Baptiste Suchéras-Marx 
  
Emanuela Mattioli 
  
Bernard Pittet 
  
Gilles Escarguel 
  
Guillaume Suan 
  
  
  
Astronomically-paced coccolith size variations during the early Pliensbachian (Early Jurassic)
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Though climate and environmental changes are known to influence diversity and assemblages of coccolithophorids, unicellular photoautotroph algae, the relationships between the size luctuations of coccoliths, the small calcite plates covering the coccolithophorid cell, and environmental parameters remain unclear. To understand possible interactions between coccolith size and environmental changes, a high-resolution (every 5 cm)biometric study of Crepidolithus crassus coccoliths was performed in the Lower Pliensbachian (Lower Jurassic; ∼188 Myr) hemipelagic deposits of Peniche (Portugal). The six measured parameters show covariant patterns related to size variations rather than morphological changes. The size variations are cyclic, and they occur in opposite phase to changes in the sedimentary calciumcarbonate content. Spectral analyses performed on the size measurements of the C. crassus coccoliths and the calcium carbonate contents showthat changes in both parameters are paced by the Earth's eccentricity and precession orbital cycles. As revealed by mixture analyses, the observed size variations result from changes in the relative abundance of two distinct biometric groups that are statistically stable through the analysed time interval. These two groups are classified as: "small crassus"with a major axis mean size of 6.5± 0.75 μm, and "large crassus", which averages at 8.5±0.75 μm and dominates the assemblages in the studied interval. Crepidolithus crassus has been recently interpreted as a deep-dweller (living in the lower photic zone) and its development may have been greatly dependent on light availability and nutrient concentration. Accordingly, the two size groups likely developed at different water-depths due to differential coccolith (and cell) masses and buoyancies. Consequently, we propose that changes in the transparency of the water column may have been an important factor controlling the replacement between the two groups and hence the resulting coccolith mean size fluctuations. Ultimately, both water transparency and nutrient recycling within the photic zone were mainly influenced by the frequency and intensity of storms that occurred under orbital control.

Introduction

Coccolithophores are one of the major planktonic micro-algae in modern oceans. Coccolithophores produce intra-cellular carbonate platelets named coccoliths that are exported to the cell surface to form the coccosphere. Because they act simultaneously as organic and inorganic carbon pumps, coccolithophores are largely studied for their possible influence on the carbon cycle (e.g., [START_REF] Rost | Coccolithophore calcification and the biological pump: response to environmental changes[END_REF][START_REF] Langer | Species-specific responses of calcifying algae to changing seawater carbonate chemistry[END_REF][START_REF] Rickaby | Coccolith chemistry reveals secular variations in the global ocean carbon cycle? Earth Planet[END_REF][START_REF] Iglesias-Rodriguez | Phytoplankton calcification in a high-CO2 world[END_REF]. Since the first appearance of coccolithophorids during the late Triassic, climate changes are known to have had a major influence on coccolith production and distribution in the past oceans (e.g., [START_REF] Mcintyre | Coccoliths as paleoclimatic indicators of Pleistocene glaciation[END_REF][START_REF] Mcintyre | Modern Pacific Coccolithophorida: a paleontological thermometer[END_REF]Molfino andMcIntyre, 1990;[START_REF] Westbroek | A model system approach to biological climate forcing. The example of Emiliania huxleyi[END_REF][START_REF] Erba | The first 150 million years history of calcareous nannoplankton: biospheregeosphere interactions[END_REF]. These patterns indicate the close relationship between climate and biosphere, and they are of major interest in palaeontology and palaeoceanography.

Over sub-million-year timescales, climate changes are modulated by orbital cycles [START_REF] Milankovitch | Kanon der erdbestahlung und seine anwendung auf das eiszeitproblem[END_REF][START_REF] Berger | Long-term variations of daily insolation and Quaternary climatic changes[END_REF], which control the solar radiance received by the Earth. In turn, orbitally-forced changes in climate, weathering, continental runoff, oceanic circulation and productivity control the amount of carbonate or clay inputs that are exported to deep-sea regions and are ultimately preserved in sedimentary successions [START_REF] Einsele | Limestone-Marl cycles (periodites): Diagnosis, significance, causes -a review[END_REF][START_REF] Einsele | Limestone-Marl alternation -an overview[END_REF]. Hence, cyclic patterns of sedimentation are increasingly used to reconstruct ocean/atmosphere climate dynamics on short-and long-term timescales for periods covering the Paleozoic to the Neogene [START_REF] Weedon | Regular and irregular climatic cycles and the Belemnite Marls (Pliensbachian, Lower Jurassic, Wessex Basin)[END_REF][START_REF] Claps | Milankovitch-type cycles recorded in Toarcian black shales from the Belluno Through (Southern Alps, Italy)[END_REF]Elrick andHinnov, 1996;[START_REF] Hinnov | Strategies for assessing Early-Middle (Pliensbachian-Aalenian) Jurassic cyclochronologies[END_REF][START_REF] Hilgen | Integrated stratigraphy and astronomical tuning of the Serravallian and lower Tortonian at Monte dei Corvi (Middle-Upper Miocene, northern Italy)[END_REF][START_REF] Weedon | Time-series analysis and cyclostratigraphy: examining stratigraphic records of environmental cycles[END_REF]Suan et al., 2008b). Despite the major role of orbital cycles on sub-million-year climate changes, their influence on the development and assemblages of coccolithophores remain relatively poorlydocumented and understood.

