Seasonality in sea surface temperatures from δ18O in Cladocora caespitosa: modern Adriatic to late Pleistocene, Gulf of Corinth
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Abstract
High resolution stable isotope analysis of coral skeletons is an established method to help reconstruct seawater growth temperatures for palaeoenvironmental reconstructions. Here we investigated the temperate, colonial, Mediterranean scleractinian coral Cladocora caespitosa. We first studied modern Adriatic corals from Mljet (Croatia) where growth temperatures were known. A clear sinusoidal cyclicity is present in the δ18O of the modern coral skeletons with average cycle minima ~-3.3‰ and average maxima ~-1.6‰. Cyclicity approximately matches the number of seasonal growth band pairs in each sample, implying a genetic link between δ18O cyclicity and factors that determine seasonal growth band development, in this case mainly water temperature. A derived and calibrated species specific δ18O-temperature relationship was then used to reconstruct growth temperatures from fossil C. caespitosa. This was applied to well-preserved material collected from late Pleistocene deposits (MIS 1, 5 and 7) around the Gulf of Corinth, Greece. Clear seasonal δ18O signals are seen in all the fossil samples. MIS 5e, was found to be the warmest period studied with a lower than modern seasonal temperature range. The Early-Mid Holocene probably experienced the coolest temperatures while conditions in MIS 7a/c were probably the wettest with most freshwater input into the Gulf.
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Introduction
There is a growing body of data from terrestrial deposits in caves (Affek et al., 2008; Bar-Matthews et al., 2003; Couchoud et al., 2009; Drysdale et al., 2005), lakes (Frogley, 1999; Tzedakis et al., 2003; Roberts et al., 2008), pollen records (Cheddadi et al., 1996; Cheddadi et al., 2005; Kukla et al., 1997)), and marine records of deep sea foraminifera (Thunell and Williams, 1983; Fontugne and Calvert, 1992; Martrat et al., 2004) that allow reconstruction of Mediterranean palaeoclimatic conditions in the late Pleistocene interglacials. However, details on seasonality and temperature ranges are still rudimentary as most proxies lack the resolution to reveal sub-annual or, in many cases, even sub-decadal detail. While the marine data help constrain climatic conditions such as longer-term changes in sea surface temperature (SST), here are no available data sets showing high resolution sub-seasonal temperature ranges for pre-modern interglacials in the Mediterranean region.  Bivalves are one potential archive (Kennedy et al., 2001; Schöne et al., 2005; Freitas et al., 2005; Maier and Titschack, 2010) and a further option in the Mediterranean is the temperate coral Cladocora caespitosa, as demonstrated by Silenzi et al. (2005) and Montagna et al. (2007). Their work showed the feasibility of extracting high resolution, approximately weekly, trace element records from modern C. caespitosa as a proxy for SST. Silenzi et al. (2005) also explored a stable isotope approach, but due to large interannual variations in salinity at their study site, found only a weak, non-significant correlation between C. caespitosa skeletal δ18O and SST. 
Here we present a high resolution stable isotope analysis of both modern and fossil C. caespitosa in an attempt to help constrain and understand changes in the seasonality of climate in late Pleistocene interglacials. 
C. caespitosa is a colonial, generally ahermatypic, constructional, zooxanthellate coral (Schuhmacher and Zibrowius, 1985) that lives in the photic zone.  Modern C. caespitosa mostly live in water depths of 7-25 m, although they can be found down to 40 m where waters are clear enough for light to penetrate (Rodolfo-Metalpa et al., 2008). Fossil assemblages are thus most likely to have lived in water depths < 25 m.
Extensive biostromes of C. caespitosa are very rare in the Mediterranean Sea today. The largest known living C. caespitosa bank, and the only one truly comparable to a tropical reef, is found in Lake Veliko Jezero (‘Big Lake’), Mljet National Park, Croatia (Kružić et al., 2008; Kružić and Benković, 2008); this is the source of modern material used in this study. However, large banks dominated by this species were much more widespread in earlier interglacials of the late Pleistocene to mid Holocene (e.g. Bernasconi et al., 1997; Houghton et al., 2003; Leeder et al., 2003; Mastronuzzi et al., 2003; Peirano et al., 2009; Pirazzoli et al., 1997), suggesting that growing conditions were more favourable. In southern Italy and in the Gulf of Corinth, Greece, these corals have been used extensively for U/Th dating of uplifted marine terraces (Houghton et al., 2003; Leeder et al., 2003, 2005; Peirano et al., 2009; Pirazzoli et al., 1997; Roberts et al., 2009) such that there is readily accessible study material from deposits that already have secure chronology.
Like all other shallow-water scleractinian corals, modern C. caespitosa secrete an aragonite skeleton with average growth rates 1.36 - 5.2 mma-1 (Peirano et al., 1999; Peirano et al., 1998). Annual pairs of visible growth bands are formed by two growth processes related to seasonal changes in water temperature and irradiation; (1) summer lengthening of the corallite wall, producing low density bands and, (2) winter internal fusion of skeletal elements, producing high density bands (Peirano et al., 1999). 
