotschyanum f. affine from
Kamaran recorded the quasi-decadal simultaneouatiear of ENSO-force, oceanography
and climate of southern Red Sea and rainfall ofheon Red Sea. Thus, it is suggested that on
a decadal time scale the coralline algae of Kamegaorded the influence of the northern
Red Sea and the ENSO-force on the oceanographgliamate of the southern Red Sea. Klein
et al. (1997) suggested that, on decadal time-stladge are simultaneous changes in the
phase of the Southern Oscillation, the south Asiansoon and the Indian Ocean SST, which
are recorded in the stable isotope compositiomefsbuthern Red Sea corals. Moreover, the
Li/Ca variability on the coralline thallus recordede interannual (2.5 yrs) ciclicity of
southern Red Sea climate and oceanography by hapioig energy and local precipitation
variability.

Concluding, gridded datasets as used in this stedylted to be a limitation for
historical climate and oceanography reconstructidriee simultaneous study of coralline
algae climate proxies and of oceanographic varsayen situ instrumental datasets is crucial
to an unequivocal and more detailed environmemtebmstruction. Attached coralline algae
resulted more suitable than rhodoliths for paleoate reconstruction, in agreement with
Halfar et al. (2011), likely due to the occurrerméehodolith growth cessation by temporary
burial. The sample from Kamaran, southern Red #as,the less suitable for paleoclimate
reconstruction because of its short life span #mgk, its limited temporal resolution. Hence,

further long-term studies on coralline red alga¢haf area are strongly needed.
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