Orbitally-paced cyclic patterns have been identified in fluctuations of the abundance of the modern species Florisphaera profunda [START_REF] Beaufort | Insolation cycles as a major control of equatorial Indian ocean primary production[END_REF], or in the relative abundance of Cretaceous species [START_REF] Erba | Calcareous nannofossils and Milankovitch cycles: the example of the Albian Gault Clay Formation (southern England)[END_REF][START_REF] Mutterlose | Milankovitch-scale palaeoclimatic changes in pale-dark bedding rhythms from the Early Cretaceous (Hauterivian and Barremian) of eastern Englandand northernGermany[END_REF][START_REF] Herrle | Short-term environmental changes in the Cretaceous Tethyan Ocean: micropaleontological evidence from the Early Albian Oceanic Anoxic Event 1b[END_REF][START_REF] Bornemann | Reconstruction of short-term palaeoceanographic changes during the formation of the Late Albian 'Niveau Breistroffer' black shales (Oceanic Anoxic Event 1d, SE France)[END_REF] and Jurassic taxa [START_REF] Claps | Milankovitch-type cycles recorded in Toarcian black shales from the Belluno Through (Southern Alps, Italy)[END_REF][START_REF] Mattioli | Nannoplankton productivity and diagenesis in the rhythmically bedded Toarcian-Aalenian Fiuminata sequence (Umbria-Marche Apennine, Central Italy). Paleogeogeography, Paleoclimatology[END_REF][START_REF] Walsworth-Bell | Calcareous nannofossil cyclostratigraphy of the belemnite marls (Pliensbachian, UK), 8th International Nannoplankton Association[END_REF][START_REF] Olivier | Palaeoenvironmental control on sponge-microbialite reefs and contemporaneous deep-shelf marl-limestone deposition (Late Oxfordian, southern Germany)[END_REF]. These studies suggested an intimate coupling between the abundance of a given taxon and orbitally-forced fertility changes of the sea-surface waters where the organism developed. Recent biometric studies have shown the predominant role of climatic variations on Paleogene and Neogene coccolith and nannolith sizes [START_REF] Parente | Morphometry of Coccolithus pelagicus s.l. (Coccolithophore, Haptophyta) from offshore Portugal, during the last 200 kyr[END_REF][START_REF] Narciso | Coccolithus pelagicus subsp. pelagicus versus Coccolithus pelagicus subsp. braarudii (Coccolithophore, Haptophyta): A proxy for surface subarctic Atlanticwaters off Iberia during the last 200 kyr[END_REF][START_REF] Henderiks | Coccolithophore cell size and the Paleogene decline in atmospheric CO2[END_REF]Tremolada et al., 2008). Furthermore, estimates of coccolith size variations are of fundamental importance to assessing pelagic carbonate fluxes and, hence, for our understanding of global biogeochemical cycles on the submillion-year timescale [START_REF] Young | Calculation of coccolith volume and its use in calibration of carbonateflux estimates[END_REF][START_REF] Baumann | Importance of size measurements for coccolith carbonate flux estimates[END_REF]. Nevertheless, biometric studies that unambiguously relate coccolith size to orbital cycles are still rare, and previous attempts to establish any relationship between size variations and a given cycle have been inconclusive (e.g., [START_REF] Bralower | Morphometrics of the Paleocene coccolith genera Cruciplacolithus, Chiasmolithus, and Sullivania: a complex evolutionary history[END_REF][START_REF] Colmenero-Hidalgo | Biometry of Emiliania huxleyi and its biostratigraphic significance in the Eastern North Atlantic Ocean and Western Mediterranean Sea in the last 20.000 years[END_REF][START_REF] Bornemann | Size analyses of the coccolith species Biscutum constans and Watznaueria barnesiae from the Late Albian "Niveau Breistroffer" (SE France): taxonomic and palaeoecological implications[END_REF].

In this study, we analysed the size variations of the early Jurassic coccolith Crepidolithus crassus [START_REF] Deflandre | Observations sur les coccolithophoridés actuels et fossiles en microscopie ordinaire et électronique[END_REF] [START_REF] Noël | Sur les coccolithes du Jurassique européen et d'Afrique du Nord. Essai de classification des coccolithes fossiles[END_REF] to investigate the possible influence of orbitally-related climatic cycles on coccolith size variations through time. This species is represented by robust, dissolution-resistant coccoliths and is one of the most abundant taxa in lower Jurassic assemblages. We investigated the Pliensbachian sedimentary succession from the Peniche section (Lusitanian Basin, Portugal), where marlstone-limestone alternations crop out spectacularly and continuously along the Atlantic coast. Coccoliths were measured at high-resolution (every 5 cm) over a relatively short time interval (∼200000 years).

Materials and methods

The Peniche section

The Peniche section (Middle-West coast of Portugal; Fig. 1) is one of the most complete and continuous sedimentary successions of the western Tethys for the Pliensbachian/Toarcian interval (∼190-180 My ago). Several ammonite bio-events provide a detailed biostratigraphic framework [START_REF] Mouterde | Le Lias de Peniche[END_REF][START_REF] Elmi | Sédimentation pélagique et encroûtements cryptalgaires: les calcaires grumeleuxduCarixienportugais[END_REF], making this section a good candidate for the Pliensbachian/Toarcian Global Stratotype Section and Point (GSSP) [START_REF] Duarte | Early Jurassic carbonate evolution in the Lusitanian Basin: facies, sequence stratigraphy and cyclicity[END_REF][START_REF] Elmi | Pliensbachian/Toarcian boundary: the proposedGSSP of Peniche (Portugal)[END_REF]. Peniche belongs to the Jurassic Lusitanian Basin (Fig. 1A andB), which is limited eastwards by the Iberian Meseta and westwards by the Berlenga-Farilhões Horst [START_REF] Wright | A carbonate submarine-fan sequence from the Jurassic of Portugal[END_REF]. The Pliensbachian part of the Peniche section (Fig. 2) is represented by marlstone-limestone alternations rich in belemnites and ammonites. The presence of levels enriched in microbialitic nodules is a remarkable sedimentary feature [START_REF] Elmi | Sédimentation pélagique et encroûtements cryptalgaires: les calcaires grumeleuxduCarixienportugais[END_REF].

Across the Jamesoni and Ibex ammonite zones, 23 mof the Peniche section have been sampled at high resolution every 5 cm (455 samples). In this interval, the variations of calcium carbonate content were measured (Fig. 2), and the obtained data were subjected to spectral analysis to evaluate the impact of orbital cycles on carbonate sedimentation during the Early Pliensbachian. A shorter interval (3.2 m) was then selected for high-resolution biometric analyses of C. crassus coccoliths. This part of the section, which encompasses the Jamesoni-Ibex ammonite zones boundary, has been selected because the marlstoneargillaceous limestone alternations there are remarkably regular. Moreover, microbialitic nodules are relatively rare in this interval [START_REF] Elmi | Sédimentation pélagique et encroûtements cryptalgaires: les calcaires grumeleuxduCarixienportugais[END_REF]. [START_REF] Scotese | Paleomap Project[END_REF]. B: Zoom showing the location of Peniche within the Lusitanian Basin during the Early Jurassic (modified from [START_REF] Bassoulet | Mid Toarcian[END_REF].

Sample preparation

Calcium carbonate (CaCO 3 ) contents were determined using a Dietrich-Frühling calcimeter. For each sample, the amount of CO 2 was measured after the acidification of an aliquot of about 300 mg of powdered bulk sediment (Fig. 2). The biometric study of coccoliths has been performed on samples from the same stratigraphic level analysed for wt.%CaCO 3 contents.

The preparation of slides for coccolith observation was performed using the Random Settling method [START_REF] Beaufort | Adaptation of the random settling method for quantitative studies of calcareous nannofossils[END_REF]modified in Geisen et al., 1999). This method consists of the decantation of a homogenised suspension of ∼20 mg of powdered rocks in 475 ml of water in a settling device. The suspension was allowed to elutriate for 24 h on a cover microscope slide. The cover slide was then dried and attached with Rhodopass B to a microscope slide. The method allows a homogenous distribution of powdered rock (and of coccoliths) on the slide.