As with tropical reef-building corals (e.g. Allison & Finch, 2004; Armid et al., 2011; Correge, 2006; Lea et al., 1989; Mitsuguchi et al., 1996), both the stable isotopic and trace elemental compositions of C. caespitosa represent a natural archive for the physical and chemical features of the surrounding environment at both seasonal, Silenzi et al. (2005), and higher, weekly to fortnightly, Montagna et al. (2007), resolutions. These studies also showed that, in common with other corals, C. caespitosa does not precipitate skeletal aragonite in equilibrium with seawater due to ‘vital effects’ (Cohen & McConnaughey, 2003; McConnaughey, 1989; McConnaughey, 1989; Rollion-Bard et al., 2011; Weber & Woodhead, 1972); however, changes in δ18O can still be related to SST variation if the vital effects are understood. 
In this study, modern C. caespitosa were used to validate the efficacy and quality of the isotopic approach for producing high quality sub-seasonal temperature records and for thermometry calibration. The resulting calibration was then used to help constrain data from Greek fossil material back to Marine Isotope Stage (MIS) 7.
Materials and Methods
Living corallites were collected, along with water samples, from the C. caespitosa bank in Lake Veliko Jezero, Mljet, Croatia (42°46’08’’N; 17°22’ 26’’E; Fig. 1) on the 21 September 2012. This is the largest known living bank of C. caespitosa, approximately 650 m2 in areal extent in water depths of 4-18 m. This locality is well studied with extensive water parameter data (Kružić, 2002; Kružić and Požar-Domac, 2003; Kružić et al., 2008; Kružić et al., 2014). 
Fossil material was collected from various localities around the Gulf of Corinth, Greece, especially on the western Perachora Peninsula (Fig. 2) where uplifted shallow marine terraces are mapped and dated with confidence back to MIS 7 (e.g. Leeder et al., 2003; Leeder et al., 2005; Turner et al., 2010). The MIS 7 samples are attributed to either MIS 7a or 7c (MIS 7a/c) as neither the U/Th ages, nor the terrace elevations, allow confident separation of these highstand deposits (Leeder et al., 2005). Localities were selected (Table 1) where material showed no obvious recrystallization or secondary cement growth visible by hand lens, minimal algal encrustation, endolithic boring or iron staining, and limited sediment infill in corallite cavities. Multiple samples in ‘life position’ were collected from colonies that had already been screened for mineralogical purity by combined X-ray diffraction, scanning electron microscopy (SEM) and trace element geochemistry (Leeder et al.2005; Turner et al., 2010).
[bookmark: _GoBack]Corals were bleached in 30% H2O2 overnight to oxidise organic tissue (only modern samples), sonicated with deionised water, scraped clean, and then further sonicated to ensure removal of all surface contaminants (Fig. 3). Corallites were then cut parallel to growth direction with a wire saw to expose longitudinal sections; half the corallite was studied by SEM (Fig. 4) to screen for micro-scale diagenetic alteration, secondary cementation and trapped detritus, all of which compromise the geochemical signature of primary coralline aragonite (Cohen & Hart, 2004; Montaggioni et al., 2006; Montagna et al., 2007; Silenzi et al., 2005). The solid wall regions of corallites were most resistant to alteration (c.f. Montagna et al., 2007) and only those with well-preserved aragonite (Fig.4) were used for isotopic analysis. A rotary drill and scalpel were used to remove septal regions contaminated with detritus.
Isotopic sampling was achieved using a diamond file to grind off material perpendicular to the growth direction; visible dissepiments and alternating growth bands (Fig. 5) served as guides to calculate the growth increment represented by each sample. A density of ~12 samples per growth band achieved approximately fortnightly temporal resolution, although this was not always possible given the varying widths and irregularities of the growth bands.
Stable isotope analysis
Coralline aragonite samples of 75±5 µg, run alongside 75±5 μg of internal standard (UEACMST), were reacted with 105% (ρ = 1.92 gml-3) phosphoric acid (H3PO4) at 90°C in an on-line common acid bath. The evolved CO2 was purified and analysed for δ18O and δ13C using a Europa SIRA II dual inlet isotope ratio mass spectrometer. Aragonite delta values are reported in per mil units on the Vienna Pee Dee Belemnite (‰VPDB) scale. Repeat analysis of UEACMST showed precision of 0.09‰ for δ18O and 0.07‰ for δ13C.
Filtered water samples were analysed for δ18O and δD using a Picarro cavity ring-down spectroscopy (CDRS) laser instrument; each 2.2 µl sample was measured six times to overcome memory effects. Repeat analyses of the standards, Norwich Tap Water (NTW), Greenland Ice Sheet Precipitation (GISP), USGS67400 and USGS64444 calibrated the data and gave a measurement precision for of 0.16‰ for δ18O and 1.05‰ for δD. Water isotopic data are reported in per mil notation on the Vienna Standard Mean Ocean Water (‰VSMOW) scale.
Results and Analysis
Modern Croatian Samples
The three modern Croatian C. caespitosa samples had very similar mean δ18O values ~-2.5‰, which are given in Table 2 along with water isotopic data at the sampling stations. A clear sinusoidal cyclicity is present in the skeletal aragonite data (Fig. 6; raw data shown in Fig S1 in the supporting information) with consistent average cycle minima ~-3.3‰ and average maxima ~-1.6‰ (Table 2). Cyclicity approximately matches the number of seasonal growth band pairs in each sample, suggesting a genetic link between δ18O cyclicity and factors that determine seasonal growth band development. 
