EARTHTIME-EU - Short Visit Grant 
PhD project title: Surface ocean productivity through the Eocene-Oligocene transition.
Purpose of the visit

The purpose of the visit was to participate in the Urbino Summer School in Paleoclimatology. The visit was important for building my general knowledge in the field of paleoclimatology, enabling me to have a better understanding of the many interlinking topics associated with my PhD. It was also an excellent opportunity to make contacts with both fellow students and academics more advanced in their research disciplines. 

Context of my project

My project aims to produce direct records of surface ocean nutrient availability across the E/OT (Eocene/Oligocene transition), using the Sr/Ca preserved in coccolithophores (Stoll & Schrag, 2000). As coccolithophores are primary produces, the information preserved in their calcite tests is a direct record of the ocean’s euphotic zone. The E/OT, (~33.7 Ma), is a period of extreme climate change from “Greenhouse” to “Ice House” within ~400 ky (Coxall & Pearson, 2007). It is accompanied by changes in surface ocean ecosystems, with a shift in dominance from the coccolithophores to the diatoms. This shift may be associated with changes in nutrient cycling and/or ocean thermal structure due to the onset of the Antarctic Circumpolar Current, and may have been responsible for microplankton extinctions, especially amongst the tropical, oligotrophic taxa (Dunkley Jones et al., 2008). 

Decription of the work carried out during the visit

The majority of the work during the three-week stay was lecture based, with a few practicals and one field trip day. Lectures covered a wide field of topics including stable isotopes and how to critically examine the data, orbital forcing, modeling, ocean circulation patterns, biotic proxies, overviews of various types of plankton and their uses for examining paleoclimatology and much more. 

As with any course of this nature, some of the talks were more relevant to my line of research than others, but overall the course content certainly helped to broaden and deepen my knowledge of current paleoclimatology research. Prior to the course, I was particularly keen to learn more about numerical climate and carbon cycle modeling, as this was an area I had no experience in. It was interesting to hear from Prof. Andy Ridgwell, Prof. Mathew Huber and Prof. Rob DeConto how the parameters of the models can make profound differences in the results, and that the data that models rely on is often patchy in distribution, age range and resolution, despite being such an important component of setting a models parameters. This can make modeling work unreliable and yield inconsistent results if common sense is not applied to the models. Unfortunately, it was noted in the lectures that trying to model productivity of plankton and also the effect of factors (e.g. temperature, nutrient etc.) on proxies is difficult to do successfully, and so models are not often applied to this area of study. As a result, the outputs of numerical models are likely to inform the interpretation of my results, such as simulations of surface ocean phosphate concentrations (Pagani et al., 2011), rather than my results directly contributing to the future construction of numerical models. 
Other aspects of the course were much more relevant and potentially very beneficial for my research. I met Dr Jorijntje Henderiks (Uppsala University), who works on Cenozoic marine phytoplankton. In her talk she presented work that showed that at constant CO2 levels, the growth rate of the coccolithophore cells will vary dependent on the cell size; lager cells growing more slowly than the smaller ones. This is due to the surface are to volume ratio. Smaller cells have a proportionally lower surface area to volume ratio than larger cells. This means that the rate of movement of e.g. nutrients, CO2 etc., moving into the cell is more efficient for smaller cells, resulting in higher growth rates (Raven, 1998). This greater nutrient availability means that the smaller cells are able to grow faster than larger cells, as is observed in coccolithophore growth rates. Larger cells, however, have higher calcification rates than their smaller counterparts, producing more calcite per cell and per unit of time (Henderiks, 2008). 

Although the majority of coccoliths are found dissociated, it is still possible to estimate the coccolithophore cell size from the size of the coccoliths (Henderiks, 2008). This size differentiation might explain some of the variation in Sr/Ca responses that we have found in our data, as the coccoliths would have come from cells of different sizes, even within the same species. Between species there are differences in mean size as well as differences in their physiologies and metabolisms, which would affect the productivity of the cells. Today it is known that there are cryptic species amongst the coccolithophores, which would be impossible to identify from extinct fossilized remains (Henderiks, 2008). These cryptic species might explain the range of values seen in the coccoliths we measured. Although inter taxon variation is an important factor, it has been suggested that the specific volume-to-surface area ratio is the dominant control on the rate of fractionation of stable isotopes (e.g. 13C/12C and 18O/16O) and trace elements (e.g. Mg/Ca and Sr/Ca) incorporated into the cell (Laws et al., 1995; Popp et al., 1998; Ziveri et al., 2003; Stoll et al., 2002; Rickaby et al., 2007). This ratio is preserved in the chemistry of the calcium carbonate of coccoliths as they form during calcification. The rate that Sr is taken into a coccolithophore cell is dependent on growth rate, and varies between species depending on the species-specific average calcification rate (Stoll et al., 2002). 