Biometric study of Crepidolithus crassus

Biometrics were performed on one species of coccolith, namely Crepidolithus crassus. This species of the murolith group [START_REF] Bown | Taxonomy, evolution, and biostratigraphy of the late Triassic-early Jurassic calcareous nannofossils[END_REF] consists of a large, thick, elliptical rim composed of thick distal and smaller proximal cycle. The central area is vacant and is often reduced to a lenticular slit (Fig. 3). Measurements were made using a Zeiss Axioskop40 optical microscope with a magnification 1000×. Thirty specimens of C. crassus per sample were snapped with a Moticam 2000 camera and the biometric measurements were made with Motic Images Plus 2.0 (graphic precision of 1 pixel 0.0833 μm long and 0.0847μm wide). Measurements were performed for proximal and distal cycles and for the central area, along the axis of maximum length (major axis), and orthogonally (minor axis), resulting in six values for each coccolith (Fig. 3). For each of the 64 studied samples, 30 specimens of C. crassus were measured (except for sample PLP 227 where only 20 C. crassus could be measured) for a total of 11,460 measurements. An error of measurement was estimated to be ±0.17 μm (i.e.,±2 pixels) by repetitive (10 times) measurements of 10 coccoliths.

Since the publication of pioneering biometrical works (e.g., [START_REF] Simpson | Quantitative Zoology[END_REF], there has been a long biostatistical tradition that ∼30 specimens randomly sorted from a given, biologically homogeneous population is a sufficient sample size for estimating statistically unbiased and numerically stabilised parametric descriptors of arithmetic or geometric means, including variability (e.g., variance and standard-deviation). This choice of 30 specimens is now largely consensual. This consensual and efficient sample size is corroborated by Monte-Carlo simulations (Fig. 4). These simulations are based on the generation of increasing size samples by random sorting with replacement (nonparametric bootstrap) within the entire measurement pool (64 samples, 1910 specimens). This method allows us to test the impact of the sample size on the obtained average values (i.e., the major axis length). The underlying hypothesis is that a single homogeneous population occurred. The results of the simulation show that with 30 specimens per sample the maximal error (upper value of the simulated 95% confidence interval) is 10% of the average value of the total measurements for the major axis (distal cycle), or 0.82 μm. With an increasing sample size (e.g., 50, 100,…500 measurements), this error percentage of the average value decreases very little (Fig. 4). 

Spectral analysis

Two methods of spectral analysis were used to identify possible cyclicities in the variation of wt.%CaCO 3 and coccolith size: the Fourier analysis and the Maximum Entropy method. The Fourier analysis is a commonly-applied method in cyclostratigraphy, especially for the time interval considered in this work [START_REF] Weedon | Regular and irregular climatic cycles and the Belemnite Marls (Pliensbachian, Lower Jurassic, Wessex Basin)[END_REF][START_REF] Claps | Milankovitch-type cycles recorded in Toarcian black shales from the Belluno Through (Southern Alps, Italy)[END_REF][START_REF] Weedon | Cyclostratigraphy and the Early Jurassic timescale; data from the Belemnite Marls, Dorset, southern England[END_REF]. The Fourier analysis is based on the identification of the different sinusoidal curves that compose the sampled signal. The confidence levels for each estimated frequency were calculated using the test of [START_REF] Mann | Robust estimations of background noise and signal detection in climatic time series[END_REF]. The Maximum Entropy method is known to be the most accurate spectral analysis technique for short-time series [START_REF] Ulrych | Maximum entropy spectral analysis and autoregressive decomposition[END_REF][START_REF] Pardo-Igúzquiza | Maximum entropy spectral analysis of climatic time series revisited: assessing the statistical significance of estimated spectral peaks[END_REF]. This method is based on the comparison between a spectral density from a randomly dataset. With this method, confidence levels were calculated following Pardo-Igúzquiza and [START_REF] Pardo-Igúzquiza | MAXENPER: a program for maximum entropy spectral estimation with assessment of statistical significance by the permutation test[END_REF]. We applied the two methods to the percentage of calcium carbonate and the size variations of C. crassus. All analyses were performed using the Strati-Signal free software [START_REF] Ndiaye | A multipurpose software for Stratigraphic Signal Analysis[END_REF]. [START_REF] Bown | Taxonomy, evolution, and biostratigraphy of the late Triassic-early Jurassic calcareous nannofossils[END_REF]. In both images, the coccolith is in proximal view.

Mixture analysis

Mixture analysis is a maximum-likelihood method for identifying the existence of two or more distinct distributions in an initially pooled sample and estimating their descriptive parameters [START_REF] Redner | Mixture densities, maximum likelihood and the EM algorithm[END_REF][START_REF] Titterington | Size variations of the calcareous nannofossil taxon Discoaster multiradiatus (Incertae sedis) across the Paleocene-Eocene thermal maximum in ocean drilling program holes 690B and 1209[END_REF][START_REF] Harper | Numerical Palaeobiology[END_REF]. In this study, we used the Gaussian Mixture analysis algorithm implemented in PAST software (v. 1.81;[START_REF] Hammer | PAST: paleontological statistics software package for education and data analysis[END_REF]. Among the six studied variables, we selected the major axis of the distal cycle as it shows the largest absolute variations simultaneously with the analysed time series (Fig. 5) and the smallest relative values of the measurement error (2-3%). Based on this parameter, we estimated the distribution parameters (mean, standard deviation and sample proportion) related to one or two distinct groups of C. crassus by analysing first the entire dataset, then each sampled assemblage separately. A one-and two-group model comparison was achieved by contrasting their associated Akaike Information Criterion (AIC, [START_REF] Akaike | Information theory and an extension of the Maximum Likelihood principle[END_REF][START_REF] Akaike | Information measures and model selection[END_REF]. The statistical procedure developed by [START_REF] Favre | A contribution to deciphering the meaning of AP/NAP with respect to vegetation cover[END_REF] allowed the optimised separation of two sets of normally distributed values. This method is based on two a priori defined sets of values, namely A (with the smallest mean) and B (with the largest mean), obtained for a given, normally distributed variable X. The [START_REF] Favre | A contribution to deciphering the meaning of AP/NAP with respect to vegetation cover[END_REF] method allows the identification of the critical value ζ, for which the product of the conditional probabilities of correctly assigning an individual value x to set A, given that x≤z, or to set B, given that x≥z, is maximal. Stated differently, ζ is the critical value for the sets of values A and B, for which the joint-prediction error-risk of incorrectly attributing any single value x to A or B is minimal. Finally, we compared the mixture analysis results along the analysed time series to determine whether stratigraphic fluctuations of a given variable are the consequence of size variations of the entire assemblage, or, in contrast, if they reflect changes in the relative abundance of two or more groups with distinct, but statistically stable, distributions through time (e.g., [START_REF] Popescu | Galeacysta etrusca complex, dinoflagellate cyst marker of Paratéthyan influxes into the Mediterranean sea before and after the peak of the Messinian salinity crisis[END_REF]. Measurements of 30 specimens (major axis) per sample give a maximal error of 10% (95% confidence interval).With an increasing sample size (e.g., 50, 100,…500 measurements), this error percentage of the average value very little decreases.