The skeletal aragonite δ18O data were smoothed with a 4-point running median to reduce noise and emphasise cyclic trends on normalised time series. When seawater δ18O is constant the primary control on coralline aragonite δ18O is water temperature (Beck et al., 1992; Correge, 2006; Gagan et al., 1994; McCulloch et al., 1994), with carbonate δ18O showing a negative correlation with temperature (McCrea, 1950; Epstein et al., 1953). Salinity in the region ranges from 36.3-39.0 but is typically 37.5-38.0 psu throughout the year (Benović et al., 2008), thus seawater δ18O is assumed essentially invariant, such that the cyclicity in δ18O (Fig. 6) can be attributed to annual temperature change. 
Temporal normalisation was achieved assuming peak maxima correspond to the time of the year with lowest seawater temperatures (February/March at this locality) and minima correspond to the highest seawater temperatures (August/September at this locality). The specimens were collected alive in September 2012, and sampled to the end of the last complete growth band, representing the winter of 2011/2012; preceding peak maxima were then assigned years counting backwards from this point. Mid-points between peak maxima/mid-winters were equally spaced using a 1/n formulation where n is the number of sample points between maxima (Fig. 6). δ18O profiles for each corallite are statistically similar; mean R2 for correlation between each corallite’s δ18O value at a point in (normalised) time is 0.39 with P value of 0.006, this is acceptable given that each sample increment was actually quite variable.
The modern Croatian C. caespitosa aragonite δ13C values are typically -5 to -7‰ (Table 2). The smoothed and normalised δ13C profiles (Fig. 7), when informed by the δ18O cyclicity, show some semblance of annual-scale cyclicity; however, this is overprinted by a great degree of variability, even after smoothing, and there are no regions where any of the curves show clear similarities to each other.  Some years, in some profiles, have multiple peaks while others have none. Moreover, comparison of Figures 6 and 7 shows that sometimes the δ13C profile follows the δ18O profile, sometimes it opposes it and sometimes there is no relationship.
This suggests that controls on coralline aragonite δ13C are more complex than those that control δ18O. Corals acquire skeletal carbon from two main pools: (1) from dissolved inorganic carbon (DIC) in seawater via respiration of carbon acquired by photosynthesis by their symbiotic zooxanthellae and (2) via respiration of heterotrophically acquired carbon from capture of zooplankton. These two sources of carbon have different isotopic compositions, DIC δ13C ~ 0‰VPDB and zooplankton δ13C between -14 and -30‰VPDB (Rau et al., 1989). Changes in the balance of acquisition of C from these sources, caused by environmental factors, will alter the coral’s metabolic fractionation and be recorded in the coral’s skeletal δ13C (Grottoli and Wellington, 1999). However, changes in the δ13C of seawater DIC, usually through seasonal changes in delivery of isotopically negative river water to the coastal zone, can overprint the heterotrophic/autotrophic signal (Grottoli & Wellington, 1999; Swart et al., 1996). 
The indistinct annual-scale cyclicity in the δ13C data, uncoupled to variations in δ18O (mean R2 for correlation between δ18O and δ13C is 0.03 with P value of 0.14) support the notion that coralline skeletal carbon sources vary throughout the year. Generally, δ13C is least negative in the summer months, suggesting the corals are mainly autotrophic, relying on their photosynthetic zooxanthellae, whereas in winter most carbon is acquired from heterotrophic feeding, consistent with data from other coral species (e.g. Ferrier-Pages et al., 2011). We cannot, however, unambiguously identify the main influences on δ13C in these modern coral skeletons and this limits the potential use of δ13C as a palaeoclimatic/palaeo-DIC tracer in fossils. 
[bookmark: _Toc393105419]δ18O carbonate-water palaeothermometry
The mean annual SST at Mljet between 2003-2010 was 20.3°C (Kružić et al., 2012), with a mean summer maximum of 27.5°C (Kružić, 2002) and mean winter minimum of 11°C (Kružić, 2002). The mean seasonal range is reduced to between 26 and 14°C at the coral growth depth of ~15 m.
Knowing both δ18O for coralline skeletal aragonite (δ18OA) and seawater δ18O (δ18OW) composition (Table 2), and assuming constant δ18O seawater over the growth period, a growth temperature can be calculated with appropriate palaeothermometry equations. It is well established that corals do not precipitate skeletal aragonite in isotopic equilibrium (Rollion-Bard et al., 2003; Weber & Woodhead, 1972). However, if disequilibrium caused by vital effects is constant, a coral’s isotopic composition can still be a useful indicator of palaeotemperature (Weil et al., 1981). Vital effects are probably species specific such that coral palaeotemperature equations must also be species specific. There is only one published δ18O carbonate-water palaeotemperature equation for C. caespitosa (Silenzi et al. 2005). It was developed for a specific site but the error terms are wider than the temperature range at our study site, making it unsuitable for our use. To overcome this we developed a semi-quantitative species-specific palaeothermometer using the Mljet coral and water oxygen isotopic data. 
The average 2003-2010 sea surface temperature of 20.3°C (Kružić et al., 2012) serves as a reasonable approximation for mean temperature at the depth of the coral bank (Kružić & Pozar-Domac, 2002; Kružić et al., 2012). We then used the Goodwin et al. (2001) version of the Grossman and Ku (1986) equilibrium aragonite-water equation, Equation 1:
(Equation 1)