The cell size is important for single celled organisms, as the surface area-to-volume ratio will impact the physiology of the cell. This results in different cell sizes having different advantages. At constant growth rates larger coccolithophore species will need more CO2 to sustain their growth rate than their small-celled relatives. This means that if there were a period of CO2 drawdown the decreased availability of CO2 would cause larger cells productivity to decrease compared to that of the smaller celled species (Henderiks, 2008). This could help explain variations in responses over the E/OT, as the different species would have different mean sizes, and it is thought that the onset of glaciation was in part caused by a CO2 drawdown (Zachos & Kump, 2005). It is likely, however, that the size of the coccolithophore cell is influenced by a range of passive ecological selection pressures (Henderiks & Pagani, 2008). Henderiks & Pagani (2008) found that the cell size of alkenone producing coccolithophores could be used as a proxy for CO2 levels, and the results correlated well with other CO2 proxy data. 

From the E/OB onwards until the Miocene, Henderiks & Pagani (2008) found that there is a trend of decreasing coccolith size (and therefore cell size) in the reticulofenestrid genus at site 516 in the south Atlantic. In the fossil record this genus has larger cell sizes coupled with high levels of diversity. It is thought that the decrease in cell size an adaptive response to the falling CO2 levels that occurred in association with the increased glaciation during this time. The presence of small coccoliths throughout the record at site 516 shows that there was little preferential dissolution or loss of the smallest coccoliths for this site, and so has not caused bias in the reticulofenestrid size records (Henderiks & Pagani, 2008).
Prof. Mark Pagani, who also lectured at the conference, talked about the applications of geochemistry and biomarkers. His work has been coupled with that of Dr Jorijntje Henderiks to examine the effect of cell size on the biomarker proxies, as it is important to understand how vital effects can affect the results obtained from proxies. They compared the size of the cells of the reticulofenestrids to changes in the alkenone record, to see what effect cell size has on carbon fractionation, as it is already known that cell allometry affects isotope fractionation. This is because large cells contain proportionately more carbon in their volume and have a small surface area, compared to small cells, which contain less carbon and have a higher surface area. Larger cells need a greater proportion of carbon to be incorporated into the cells but this is a slower process due to the reduced surface area, resulting in large cells being less discriminating against the isotopically heavy 13C compared to smaller cells under the same environmental conditions (e.g. Laws et al., 1995; Popp et al., 1998).

The C37 di-unsaturated alkenones are produced by a select group of coccolithophorids; the reticulofenestrids. These can be examined in two ways. The first is examining the stable isotopic carbon ratio in the alkenones (δ13Calk). This is to reconstruct paleo CO2 levels by determining the levels of CO2 in the surface waters of the oceans that the coccolithophores grew in. The second observation is based on the isotopic fractionation that has occurred during photosynthesis, preserved in the alkenones (εp37:2) (Bidigare et al., 1997,1999; Pagani et al., 2005). The εp37:2 has been found to be unaffected by the growth rate and cell geometry when reconstructing paleo CO2 when cells were cultured under nutrient limited conditions (Popp et al., 1998). 
The study by Henderiks & Pagani (2008) found that the periods with the largest average cell sizes corresponded with the δ13Calk values being at their most negative, indicating high levels of CO2. The study also confirmed results previously found (Pagani et al., 2005), that the εp37:2 values over the E-O are greater than in modern oligotrophic oceanic settings. Using the assumptions from Bidigare et al., 1997 and Pagani et al., 2005, the εp37:2 data can be interpreted as possibly being influenced by the following;

1) The cells size of the reticulofenestrids was smaller than of their modern alkenone producing counterparts. 
It is thought, however, when evidence from the δ13Calk is considered as well, that cell size was unlikely to have significantly affected the εp37:2 values. If the apparent decrease in cell size from the E/OT onwards were taken into account, this would imply that the CO2 would have been ~100 to 400 ppmv higher than previously thought. It is also possible that the εp37:2 record could have been affected by the proportion of large to small cell sizes amongst the reticulofenestrids, as larger cells would contribute a greater proportion of alkenones preserved in the fossil record to that of those produced by smaller cells, therefore slightly distorting results due to the differential rates of isotopic fractionation between large and small cells. 

The climate models produced by DeConto & Pollard (2003), used the data that was uncorrected for cell size, which has lower values of CO2. This data suggested it was the gradual decline in CO2 which caused the glaciation of the Antarctic at the start of the Oligocene. If the alkenone record for CO2 is corrected for cell size, then CO2 appears to increase just before the onset of the glaciation, and then falls as the glaciation continues. This is suggesting that the relationship between CO2 and ice formation in Antarctica is not as linier as once thought. 