Results

Calcium carbonate contents

The calcium carbonate contents of the studied samples range between 24% and 85%, and they show a remarkably regular cyclicity throughout the entire studied interval (Figs. 2 and4). The preliminary data indicate that the absolute abundance of calcareous nannofossils per gram of rock (on average=171×10 6 ±1 SD) is relatively low with respect to basal Toarcian samples of the same section (on average=340×10 6 ±1 SD) (Mattioli, in progress). Moreover, the absolute abundance of calcareous nannofossils is higher in marlstones (on average=185×10 6 ±1 SD) than in argillaceous limestones (on average=125×10 6 ±1 SD).

Size variations

Excepting the minor axis of the central area, which shows rather constant values along the studied stratigraphic interval, the evolution of the different measured parameters through time appear broadly similar and parallel to each other (Fig. 5). The different pattern of the minor axis of the central area is most likely due to the error of the measurements (estimated to be±0.17 μm) being comparable to the observed range of mean variation for this variable (∼0.50 μm). Moreover, the central area dimensions of C. crassus are often difficult to estimate, especially when central area is filled with fine calcite particles.

A comparison of the general pattern of size variations with the percentage of calcium carbonate shows that these two parameters have opposite trends at least for the lower part (from PLP 177 to PLP 210) and the upper part (from PLP 224 to PLP 240) of the studied interval (Fig. 5; Correlation coefficient of Pearson r=-0.51; p (H0: r=0)=10-4). This antiphase relationship appears less clearly in the middle part of the studied interval (from PLP 211 to PLP 223) where, in contrast, both parameters appear to fluctuate in phase (Fig. 5; Correlation coefficient of Spearman ρ=0.5989; p (H0: ρ=0)=0.0305). With the exception of this interval, the high calcium carbonate contents correspond to small sized coccoliths of C. crassus, whereas the larger coccoliths are generally recorded in marlstones. 

Implications for the Lower Jurassic timescale

Together, the two applied methods of spectral analysis of the whole CaCO 3 dataset indicate that three main sedimentary cycles (162 cm-152 cm, 55 cm and 33 cm) are statistically significant. Based on the duration of the Pliensbachian (6.6 Ma; [START_REF] Gradstein | A geologic time scale[END_REF], and assuming that the sedimentation rates remained relatively constant during the Pliensbachian (for a total accumulation of a ∼100 m-thick succession), the ∼157 cm, 55 cm and 33 cm sedimentary cycles correspond to durations of 104 ky, 36 ky, and 22 ky, respectively.

Using the duration of the Early Pliensbachian (2.6Ma; [START_REF] Gradstein | A geologic time scale[END_REF], the ∼157 cm, 55 cm and 33 cm sedimentary cycles correspond to durations of 79 ky, 28 ky and 17 ky, respectively. In this case, the error associated with the assumption of a regular sedimentation rate could be considered reduced because a shorter time interval (the Early Pliensbachian) is considered. However, the duration of this substage is only based on the hypothesis of an equal duration of ammonite subzones [START_REF] Gradstein | A geologic time scale[END_REF], an assumption that is highly unlikely to be correct. These latter estimated durations should therefore be considered with caution.

Considering the calculated durations of the different cycles obtained from the two spectral analysis methods of the whole CaCO 3 dataset and the hierarchy existing between them (4.7:1.6:1), we attribute the ∼157 cm, 55 cm and 33 cm cycles to the effects of the short eccentricity of the Earth's orbit, obliquity and precession, respectively.

To refine the astronomical timescale for the interval chosen for biometrics, the Fourier and Maximum entropy analyses were also applied to the percentage of calcium carbonate content in the interval from 10.5 m to 14.5 m (Figs. 2 and6C, D). In both analyses, 2 cycles of 160 cm and 32 cm were identified with a >90% confidence level. According to the wavelength of the significant cyclicities evidenced from the spectral analysis applied to the whole CaCO3 dataset, we attribute these cycles of 160 cm and 32 cm to the short eccentricity and precession of the Earth, respectively. 

Spectral analyses of Crepidolithus crassus size variations

The Maximum entropy and Fourier analyses applied to the distal cycle major axis of the C. crassus coccoliths reveal cycles of 160 cm, 36 cm and 13 cm identified with a >90% confidence level (Fig. 6E,F). Cycles close to the Nyquist number (1/2×the sampling step) often occur in spectral analysis but they are artefacts inherent to the method [START_REF] Weedon | Time-series analysis and cyclostratigraphy: examining stratigraphic records of environmental cycles[END_REF]. Therefore, only cycles defined by more than five samples can be considered significant. Such is not the case for a 13 cm cycle defined by 2.5 samples. It is noteworthy that the wavelengths of the significant cyclicities in the C. crassus distal cycle -major axis data are almost identical to those recorded in the calcium carbonate data from the same interval (Fig. 6C,D). 

Mixture analysis

A mixture analysis of the whole data set (all samples pooled together) reveals two differentsized groups (Fig. 7). Following the nomenclature used for Calcidiscus leptoporus [START_REF] Knappertsbusch | Morphologic variability of the coccolithophorid Calcidiscus leptoporus in the plankton, surface sediments and from the Early Pleistocene[END_REF], the first group will be hereafter designated as "small crassus". The major axis of the "small crassus" distal cycle has a mean size of 6.5±0.75 μm; this group includes ∼37% of the sampled specimens. The major axis of the distal cycle of the second group, hereafter termed "large crassus", has a mean size of 8.5±0.75 μm; it includes ∼63% of the sampled specimens. Using the statistical procedure developed by [START_REF] Favre | A contribution to deciphering the meaning of AP/NAP with respect to vegetation cover[END_REF], we estimate a between-group cut-off value of ζ=7.5 μm with associated model distribution probabilities Proba(x∈"small crassus" x ≤ ζ)=Proba (x∈"large crassus" x≥ζ)=90.9% -due to the equality of the standard deviations associated with the two groups. Nevertheless, it is worth stressing that this major axis cut-off value of 7.5 μm between the "small crassus" and "large crassus" groups is by no means a clear-cut boundary that can be used, for example, for taxonomical purposes; it is rather a fuzzy limit between these groups.

The mixture analysis was further applied to each sample separately and the resulting solutions were compared to the two biometrical groups obtained from the whole dataset (Fig. 8). In all cases where the mixture analysis provided a two-group solution instead of a single group solution (based on their associated AIC-values), the mean size of the two groups was statistically identical to that of the two groups identified in the whole dataset. In most samples, the "large crassus" group is themost abundant, whereas only a few levels are dominated by the "small crassus". The variation in relative abundance of the two groups appears fairly regular. A negative correlation is observed between the percentage of calcium carbonate and the relative abundance of the "large crassus" coccoliths at least for the lower (PLP 177 to PLP 210) and upper parts of the studied interval (PLP 224 to PLP 240) (Fig. 8; Correlation coefficient of Pearson r=-0.50; p (H0: r=0)=2×10-4), which represent the majority of the samples. This negative correlation stays significant even when removing the 7 samples from the dataset that correspond to the three carbonate-rich beds (Pearson r=-0.47; p (H0: r=0)=1.4×10-3). However, no correlation is observed between the percentage of the "large crassus" and the %CaCO3 between samples PLP 211 to PLP 223 (Fig. 8; Correlation coefficient of Spearman ρ=0.33; p (H0: ρ=0)=0.2643).