This was modified to account for the mean offset of coralline δ18OA from the equilibrium value due to the coral’s vital effects, termed δ18OA depletion in Equation 2:
(Equation 2)

Rearranging Equation 2 we calculated the expected coralline δ18OA if the coral had precipitated in equilibrium; Equation 3. 
(Equation 3)

The difference between the calculated mean equilibrium aragonite δ18O and the mean measured aragonite δ18O indicates how much the coral’s ‘vital effects’ cause a depletion of the δ18O value in the coralline aragonite; Equation 4.
(Equation 4)

Using the mean isotopic data from each coral specimen, a calibrated sample-specific palaeothermometer was derived (Table 3) and using the average depletion values from each sample-specific palaeothermometer, a generic semi-quantitative Croatian C. caespitosa palaeotemperature equation was constructed; Equation 5.
(Equation 5)

Using the high resolution δ18O data from the Croatian corals we used Equation 5 to re-construct semi-quantitative temperature ranges. The calculated temperatures (Table 4 and Figure 8) reproduce the mean temperatures well, although the calculated ranges are lower than the actual annual water temperature ranges measured at the site, both at the sea surface and at 15 m depth. There are two possible explanations for this: 
1. The calculated C. caespitosa δ18O aragonite-water palaeotemperature relationship is not correct, and as well as being isotopically depleted relative to equilibrium aragonite, coralline aragonite δ18O is less sensitive to changes in temperature of precipitation than aragonite precipitated in isotopic equilibrium.
2. The calculated C. caespitosa δ18O aragonite-water palaeotemperature relationship is correct but the corals either do not calcify, or calcify very slowly, when water temperatures are >24°C or <15°C, such that only a restricted range of water temperatures is recorded.
Explanation 2 is most likely because at temperatures between 14-16°C, C. caespitosa is unable to precipitate aragonite, such that the lowest winter temperatures are not recorded in skeletal aragonite (Montagna et al., 2007). Tank experiments and field observations also show that after 2 weeks of constant water temperatures of 28°C, high levels of tissue necrosis occur, and even after 5 weeks at 24°C the corals show signs of stress (Rodolfo-Metalpa et al., 2005; Kružić et al., 2014). We thus infer that growth temperatures outside the 15-24°C range are unlikely to be recorded due to heavily decreased, or cessation of, corallite growth, in agreement with Montagna et al. (2007). It is unlikely that extreme values are significantly moderated by increased runoff from winter rainfall (isotopically negative) decreasing seawater δ18O during winter/spring, and/or increased summer aridity/evaporation increasing salinity and seawater δ18O. If there was a major seasonal change in the isotopic composition of the water, caused by riverine/groundwater input, then changes in the coralline δ18O and δ13C would be coupled, as increased riverine input would decrease both δ18O and δ13C values, and there would also be a greater annual range in salinity. 
Fossil Greek Samples – δ18O results and discussion 
We discuss here only the δ18O data for which we have a clear context for interpretation by comparison with the modern data. The fossil C. caespitosa data are shown in Table 5 and plotted in Figures 9, 11 &12. It is notable that the mean values for all fossil corallites are close to modern ones (-2.5 +0.5/-0.9‰) and there is clear cyclicity preserved as in the modern data (Figs 9, 11 &12). Cyclicity in δ18O is uncoupled to variations in δ13C (mean R2 for correlation between δ18O and δ13C is 0.13 with P value of 0.01) which suggests riverine/groundwater influence on seawater δ18O is unlikely (see above). We thus infer that δ18O in well-preserved fossil C. caespitosa aragonite back to MIS 7a/c is a primary environmental signal and that estimation of palaeotemperature should be possible for the short, 6-8 year growth periods, recorded in each corallite. 
We do this using Equation 6 and making assumptions about seawater δ18O. The Gulf of Corinth is a restricted basin, which means it should typically have a positive isotopic signature compared to the open ocean, except during climatically wet periods when enhanced runoff would decrease both salinity and isotopic composition more than the open ocean. We used a δ18OW of 1.15‰vsmow, based on near coastal zone values from the Perachora Peninsula of 1.15‰ and 1.20‰vsmow (Cape Heraion; Portman et al. (2005) and Agrillou Bay (38° 00’ 09.4”N; 022° 55’ 51.0”E; this study)). This value was assumed appropriate as a starting point for preceding interglacials, although this is clearly a source of potential error and thus calculated temperatures are reported rounded to the nearest half a degree.
Today coastal waters at 10-28 m offshore of the Perachora Peninsula, an  appropriate depth range for modern C. caespitosa (Rodolfo-Metalpa et al., 2008), have a mean annual temperature of 19.5°C ranging from 16°C in March to 24°C in September, with annual SST for the Gulf as a whole ranging between 14.3°C and 25°C (Poulos et al., 1996). There is also little variation in annual surface water salinity, ranging from 38.55 psu (summer) to 38.35 psu (winter).
Marine Isotope Stage 5e
We begin interpretation of the fossil data with the MIS 5e records because this interglacial highstand has an extensive literature on inferred climatic conditions. We use this context (1) to help constrain the necessary assumption about MIS 5e seawater δ18O and (2) to give context to the data collected from other interglacials where supporting evidence is less complete. Mediterranean MIS 5e highstand deposits widely contain a Senegalese fauna indicating warmer than present SST (Zaso et al., 1993; Bardaji et al., 2009). This faunal assemblage is characterised by the gastropod Strombus bubonius, today restricted to equatorial Africa (Zaso et al., 1993; Bardaji et al., 2009) requiring mean annual SST of 23-24°C, rarely dropping below 19°C in winter (Bardaji et al., 2009). Other MIS 5e Mediterranean molluscan assemblages support this (Garilli, 2011), suggesting that the Gulf of Corinth experienced SST 5(±1)°C warmer than present with lower seasonal range of  6-7°C.