2) The growth rates of coccolithophores were significantly lower than seen today in comparable oligotrophic settings. 

It is difficult to explain the high levels of εp37:2 from decreased algal growth rates over the E/OT because the authors could not deduce from the evidence a reasonable scenario which would create this situation. 
3) The CO2 levels were much greater at the E/OT than today. 

This is the simplest explanation for the increased εp37:2 seen over the E/OT. The CO2 then gradually decreased over time, reaching near modern values in the Miocene (Pagani et al., 2005). This also fits with the evidence from δ13Calk which indicates higher CO2 levels during the E/OT. 
Henderiks & Pagani (2008), conclude that the decrease in reticulofenestrid cell size and extinctions in the Oligocene, coupled with the changes in εp37:2 indicate that it was the decreasing CO2 which were the main long-term forcing factor resulting in decreased cell size. Evidence for a decrease in CO2 over the E/OT has been deduced from a number of sources. Temperature reconstructions based on Uk37 and TEX86 suggest a decrease in CO2 from 35.5 Ma to 32.5 Ma a fall from 1200 - 1000 ppm to 700 - 600 ppm, which is ~ 40% decrease in CO2 levels. Henderiks & Pagani (2008) suggest that neither nutrients or temperature were key drivers of cell size, as had been suggested previously by Finkel et al. (2005) from increased diatom productivity observed over the E/OT in both the Atlantic (Nilsen et al., 2003) and Southern Oceans (Anderson and Delaney, 2005). 
In the study by Pagani et al., (2011), the coccolithophore fossil record was examined at 6 DSDP or ODP sites (277, 336, 511, 925, 929, and 1090) over the E/OT, which were chosen because they represented a range of different oceanic conditions and therefore different environments that the coccolithophores would have grown in. Areas of limited nutrients (little upwelling) had lower rates of coccolithophore growth and smaller cell sizes. This also correlated with lower εp37:2 values, such as those which were found in the high latitudes of the Southern Ocean. This links in well with the results of the phosphate concentration model that predicted shallow upwelling and therefore decreased levels of nutrients that had been created for early Oligocene seas. It is unlikely that upwelling of nutrient rich bottom waters happened in the Eocene, unlike today, since the ocean currents were different. This is mainly due to the Drake Passage being closed in the Eocene, which prevented the Antarctic Circumpolar Current from forming until the Oligocene, when the passage opened (Barker & Thomas, 2004). This means that any upwelling was from shallower depths and consequently resulted in waters in the Southern Ocean being less phosphate enriched, compared to the present day (Toggweiler & Bjornsson, 2000). 

Pagani et al., (2011) found that not only did the coccolithophore cell size change throughout time (as correlated with CO2(aq)), but that there are also regional differences in cell size over the E/OT. This has been suggested to be linked with differences in nutrient distributions due to differences between upwelling at different locations (Henderiks & Pagani, 2008). Although, when comparing the results of the δ13C for plaeo CO2 levels at the different locations, it was found that in the high latitudes (Antarctic and sub-Antarctic) the CO2 estimates were significantly higher than estimates from low latitude sites. As cell size is thought to be linked with CO2, the differences in cell size might reflect different concentrations of CO2(aq). However, the difference in apparent CO2 concentrations cannot be explained by any modern disequilibrium distribution patterns that are observed, or from models of Eocene ocean circulation patterns, leading to the conclusion that some other factor, such as nutrient availability, plays its part in cell size. 

Dr Jorijntje Henderiks noted in her talk that other studies have found evidence of the importance of nutrients to productivity, in terms of calcification rate. In a study by Beaufort et al., (2011), it was found that the most heavily calcified form of E. huxleyi were found in areas where there was upwelling. This was against expectations, because upwelling areas are proportionately more acidic. Acid conditions are thought to be detrimental to the calcification of coccolithophores, possibly as a result of the increase energy expenditure needed to actively pump protons out of the cells to create the ideal conditions for calcification (Mackinder et al., 2010). Beaufort et al., (2011) did not find a link between cell size and the degree of calcification. The authors noted that trying to determine what affects the calcification productivity of extant coccolithophores is complex, and that multiple factors were at work, making predicting future responses of the coccolithophores to chancing ocean conditions difficult. This would also be true for the understanding of the responses that we are finding preserved in the fossil record. The results from these speakers and in the literature they identified has given a throughout provoking insight in ways to explain my project and options for possible future collaborations. 
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