The scatter diagram of the mean distal cycle major axis vs. the relative abundance of the "large crassus" coccolith group illustrates a moderately linear correlation (Pearson r=0.615; Fig. 9). This correlation indicates that ∼61.5% of the observed mean size variations are explained by fluctuations in the relative abundance of the "small" and "large crassus" groups. The remaining (unexplained) part of the size variation is probably due to intra-group size variations, but it cannot be discussed here due to the limited number of specimens (30) measured in each sample.

Fig. 8. Comparison between variations in the calcium carbonate content of the samples and the changes in the percentage of the two groups ("large crassus" in grey and "small crassus" in black). The "large crassus" group is more abundant in marlstones and "small crassus" group is more abundant in argillaceous limestones.

Discussion

Diagenesis and coccolith size

The spectral analyses applied to the coccolith measurements indicate that the variations in the distal cycle major axis record a clear cyclical pattern. The periodicity of this pattern is in the same range as that identified for changes in the calcium carbonate contents (Fig. 6). Based on the cyclostratigraphic timescale developed from the spectral analysis of the wt.%CaCO 3 contents, the size variations of C. crassus appear to have been paced by both precession and short eccentricity. However, eccentricity-related cycles in the coccolith size dataset should be considered with caution because our time series only spans two eccentricity cycles, and it is commonly considered that at least 6 cycles should be analysed to confidently identify the characteristic wavelength of any particular cycle [START_REF] Weedon | Time-series analysis and cyclostratigraphy: examining stratigraphic records of environmental cycles[END_REF].

In contrast, we have good confidence in the precession record because 10 cycles were recorded in the coccolith dataset.

Even if diagenesis is cited as a possible cause for the origin of marlstone/limestone couplets and their cyclicities (e.g., [START_REF] Einsele | Limestone-Marl alternation -an overview[END_REF], most authors disagree with this hypothesis (e.g., [START_REF] Claps | Milankovitch-type cycles recorded in Toarcian black shales from the Belluno Through (Southern Alps, Italy)[END_REF][START_REF] Weedon | Cyclostratigraphy and the Early Jurassic timescale; data from the Belemnite Marls, Dorset, southern England[END_REF][START_REF] Hilgen | Integrated stratigraphy and astronomical tuning of the Serravallian and lower Tortonian at Monte dei Corvi (Middle-Upper Miocene, northern Italy)[END_REF][START_REF] Weedon | Time-series analysis and cyclostratigraphy: examining stratigraphic records of environmental cycles[END_REF].Despite the overall good preservation of coccoliths in the Peniche samples, some overgrown specimens of C. crassus have been observed in some samples. Coccoliths showing distinctive signs of overgrowth or dissolution were not measured in our biometric study. Observations show that overgrowth mainly affects the distal, outer cycle of the coccoliths, which can therefore be enlarged. An excellent parallel is observed between the different measured parameters of C. crassus (Fig. 5), indicating that the distal (outer) cycle of C. crassus was relatively unaffected by diagenesis. Moreover, according to the diagenetic model (e.g., [START_REF] Einsele | Limestone-Marl alternation -an overview[END_REF], a more intense dissolution would be expected in marlstones than in argillaceous limestones, where larger and more overgrown coccoliths of C. crassus should be recorded accordingly. Conversely, our biometric study indicates that larger coccoliths (not overgrown or dissolved) are recorded in marlstones throughout the studied interval, suggesting that neither dissolution nor overgrowth can explain the observed size variations of C. crassus.

All of these observations suggest that diagenesis is not the main cause of the observed biometrical trends, and they indicate that our record of C. crassus size variations reflects primary palaeobiological/environmental trends. We thus interpret our results as providing strong evidence that the C. crassus size variations and carbonate contents were both controlled by orbitally-forced changes in environmental parameters during the studied interval (Fig. 6). 

Size changes of one species or variations in the abundance of differently-sized groups?

The results of the mixture analysis appear to be useful in interpretations of algal size variations because the distal cycle major axis taken into consideration is generally believed to be of fundamental importance to the morphogenesis of coccoliths. Indeed, coccoliths are produced inside the cell [START_REF] Westbroek | Mechanism of calcification in the marine alga Emiliania huxleyi[END_REF] and, according to [START_REF] Henderiks | Coccolithophore size rules -reconstructing ancient cell geometry and cellular calcite quota from fossil coccoliths[END_REF], a linear isometric relation exists between coccoliths and cell sizes. Hence, coccolith lengths offer most of the morphogenetic information because the size of a coccolith is limited by the cell dimension. Consequently, we can confidently interpret variations of the mean size of the distal cycle major axis as reflecting primary changes in the dimension of the entire cell of a coccolithophore.

The mixture analysis clearly indicates the existence of two size groups in the analysed dataset (Fig. 7). The relative abundance of these two groups shows cyclic variations through time (Fig. 8). When comparing the stratigraphic evolution of the coccolith mean size with the percentage of the two groups (Fig. 8), most of the size variations appear to be explained by changes in the relative proportions of the "small crassus" and the "large crassus". This record strongly suggests that the cyclic pattern of the size of C. crassus actually reflects orbitallyforced changes in the relative dominance of "large crassus" to "small crassus".

The biodiversity of present-day oceans is largely underestimated [START_REF] De Vargas | Origin and evolution of coccolithophores: from coastal hunters to oceanic farmers[END_REF]. Recent species identifications based on genetics indicate that the existence of numerous cryptic species within coccolithophorids are undistinguishable solely on the basis of coccolith or coccosphere morphology [START_REF] Sáez | Body doubles[END_REF]. Cryptic species appear to be common in plankton communities, both with coccolithophorids and planktic foraminifers [START_REF] Geisen | Life-cycle associations involving pairs of holococcolithophorid species: intraspecific variation or cryptic speciation?[END_REF][START_REF] Sáez | Body doubles[END_REF][START_REF] De Vargas | Origin and evolution of coccolithophores: from coastal hunters to oceanic farmers[END_REF]. Sometimes these cryptic species can be differentiated on the basis of their size or on fine morphological differences, and they are therefore named pseudo-cryptic [START_REF] Geisen | Life-cycle associations involving pairs of holococcolithophorid species: intraspecific variation or cryptic speciation?[END_REF][START_REF] Sáez | Body doubles[END_REF][START_REF] Morard | A model for morphological recognition in cryptic species of Orbulina universa (planktonic foraminifera)[END_REF]. Pseudo-cryptic species quite often have different ecological preferences and live in various oceanographic settings [START_REF] De Vargas | A molecular approach to biodiversity and biogeography in the planktonic foraminifer Globigerinella siphonifera (d'Orbigny)[END_REF]. Even if we cannot infer at this stage that the "small" and "large crassus" groups were pseudo-cryptic species, our results can be compared to data obtained for Calcidiscus leptoporus. Calcidiscus leptoporus is a complex of three pseudo-cryptic species distinguishable on the basis of coccolith and coccosphere size and fine morphological characteristics [START_REF] Knappertsbusch | Morphologic variability of the coccolithophorid Calcidiscus leptoporus in the plankton, surface sediments and from the Early Pleistocene[END_REF][START_REF] Sáez | Body doubles[END_REF]. Interestingly, these pseudo-cryptic species have different ecological preferences [START_REF] Renaud | Seasonal variations in the morphology of the coccolithophore Calcidiscus leptoporus off Bermuda (N. Atlantic)[END_REF]. As the "small crassus" generally appears to be more abundant in carbonates and the "large crassus" is more abundant in marlstones, we can reasonably assume that the two groups had different ecological preferences. Accordingly, the clear cyclicity of their relative abundance through time should have been logically driven by orbitally-forced changes in environmental conditions.