The calculated temperatures from C. caespitosa  δ18O (Table 6), suggest a MIS 5e Gulf of Corinth mean SST a little warmer than today, with slightly cooler summers but  milder winters, consistent with Garilli (2011). 
There is consistent evidence that the first 3-4,000 years of MIS 5e across the Mediterranean region were significantly wetter than today (Cheddadi et al., 2005). Molluscan faunal assemblages indicate reduced salinity and isotopic data from foraminifera and sediment cores show that Mediterranean surface waters were diluted, with δ18O values reduced by <1.6‰ relative to modern caused by increased rainfall and surface run off (Garilli, 2011; Grazzini et al., 1986; Kallel et al., 2000; Pérez-Folgado et al., 2004). If our C. caespitosa had lived in this early part of MIS 5e surface water δ18O would have been lower than modern, which would have the overall effect of lowering calculated temperatures. Evidence for increased runoff and pluvial conditions at the MIS 5e sample sites pre-dates the coral bearing sediment (Portman et al., 2005; Andrews, Leeder, et al., 2007) and the coralline U/Th ages of 108.5-133.4 ka at the Makrugoaz Ridge MIS 5e sample site (Leeder et al., 2003) span the whole of MIS 5e (128 -115 ka; Thompson & Goldstein, 2005).  It is thus likely the corals grew later in the interglacial when climatic conditions were more stable, warmer than today, and drier (Cheddadi et al., 2005).
The interpretation that our MIS 5e corals grew during a warmer and drier period (relative to today) is supported by the presence of marine phreatic aragonite cements found within (at Makrugoaz Ridge), or closely associated with, the MIS 5e coral-bearing deposits of the Perachora Peninsula. The best preserved of these aragonites returned U/Th dates between 113.8±1.6 and 118.0±1.6 ka (Andrews et al., 2007a), probably just post-dating or coeval with the younger coral ages. Widespread marine abiotic aragonite cementation does not occur in the Gulf today and with evidence for it restricted to MIS 5e in the study area it suggests conditions for its formation were specialised. Aragonite marine cementation is promoted by warm SST’s and higher supersaturation with respect to CaCO3 (Burton and Walter, 1987), a condition favoured by slight increase in salinity, which requires reduced surface water runoff and thus aridity. Aridity would be consistent with a more positive seawater δ18O compared to modern: although we cannot constrain the magnitude of enrichment, it would increase the calculated temperatures. The modern seawater δ18O value of 1.15‰VSMOW is thus probably an underestimate for the MIS 5e highstand and can be viewed as a minimum (Table 7). A maximum summer temperature estimate is constrained by the thermal tolerance of C. caespitosa (Table 7), as modern representatives cannot survive when SST exceeds 28°C for extended periods. A third constraint is the requirement of a mean annual SST of 23-24°C to sustain the Senegalese marine fossil fauna, allowing us to model reasonable SST’s based on different seawater δ18O values.
Figure 13a shows the temperatures calculated, using the constrained range of seawater δ18O values, from C. caespitosa sample SHR 02/11/10-08 (I), which has the closest δ18O values to the mean of the four MIS 5e samples. Taking all the available evidence into account, Gulf of Corinth seawater in the MIS 5e highstand probably had δ18O values of 1.6-2.2‰VSMOW, average annual water temperature 22-25°C, average winter minimum temperatures 18.5-21.5°C and average summer maximum temperatures 25-28°C.
These temperatures are comparable with those estimated from coeval equilibrium biogenic and abiogenic carbonates. Two well preserved calcitic Pecten sp. shells from Makrugoaz Ridge have δ18O values of 0.46 and 1.20‰VPDB (Table 8). Pecten sp. precipitate shell calcite of a near equilibrium composition (Owen et al., 2002; Chauvaud et al., 2005) and in this case give temperatures (using the  Kim and O’Neil (1997)  palaeotemperature equation) of 18 and 24°C, in line with the coral data. In further support, the best preserved syn-depositional marine aragonite cements that are inter-grown with C. caespitosa have a δ18O value of 2.3‰VPDB (Table 8): using Equation 1 and making assumptions about seawater δ18O, a temperature of ~17 to 19.5 °C is calculated, consistent with the mean winter values derived from the corals.  The cements are representative of in-sediment sea-bottom conditions and may be expected to be slightly cooler than sea-surface temperatures, at least in summer. 
 Marine Isotope Stage 1
This sample came from a Holocene coralline algal-coral reef deposit, U-Th dated to 6-10 ka. C. caespitosa were collected from a modern elevation of 5 m that returned ages of 7.5-7.9 ka (Stiros and Pirazzoli, 1998). We again use the modern seawater δ18O as a first approximation to early Holocene seawater δ18O; however, there is evidence that the early Holocene was significantly wetter than the latter part, across the whole of the Mediterranean (Magny et al., 2002) and we consider the likely effect of this below.
The first-approximation calculated temperatures (Table 6) suggest that Gulf of Corinth seawater in the early-mid Holocene was cooler than today. Calculated mean summer maximum temperatures are around 2.5°C cooler than the maximum mean summer temperature that C. caespitosa can tolerate without being stressed. This could mean that, unlike today, the maxima are not truncated due to stress effects and that summers were significantly cooler than today.  However, the mean minimum values are less secure, being in the range of minimum values that this species can calcify under today. 
It is likely that the early Holocene Mediterranean was climatically wet with an evolution to drier conditions in the later Holocene (Magny et al., 2002). The wettest and coolest period was probably 9000-6500 cal. yr BP, corresponding with widespread human settlement, increased lacustrine development in North Africa (Petit-Maire, 1991), high lake levels in Sicily (Sadori and Narcisi, 2001), wet conditions in Albania, Israel and Italy (Denèfle et al., 2000; Frumkin et al., 1991; Zanchetta et al., 2007) and deposition of Sapropel 1, indicative of increased discharge of freshwater into the Mediterranean due to increased rainfall (Ariztegui et al., 2000; Zanchetta et al., 2007). This cool and wet period encompasses the radiometric ages of the sampled corals; increased rainfall and freshwater input to the Gulf would decrease salinity of seawater and lower its δ18O relative to modern. The likely reduction in seawater δ18O and limited range of temperatures C. caespitosa can tolerate, allow us to constrain seawater δ18O and the calculated temperatures (Table 7 and Fig 13b).
Using all the available evidence, Gulf of Corinth seawater (at the depths of coral growth, <20 m) between 7.9-7.5 ka probably had δ18O in the range 0.75-1.15‰VSMOW, a mean water temperature of 16.5-18°C, a mean summer maximum temperature of 19.5-21.5°C and mean  winter minimum temperature of 14.0-15.5°C. The latter is around the minimum temperature at which this coral species can calcify, modern  C. caespitosa survive (but do not calcify) in water temperatures down to 6°C (Kružić and Požar-Domac, 2003). We suggest the coralline δ18O record is truncated, with actual winter temperatures lower than the minima recorded, and thus we are not confident that the seasonal range was actually lower than today. 
It is likely, but not proven, that both winter and summer temperatures were lower than those today; mean summer temperatures 2.5-4.5°C cooler and mean annual and winter temperatures at least 1-4.5°C cooler. These indications support results from pollen assemblages for this period that show Mediterranean climate 2-4°C cooler than present (Cheddadi et al. 1996).
Marine Isotope Stage 7a/c
Using modern seawater δ18O as a first approximation to MIS 7a/c seawater δ18O, the two MIS 7a/c samples give mean annual water temperatures of 24.0°C (2σ = 0.3°C), mean minimum temperatures of 21°C (2σ =1.7°C), mean maximum temperatures of 27°C (2σ =2.0°C), and a mean seasonal temperature range of 6°C (2σ =1.9°C; Table 6). These are similar to temperatures experienced by tropical corals of the modern Great Barrier Reef (Alibert and McCulloch, 1997; Alibert et al., 2003) and do not agree with other MIS 7a/c Mediterranean palaeoclimate archives that indicate both cooler (Cheddadi et al., 2005; Coope, 2001, 2010; Kawamura et al., 2003, 2007; Martrat et al., 2004; Shackleton, 2000) and wetter conditions (Cheddadi et al., 2005; Roucoux et al., 2008) than either MIS 5e or the present, with lower salinity surface waters due to extensive freshwater input (Bar-Matthews et al., 2003; Fontugne & Calvert, 1992; Thunell & Williams,1983).
Although these are the oldest corals analysed there is no textural or geochemical evidence to suspect pervasive diagenetic alteration, and the corals passed our pre-screening (see above). The most likely explanation to resolve the discrepancy is that the assumed modern seawater δ18O is a poor analogue for MIS 7a/c when the Gulf experienced increased runoff and diluted surface waters. We show possible resolutions using revised seawater δ18O in Table 7 and Figure 13c, from which it is clear that Gulf of Corinth seawater would have to have been significantly depleted in δ18O for calculated temperatures to be lower than modern. A seawater δ18O between +0.3 and -0.2‰VSMOW, corresponding to about a 10% reduction from modern salinity (to about 34.5 psu), gives an average water temperature of 18-20.5°C, average winter minimum of 15.5-17.5°C and an average summer maximum of 21.5-23.5°C. This suggests summer temperatures in particular were cool, with winter (and average) temperatures milder than present, significantly reducing the annual temperature range. 
If MIS 7a/c was a climatically ‘wetter than modern’ period, with surface seawater about 10% diluted by meteoric water (see above) we might expect independent evidence for this in the sediments. Our earlier mapping of the MIS 7a/c shorelines (Leeder et al., 2005) identified small, decimetre-metre scale brackish water (<15 psu) Rivularia haematites bioherms and biostromes, overlain by marine microbial boundstones and coral-bearing bioclastics (Andrews et al., 2007b), the R. haematites bioherms requiring strong freshwater input, based on comparison with similar bioherms that formed early in MIS 5e (Portman et al., 2005).  The stratigraphy thus supports the notion of wet climatic conditions early in the interglacial, followed by restricted marine conditions (some freshwater input) in which our MIS 7a/c corals grew.
[bookmark: _Toc393105438]Palaeotemperatures summary 
Using the contextual information and constraints discussed above we summarise the likely Gulf of Corinth seawater δ18O and temperatures for each interglacial in Table 9 and Figs. 14 and 15. Current conditions in the Gulf of Corinth appear to be approximately average for the interglacial periods of the last 225 ka. The warmest period studied was MIS 5e, which also had lower seasonality than today and was (based on inferred seawater δ18O values) probably the most arid. The Early-Mid Holocene probably experienced the coolest temperatures while conditions in MIS 7a/c were probably the wettest with most freshwater input into the Gulf.
While these trends and differences are defendable, the calculated temperatures have large potential errors due to uncertainty about actual seawater δ18O values, noting that a 1‰ difference in δ18OW propagates a 4.4°C change in calculated temperature. If δ18OW can be accurately constrained then it should be possible to apply the C. caespitosa palaeothermometer developed here (Equation 6) to corallites of this species from other locations to aid in palaeoclimate reconstructions for regions beyond the Gulf of Corinth.
It may be possible in the near future to better constrain palaeo-seawater δ18O using a clumped isotope approach (Ghosh et al., 2007; Dennis et al., 2011). While there is currently considerable uncertainty regarding potential non-equilibrium calcification in corals (Saenger et al., 2012) it should be possible to use molluscan calcites (e.g., pectinids) and syndepositional marine aragonite cements, which are assumed to have formed in isotopic equilibrium with seawater, to independently constrain seawater temperatures and thus also isotopic composition: this is to be explored in our continuing research. The newly developed temperature proxy from Li/Mg ratios in coral aragonite (Montagna et al., 2014) also has much promise for returning palaeotemperatures with fewer assumptions. 
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Table 1. Site details for the fossil samples.
	Location
	MIS and radiometric age
	Lithology and preservation potential
	Sample ID