Environmental conditions controlling variations in the abundance of the two groups of C. crassus

Water temperature, salinity, and nutrient concentration are known to control the assemblage composition of coccolithophores and coccolith size (e.g., [START_REF] Westbroek | Coccolith production (biomineralization) in the marine alga Emiliania huxleyi[END_REF][START_REF] Bollmann | Morphology and biogeography of Gephyrocapsa coccoliths in Holocene sediments[END_REF][START_REF] Green | Changes in calcification and the dimensions of coccoliths of Emiliania huxleyi (Haptophyta) grown at reduced salinities[END_REF][START_REF] Bollmann | Morphological variation of Emiliania huxleyi and sea surface salinity[END_REF][START_REF] Zondervan | The effects of light, macronutrients, trace metals and CO2 on the production of calcium carbonate and organic carbon in coccolithophores-a review[END_REF][START_REF] Bollmann | The effect of sea water salinity on the morphology of Emiliania huxleyi in plankton and sediment samples[END_REF]. Numerous studies have related changes in Mesozoic and Cenozoic coccolithophore communities to changes in nutrients fluxes [START_REF] Beaufort | Fluctuations in the composition of late Miocene calcareous nannofossil assemblages as a response to orbital forcing[END_REF][START_REF] Erba | Calcareous nannofossils and Milankovitch cycles: the example of the Albian Gault Clay Formation (southern England)[END_REF][START_REF] Beaufort | Climatic importance of the modulation of the 100 kyr cycle inferred from 16 m.y. long Miocene records[END_REF][START_REF] Walsworth-Bell | Calcareous nannofossil cyclostratigraphy of the belemnite marls (Pliensbachian, UK), 8th International Nannoplankton Association[END_REF][START_REF] Pittet | The carbonate signal and calcareous nannofossil distribution in an Upper Jurassic section (Balingen-Tieringen, Late Oxfordian, southern Germany)[END_REF]. The distribution and size of coccolithophorid can also be controlled by temperature changes related to latitudinal belts and thermo-haline circulation, as shown for C. leptoporus and Gephyrocapsa spp. [START_REF] Bollmann | Morphology and biogeography of Gephyrocapsa coccoliths in Holocene sediments[END_REF][START_REF] Knappertsbusch | Morphologic variability of the coccolithophorid Calcidiscus leptoporus in the plankton, surface sediments and from the Early Pleistocene[END_REF]. In addition, salinity strongly influences the morphology of the modern species Emiliania huxleyi [START_REF] Bollmann | Morphological variation of Emiliania huxleyi and sea surface salinity[END_REF][START_REF] Bollmann | The effect of sea water salinity on the morphology of Emiliania huxleyi in plankton and sediment samples[END_REF]. Salinity, through sea-water stratification, may also have exerted a strong influence on ancient coccolithophore assemblages [START_REF] Mattioli | Calcareous nannoplankton changes across the early Toarcian oceanic anoxic event in the Western Tethys[END_REF]. Several studies of modern species cultures have suggested that pCO 2 , through ocean acidification, may also deeply influence coccolithophorid morphology and calcification [START_REF] Riebesell | Reduced calcification of marine plankton in response to increase atmospheric CO2[END_REF][START_REF] Langer | Species-specific responses of calcifying algae to changing seawater carbonate chemistry[END_REF][START_REF] Iglesias-Rodriguez | Phytoplankton calcification in a high-CO2 world[END_REF]. Dissolved CO 2 in oceanic waters has been observed to influence coccolith size in modern natural systems [START_REF] Zondervan | The effects of light, macronutrients, trace metals and CO2 on the production of calcium carbonate and organic carbon in coccolithophores-a review[END_REF], and is also inferred to influence the size of ancient coccoliths and nannoliths [START_REF] Bornemann | The impact of calcareous nannofossils on the pelagic carbonate accumulation across the Jurassic-Cretaceous boundary[END_REF][START_REF] Mattioli | Phytoplankton evidence for the timing and correlation of palaeoceanographical changes during the early Toarcian oceanic anoxic event (Early Jurassic)[END_REF]Tremolada et al., 2008). Nevertheless, the response of coccolithophorid calcification to pCO 2 conditions in cultures appears to vary both within and between species andmay also be greatly dependent on initial experimental conditions [START_REF] Riebesell | Reduced calcification of marine plankton in response to increase atmospheric CO2[END_REF][START_REF] Langer | Species-specific responses of calcifying algae to changing seawater carbonate chemistry[END_REF][START_REF] Iglesias-Rodriguez | Phytoplankton calcification in a high-CO2 world[END_REF], thus preventing any generalisation. Lastly, it should be noted that light availability within the photic zone and water transparency are also considered important factors that control the development of photo-autotrophic communities [START_REF] Hallock | Fluctuation in the trophic resource continuum: a factor in global diversity cycles?[END_REF][START_REF] Ahagon | Florisphaera profunda, a possible nannoplankton indicator of late Quaternary changes in sea-water turbidity at the northwestern margin of the Pacific[END_REF].

Although the depth of the depositional basin in the Peniche area probably did not exceed 200 m during the early Jurassic (Bjerrumet al., 2001), we can reasonably assume that light intensity decreased with increasing depth, as it does in modern oceans [START_REF] Molfino | Precessional forcing of nutricline dynamics in the equatorial Atlantic[END_REF]. Accordingly, two water masses should have existed in the photic zone of the Jurassic Lusitanian basin: 1) the upper photic zone, corresponding to a water body where light was available but, because of settling, nutrients were scarce; and 2) the lower photic zone, which was probably richer in nutrients but had a limited light intensity. Recent works suggest that C. crassus was a deep-dweller in relation with its large size (in fact it is the largest coccolith of the early Jurassic), and its abundance in distal environments [START_REF] Bour | Nannofacies analysis as a tool to reconstruct paleoenvironmental changes during the Early Toarcian anoxic event[END_REF][START_REF] Mattioli | Calcareous nannoplankton changes across the early Toarcian oceanic anoxic event in the Western Tethys[END_REF]. Often in Lower Jurassic samples, faecal pellets are observed to be composed solely of C. crassus and Crepidolithus cavus, suggesting these two species should have had a habitat different (deeper) than all the other coccoliths (Mattioli, personal observation). Crepidolithus crassus was therefore likely inhabiting the lower photic zone in a way that is similar to the living species Florisphaera profunda [START_REF] Molfino | Precessional forcing of nutricline dynamics in the equatorial Atlantic[END_REF]. Other nannoliths seems to have had a similar habitat in the fossil record such as the Cretaceous nannoconids [START_REF] Erba | Nannofossils and superplumes: the early Aptian "nannoconid crisis[END_REF]. The two limiting factors for the development of F. profunda and, more generally, of deep-dweller species are the nutricline depth within the photic zone [START_REF] Molfino | Precessional forcing of nutricline dynamics in the equatorial Atlantic[END_REF] and the degree of light penetration dependent on the transparency of the water column [START_REF] Ahagon | Florisphaera profunda, a possible nannoplankton indicator of late Quaternary changes in sea-water turbidity at the northwestern margin of the Pacific[END_REF].

The size of the coccosphere is generally related to the size of the cell, which in turn controls the size of the coccolith [START_REF] Westbroek | Mechanism of calcification in the marine alga Emiliania huxleyi[END_REF][START_REF] Henderiks | Coccolithophore size rules -reconstructing ancient cell geometry and cellular calcite quota from fossil coccoliths[END_REF]. Interestingly, [START_REF] Young | Functions of coccoliths[END_REF] proposed a link between both the mass and the size of the coccosphere and the habitat depth of coccolithophorids within the oceanic photic zone related to a ballasting effect. The "small crassus" group, because of its smaller coccolith size, should have formed smaller coccospheres, which in turn should have been characterised by a lighter mass than the "large crassus" group. Thus, it seems likely that the "small crassus" thrived at shallower depths in the lower photic zone than the "large crassus". As the proportion of the two morphotypes of C. crassus appears to have been controlled by orbital forcing, we can reasonably infer that the recorded size changes correspond to variations in the nutricline depth or the water column transparency. Fluctuations of nutricline depth in tune with orbital cycles have already been recognised on the basis of coccolith assemblages in the Neogene [START_REF] Beaufort | Fluctuations in the composition of late Miocene calcareous nannofossil assemblages as a response to orbital forcing[END_REF][START_REF] Beaufort | Climatic importance of the modulation of the 100 kyr cycle inferred from 16 m.y. long Miocene records[END_REF].

Other environmental parameters potentially controlling coccolith size in the Peniche area cannot be excluded. However, according to oxygen isotope analyses and biomarker evidence, important temperature or salinity fluctuations are not observed in the short time interval studied (Veiga de [START_REF] Veiga De Oliveira | Avaliação do potencial gerador de petroleo e interpretação paleoambiental com base em biomarcadores e isotopos estaveis de carbono da seção Pliensbaquiano-Toarciano inferior (Jurassico Inferior) da região de Peniche (Bacia Lusitânica, Portugal)[END_REF][START_REF] Suan | Secular environmental precursors to Early Toarcian (Jurassic) extreme climate changes[END_REF]. Large temperature variations have been observed in the upper photic zone during recent glacial/interglacial fluctuations, but these variations are much reduced at tropical latitudes [START_REF] Liu | Early onset and origin of 100-kyr cycles in Pleistocene tropical SST records[END_REF]. Even though the Late Neogene is probably not a good analogue to the Jurassic system, we can reasonably infer that temperature fluctuations were small on a precessional scale at the palaeolatitude at which Peniche was situated during the Pliensbachian. Though changes in pCO 2 can influence the biocalcification of coccoliths and coccolithophore cell sizes in cultures [START_REF] Riebesell | Reduced calcification of marine plankton in response to increase atmospheric CO2[END_REF][START_REF] Langer | Species-specific responses of calcifying algae to changing seawater carbonate chemistry[END_REF][START_REF] Iglesias-Rodriguez | Phytoplankton calcification in a high-CO2 world[END_REF], the variations in pCO 2 recorded in the precession couplet for the last 800,000 years seem to have been very small (max 100 ppm; [START_REF] Petit | Climate and atmospheric history of the past 420,000 years from the Vostok ice core, Antartica[END_REF][START_REF] Duplessy | Insolation and sea level variations during Quaternary interglacial periods: a review of recent results with special emphasis on the last interglaciation[END_REF]. It should be emphasized that the amount of pCO 2 variations at the precession timescale during the early Jurassic is currently poorly-constrained. Nevertheless, it can be reasonably assumed that pCO 2 changes at such timescales were in the same order of magnitude as that evidenced for the last 800,000 years, although Jurassic pCO 2 levels were much higher than in the Quaternary [START_REF] Fletcher | Atmospheric carbon dioxide linked with Mesozoic and early Cenozoic climate changes[END_REF]. Accordingly, it is unlikely that pCO 2 changes were the main factor that controlled the variations in size of C. crassus. Fig. 10. Changes in the dominance of the different-sized C. crassus groups during a precession cycle. 1. During marlstones deposition: the storm activity was weak, the nutricline was relatively deep and the photic zone was expanded; in these conditions, the "large crassus" group was dominant. 2. During argillaceous limestone deposition: the storm activity was more intense, the turbidity was enhanced in the water column and the light penetration decreased. Mixing in the photic zone favoured nutrient recycling. Such conditions favoured the development of the "small crassus" group.

Proposed environmental model

Regardless of the precise environmental parameter that controlled the abundance of the two differently-sized groups, any considered explanation should take into account the coeval fluctuations of the carbonate contents observed through the same interval (Fig. 8). Based on these considerations, an environmental model is here proposed (Fig. 10). First, the nannofossil absolute abundance indicates that the carbonate mud in Peniche was probably not produced by nannofossils, and was thus most probably linked to platform production and export, as proposed for the early Toarcian time interval in the same area (Suan et al., 2008a). Analogously to modern systems (e.g., the Bahamas, [START_REF] Hine | Offbank transport of carbonate sands along open, leeward bank margins: Northern Bahamas[END_REF][START_REF] Nittrouer | Transport of particles across continental shelves[END_REF], the export of carbonate mud from shallow platforms towards the Lusitanian basin was probably linked to storm activity, intensity and/or frequency. Hence, the average turbidity of surface waters was likely higher during argillaceous limestone deposition because of an increased (micro-) particle export from surrounding platforms. If storms were at the origin of the remobilisation of carbonate mud produced in shallower environments in times of argillaceous limestone deposition, mixing in the water column was probably more intense than during marlstone formation. Due to mixing in the upper photic zone, the nutricline was shallower and because of the micro-particles in suspension, the turbidity was enhanced. In these conditions, light penetration in the lower photic zone was reduced, thus limiting the development of the "large crassus". Conversely, less carbonate was exported during marlstones formation, probably in relation to decreased storm activity, which may have increased water column transparency and promoted water stratification, favouring a deepening of the nutricline. These conditions in turn allowed the proliferation of the "large crassus".