	Mavra Litharia
38°08’34.5’’N; 22°22’49.0’’E
5 m above modern SL
	MIS 1; reef growth dated to 6-10ka (Kershaw et al., 2005)
	Lithified red-algal and coral limestone in modern seawater splash zone since uplift some-time after 6 ka. Preservation potential is medium-high as limestone host is moderately impervious.

	SHR 03/11/11-02

	West Makrugoaz Ridge 
38°01’21.8’’N; 22°52’49.8’’E
23 m above modern SL
	MIS 5e; deposit U-Th dated to 108-133ka (Leeder et al., 2003)
	Bioclastic marls, partially cemented by syndepositional marine aragonite. Preserved as terrace remnant on ridge at 23 m modern elevation. Preservation potential is high, the site is arid, and the coral aragonite returns consistent U/Th dates.

	SHR 02/11/11-08 (I)
SHR 02/11/11-08 (II)
JEA 9508-01
SHR 02/11/11-07 (I)
SHR 02/11/11-07 (II)

	West Flagnoro Bay 38°01’11.1’’N; 22°53’33.5’’E
19 m above modern SL
	MIS 5e, correlated to dated terraces by mapping (Leeder et al., 2003; Leeder et al., 2005)

	Bioclastic marls, preserved as terrace remnant on ridge flank. Preservation potential is medium-high as the site is arid.
	SHR 04/11/11-10

	Goat Point
38°02’45.17’’N; 22°52’49.72’’E
2-3 m above modern SL
	MIS 5e,  correlated to dated terraces by mapping (Leeder et al., 2005)
	Bioclastic marls, terrace remnant, down faulted before MIS 5a/c and immersed in seawater during MIS 5a/c. Currently in the modern seawater splash zone. Preservation potential is medium-low, the coral aragonite returns inconsistent U/Th dates, SEM images and trace element data show evidence of patchy diagenetic alteration.

	JEA 010626-04

	Lake Vouliagmenis, 38°01’55.2’’N; 22°52’14.1’’E
25 m above modern SL
	MIS 7a/c; Deposit U-Th dated to 186-195ka (Leeder et al., 2005)
	Bioclastic marls, preserved as terrace remnant. Preservation potential is medium-high, the site is arid and the coral aragonite returns mostly consistent U/Th dates.
	SHR 02/11/11-02 (I) 
SHR 02/11/11/-02 (II)



Table 2. Summary of isotopic data from modern Croatian C. caespitosa skeletons (‰VPDB) and associated water data (‰VSMOW).  The average water data includes measurements from Stations 6 (14 m, δ18O = 1.2, δD = 8.9) and 7 (15 m, δ18O = 1.2, δD  = 9.3).
	Sample
	PK 21/09/12-01
	PK 21/09/12-02
	PK 21/09/12-05
	Average

	Growth depth (m)
	8
	10
	11
	N/A

	Seawater δ18O
	1.0
	1.2
	1.2
	1.2 (2σ = 0.2)

	Seawater δD 
	7.6
	9.1
	9.0
	8.8 (2σ = 1.4)

	Average δ18O 
	-2.5
	-2.5
	-2.4
	-2.5 (2σ = 0.1)

	δ18O cycles
	9.5
	8
	9
	N/A

	Average δ18O peak 
	-1.4 (2σ = 0.4)
	-1.7 (2σ = 0.2)
	-1.7 (2σ = 0.4)
	-1.6 (2σ = 0.3)

	Average δ18O trough 
	-3.3 (2σ = 0.3)
	-3.3 (2σ = 0.6)
	-3.3 (2σ = 0.6)
	-3.3 (2σ = 0.1)

	Average δ18O amplitude 
	-1.8 (2σ = 0.3)
	-1.6 (2σ = 0.7)
	-1.7 (2σ = 0.7)
	-1.7 (2σ = 0.1)

	Average δ13C
	-5.8
	-6.4
	-5.9
	-6.0 (2σ = 0.6)



Table 3. Average δ18O and temperatures for modern Croatian C. caespitosa used in palaeothermometry calibrations.
	Coral sample
	Average measured δ18OA
	δ18OW
	Average equilibrium δ18OA
	δ18OA depletion
	Average measured temperature
	Calibrated average calculated temperature

	PK 21/09/12 -01
	-2.5
	1.0
	0.9
	3.4
	20.3
	20.4

	PK 21/09/12-02
	-2.5
	1.2
	1.1
	3.6
	20.3
	20.6

	PK 21/09/12-05
	-2.4
	1.2
	1.1
	3.5
	20.3
	20.6

	Average
	-2.5
	1.1
	1.0
	3.5
	20.3
	20.5

	2σ
	0.1
	0.3
	0.3
	0.3
	0.0
	0.2



Table 4. Summary of temperature parameters for modern Croatian C. caespitosa calculated using the calibrated δ18O palaeotemperature equation (equation 6). 
	
	Average temperature (°C)
	Average Maximum (°C)
	Average Minimum (°C)
	Average Amplitude (°C)

	PK 21/09/12-01
	19.6
	23.1
	15.1
	8.0

	PK 21/09/12-02
	20.8
	23.9
	17.2
	6.6

	PK 21/09/12-05
	20.3
	24.1
	17.0
	7.1

	Average
	20.2 (2σ = 1.2)
	23.7 (2σ = 1.1)
	16.4 (2σ = 2.3)
	7.2 (2σ = 1.4)



Table 5. Summary of isotopic data (‰VPDB) from fossil Greek C. caespitosa samples.
	Sample
	Average δ18O
	δ18O annual cycles
	Average δ18O peak 
	Average δ18O trough 
	Average δ18O amplitude 

	Holocene

	SHR 03/11/11-02
	-2.0
	9.5
	-1.4 
(2σ = 0.6)
	-2.7 
(2σ = 0.4)
	1.3
(2σ = 0.5)

	MIS 5e

	JEA 010626-04
	-2.2
	5
	-1.4 
(2σ = 0.4)
	-3.1 
(2σ = 0.4)
	1.7
(2σ = 0.6)

	SHR 04/11/11-10
	-2.7
	5.5
	-2.0 
(2σ = 0.3)
	-3.3 
(2σ = 0.7)
	1.3
(2σ = 0.4)

	SHR 02/11/11-08(I)
	-2.5
	6
	-1.7 
(2σ = 0.4)
	-3.2 
(2σ = 0.4)
	1.4
(2σ = 0.8)

	SHR 02/11/11-08(II)
	-2.4
	7.5
	-1.5 
(2σ = 0.5)
	-3.0 
(2σ = 0.5)
	1.5
(2σ = 0.9)

	MIS 5e Average
	-2.45
(2σ = 0.4)
	N/A
	-1.65
(2σ = 0.5)
	-3.2
(2σ = 0.3)
	-1.5
(2σ = 0.3)

	MIS 7a

	SHR 02/11/11-02(I)
	-3.4
	7.5
	-2.7
(2σ = 0.4)
	-4.1 
(2σ = 0.5)
	1.4
(2σ = 0.5)

	SHR 02/11/11-08(I)
	-3.3
	6.5
	-2.7 
(2σ = 0.4)
	-4.0 
(2σ = 0.3)
	1.4
(2σ = 0.5)

	MIS 7a Average
	-3.35 
(2σ = 0.1)
	N/A
	-2.7 
(2σ = 0)
	-4.05
 (2σ = 0.1)
	1.4 
(2σ = 0)



Table 6. Summary of calculated palaeotemperature data from Greek fossil C. caespitosa samples using equation 6 and assuming δ18O seawater = 1.15‰VSMOW.
	