If this model holds true, the cause and meaning of the "perturbed" interval (from samples PLP 211 to PLP 223), where the calcium carbonate content, coccolith size and relative abundance of "large crassus" are correlated, still remains unclear. The base of this interval coincides with the boundary of the Jamesoni and Ibex ammonite zones; interestingly, the horizon where the minimum coccolith size was measured is immediately followed by a level enriched in organic matter (just below the Jamesoni/Ibex boundary). Perhaps a local environmental stress at the Jamesoni/Ibex boundary could explain the breakdown of the regular variations observed before and after this interval. In Italy, the positive δ13C excursion starting at the Jamesoni/Ibex limit has been interpreted as representing stressful eutrophic conditions but without any evidence of global extension [START_REF] Morettini | Carbon isotope stratigraphy and carbonate production during the Early-Middle Jurassic: examples from the Umbria-Marche-Sabina Apennines (central Italy)[END_REF]. Further geochemical analyses (e.g., Total Organic Carbon and bulk carbonate oxygen isotope values) may help in understanding the nature of environmental stress around the Jamesoni/Ibex boundary in Peniche.

Conclusion

• High-resolution biometrics performed on the coccolith Crepidolithus crassus in the early Pliensbachian of Peniche, Portugal, provides clear evidence that orbital cycles exerted an important influence on the variations in algae size over a ∼200 kyr time interval. The size of C. crassus is inversely correlated with calcium carbonate content, indicating that both parameters were likely controlled by similar, orbitally-paced changes in environmental conditions.

• Mixture analyses applied to the whole dataset and to each stratigraphic sample indicate that the size variations of C. crassus through time likely reflect changes in the relative abundance of two differently-sized groups: "small crassus", with a mean major axis size of 6.5±0.75 μm, and "large crassus", with a mean size of 8.5±0.75 μm. We thus propose that these two groups were both characterised by ecological affinities for the lower photic zone habitat, and they could regulate their buoyancy and habitat depth in the water column through their coccolith masses.

• As the two differently-sized groups recorded in our study likely inhabited slightly different water-depth habitats, they may have corresponded with pseudo-cryptic species whose alternating dominance likely reflects a fluctuating nutricline and photic zone depth, under the control of the orbital cycles of eccentricity and precession. Biometrics on coccoliths, therefore, seems to be a promising tool for reconstructing nutricline fluctuations and cryptic biodiversity in deep geological times.

• In the last decade, considerable research efforts have focused on the physiological response of coccolithophore algae to anthropogenic CO 2 emissions and their influence on ocean acidification [START_REF] Riebesell | Reduced calcification of marine plankton in response to increase atmospheric CO2[END_REF][START_REF] Langer | Species-specific responses of calcifying algae to changing seawater carbonate chemistry[END_REF][START_REF] Iglesias-Rodriguez | Phytoplankton calcification in a high-CO2 world[END_REF]. Also, large changes in coccolith and nannolith size reported during major events of environmental changes, like the Mesozoic anoxic events or the Palaeocene-Eocene Thermal Maximum, have been generally interpreted in terms of CO 2 -induced perturbations (Mattioli et al., 2004;[START_REF] Bornemann | Size analyses of the coccolith species Biscutum constans and Watznaueria barnesiae from the Late Albian "Niveau Breistroffer" (SE France): taxonomic and palaeoecological implications[END_REF]Suan et al., 2008a;Tremolada et al., 2008). In contrast, our study demonstrates that regular, orbitally-driven algal size (and mass) changes, which are in the same range of mass reduction observed in cultures under increased pCO2, can occur in response to non-catastrophic environmental fluctuations. Although increasing evidence suggests that ocean acidification represents a major threat to marine biodiversity [START_REF] Feely | Impact of anthropogenic CO2 on the CaCO3 system in the Oceans[END_REF][START_REF] Orr | Anthropogenic ocean acidification over the twenty-first century and its impact on calcifying organisms[END_REF], our results suggest that coccolithophore bio-calcification may be also deeply influenced by orbitally-controlled environmental factors. These factors, therefore, should also be taken into consideration by future investigations.
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 1 Fig. 1. A: Palaeogeography during the Early Jurassic[START_REF] Scotese | Paleomap Project[END_REF]. B: Zoom showing the location of Peniche within the Lusitanian Basin during the Early Jurassic (modified from[START_REF] Bassoulet | Mid Toarcian[END_REF].

Fig. 2 .

 2 Fig. 2. Stratigraphic column of the Lower Pliensbachian part of the Peniche section with highresolution calcium carbonate values. The part of the section that was selected for the biometric study on coccoliths is enlarged.

Fig. 3 .

 3 Fig.3. On the left, sketch illustrating the structure of Crepidolithus crassus. This coccolith-murolith is composed of 2 cycles (proximal and distal) formed of little platelets of calcite. A reduced, elliptical central area is present that can be filled by calcite debris. The two axes of measurements (the major and the minor axis) are indicated. On the right, a microphotograph of C. crassus in Scanning Electron Microscopy[START_REF] Bown | Taxonomy, evolution, and biostratigraphy of the late Triassic-early Jurassic calcareous nannofossils[END_REF]. In both images, the coccolith is in proximal view.

Fig. 4 .

 4 Fig. 4.Monte-Carlo simulation based on the generation of increasing size samples by random sorting with nonparametric bootstrap within the entire measurement pool (64 samples, 1910 specimens).Measurements of 30 specimens (major axis) per sample give a maximal error of 10% (95% confidence interval).With an increasing sample size (e.g., 50, 100,…500 measurements), this error percentage of the average value very little decreases.
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 5 Fig. 5. Interval where biometric analyses were performed. Calcium carbonate content is compared to the variations in size of C. crassus. Average values of major and minor axes of distal and proximal cycles and of the central area are shown. Error bars correspond to standard deviation. In the sample with the dashed line, only 20 specimens were measured instead of 30 as for the other samples.

Fig. 6 .

 6 Fig. 6. Fourier (A) and Maximum entropy (B) analyses of calcium carbonate content measured on 455 samples regularly spaced. Fourier (C) and Maximum entropy (D) analyses of calcium carbonate content measured on the interval studied for biometry analysis (64 samples). Fourier (E) and Maximum entropy (F) analysis of biometric results on measurements of major axis (distal cycle). The confidence levels of Fourier analyses were calculated using the Mann and Lees (1996) test. The confidence levels of Maximum entropy analyses were calculated using a permutation test (Pardo-Igúzquiza and Rodríguez-Tovar, 2005).

Fig. 7 .

 7 Fig. 7. Histogram describing the frequency of specimens in the different class sizes of the distal cycle major axis (one class=0.33 μm). Two Gaussian distributions have been modelled by mixture analysis. Thus, two size groups are proposed for C. crassus: the "large crassus" and the "small crassus" (scale bar=5 μm).
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 9 Fig. 9. Regression plot between the size of the distal cycle major axis of C. crassus and the percentage of "large crassus" group.
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