	Average temperature (°C)
	Average winter minimum (°C)
	Average summer maximum (°C)
	Average annual range (°C)

	Holocene
	
	
	
	

	SHR 03/11/11-02
	18.3
	15.7°C 
(2σ = 2.4°C)
	21.4
(2σ = 1.7)
	5.5
(2σ = 2.2)

	MIS 5e 
	
	
	
	

	JEA 010626-04
	19.3
	15.6
(2σ = 1.9)
	22.9
(2σ = 1.8)
	7.3
(2σ = 2.7)

	SHR 04/11/11-10
	21.2
	18.1
(2σ = 1.4)
	23.8
(2σ = 2.9)
	5.6
(2σ = 1.6)

	SHR 02/11/11-08(I)
	20.2
	17.0
(2σ = 2.6)
	23.4
(2σ = 1.6)
	6.1
(2σ = 3.6)

	SHR 02/11/11-08(II)
	19.7
	16.2
(2σ = 2.2)
	22.5
(2σ = 2.0)
	6.3
(2σ = 3.8)

	[bookmark: _Ref392756820]MIS 7a-c 
	
	
	
	

	SHR 02/11/11-02(I)
	24.1
	21.8
(2σ = 1.7)
	27.3
(2σ = 2.3)
	6.2
(2σ = 2.0)

	SHR 02/11/11-02(II)
	23.9
	21.4
(2σ = 1.7)
	26.9
(2σ = 1.5)
	6.1
(2σ = 2.0)










Table 7. Constrained ranges for palaeo Gulf of Corinth seawater δ18O for fossil C. caespitosa samples and resultant palaeotemperatures.
	 Holocene
	 
	Estimated δ18O water (‰ VSMOW)

	Calculated temperatures (°C)
	average δ18O aragonite (‰ VPDB)
	1.15 
	1
	0.9
	0.8
	0.75

	Average annual mean
	-2.0
	18.3
	17.6
	17.2
	16.8
	16.6

	Average winter minima
	-1.4
	15.7
	15.1
	14.7
	14.2
	14.0

	Average summer maxima
	-2.7
	21.4
	20.7
	20.3
	19.9
	19.7

	MIS 5e
	
	Estimated δ18O water (‰ VSMOW)

	Calculated temperatures (°C)
	average δ18O aragonite (‰ VPDB)
	1.15 
	1.6
	1.8
	2.0
	2.2

	Average annual mean
	-2.45
	20.2
	22.1
	22.9
	23.9
	24.7

	Average winter minima
	-1.65
	16.7
	18.6
	19.5
	20.4
	21.3

	Average summer maxima
	-3.15
	23.2
	25.2
	26.0
	26.9
	27.8

	 MIS 7e
	 
	Estimated δ18O water (‰ VSMOW)

	Calculated temperatures (°C)
	average δ18O aragonite (‰ VPDB)
	1.15
	0.3
	0.2
	0
	-0.2

	Average annual mean
	-3.4
	24.1
	20.4
	19.9
	19.1
	18.2

	Average winter minima
	-2.7
	21.3
	17.6
	17.1
	16.3
	15.4

	Average summer maxima
	-4.1
	27.1
	23.4
	23.0
	22.1
	21.3



Table 8. δ18O values and calculated palaeotemperatures for MIS 5e carbonates from West Makrugoaz Ridge (Table 1) that grew associated with C. caespitosa colonies and assumed to have precipitated in isotopic equilibrium with seawater. 
	Sample
	Type
	δ18O ‰VPDB
	T(°C) when δ18Ow = 1.6 ‰VSMOW
	T(°C) when δ18Ow = 2.2 ‰VSMOW

	JEA 9508-01
	Abiogenic aragonite
	2.26 (2σ = 0.06)
	16.9 (2σ = 0.6)
	19.5 (2σ = 0.6)

	SHR 02/11/11-07 (I)
	Pecten shell calcite
	0.46 (2σ = 0.04)
	21.5 (2σ = 0.2)
	24.4 (2σ = 0.2)

	SHR 02/11/11-07 (II)
	Pecten shell calcite
	1.20 (2σ = 0.06)
	18.0 (2σ = 0.3)
	20.8 (2σ = 0.3)





Table 9. Summary of best estimated δ18O seawater values and resultant palaeotemperatures from the Greek fossil C. caespitosa. *1Modern measured temperature values are included for context.*2 Annual range believed to show truncated values
	
	δ18O = modern
	
	Full new calculated temperature range

	Period
	Age (ka)
	Min.
	Mean
	Max.
	Est. δ18O range
	Min.
	Mean.
	Max.
	Annual range

	Modern*
	0
	16
	19.5
	24
	1.15
	16.0
	19.5
	24.0
	8.0

	MIS 1
	7.5-7.9
	15.7
	18.3
	21.4
	0.75-1.15
	14.0
	17.5
	21.5
	5.5*

	MIS 5e
	108.5-133.4
	16.7
	20.2
	23.2
	1.60-2.20
	18.5
	23.5
	28.0
	6.5

	MIS 7a
	186-196
	21.2
	24
	27.1
	-0.20-0.30
	15.5
	19.0
	23.5
	6.0



