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Abstract. Major questions surround the species-specific na-the saturation state of ambient seawater (lglesias-Rodriguez
ture of coccolithophore calcification in response to rising at-and Halloran et al., 2008; Langer et al., 2006a; Langer et al.,
mospheric CQlevels. Here we present Ca@@article vol- ~ 2006b). FurthermoreEmiliania huxleyihas demonstrated
ume distribution data from the coccolith size-fraction of a an ability to calcify at a saturation state of 0.4 (Langer et
rapidly accumulating North Atlantic sediment core. With- al., 2006b). Coccolithophores calcify intracellularly, and as
out direct volume measurements on coccoliths produced byguch, the complexity of their calcification response to a mod-
individual coccolithophore species, and knowledge of or-ified external seawater carbonate system may result from a
ganic, as well as inorganic carbon production, it is not pos-variable biological uptake of different forms of dissolved in-
sible to state conclusively the coccolithophore calcificationorganic carbon for calcification, or differences between the
change at this site. However, by analysing the size distri-manipulation of culture experiments, but may also reflect
bution of CaCQ particles in the less than 10n sediment the physiological tolerance towards changing pH and car-
fraction, we demonstrate a changing particle volume sinceéoon concentration ability of different coccolithophores (Hen-
the late 20th Century consistent with an increase in the masderiks and Rickaby, 2007).

of coccoliths produced by the larger coccolithophore species, An increase in the average coccolith mass, independent
and potentially a decrease in mass of coccoliths producedf a change in species composition, has been demonstrated
by the smaller species, present at this location. This findingo parallel the rise in atmospheripCO, over the past
has significant implications for the realistic representation of~220 years, by analysis of the1l0um sediment frac-

an assemblage-wide coccolithophore /&8lcification re-  tion from a Sub-polar North Atlantic core (RAPID 21-12-
sponse in numerical models. B, 57°27.09N, 27°54.53 W, situated at 2630 m below sea
level) (Iglesias-Rodriguez and Halloran et al., 2008). Here
we present a size-distribution analysis of the RAPID 21-12-
B <10um size fraction, indicating that the increase in coc-
colith mass occurs across a broad range of coccolithophore

) S . species. For core dating see Boessenkool et al. (2007).
Phytoplankton mineralization in undersaturated waters is a

widespread feature of the oceans, as evidenced by thriving

diatom and acantharia populations in waters undersaturateg Methodology

in silica and strontium sulphate respectively. Recent labora-

tory studies indicate that physiological controls over mineral-Sediment core RAPID 21-12-B was sampled at continuous
ization, in some phytoplankton, can overcome reductions in0.5cm intervals. Approximately 2 to 4 g of the total sed-
iment from each sample was suspended in buffere® H
and passed through a @ pore-size track-etched polycar-

Correspondence tcP. R. Halloran bonate filter membrane, using bubble agitation to prevent
BY (paul.halloran@metoffice.gov.uk) blocking. Three sub-samples were taken from #10um
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fraction, each suspended in 100 ml of electrolyte (ISOTON
Il, Beckman Coulter UK Ltd, Buckinghamshire UK), and the
particle volume frequency distribution of each fraction, be-
tween 0.63 and 1@m equivalent spherical diameter (ESD),
analysed three times using a Beckman Coulter Multisizer 11l
Coulter Counter fitted with a 3@m aperture. This technique

200

100

provides a direct measure of particle volume, by recording
the volume of electrolyte displaced as the particle passes
through the sensing zone of the aperture. These data wer
collected in 256 bins distributed on a log basis across the
9.37um sizing window. After replicate analysis, 50Dof
concentrated HCl was added to each suspension, stirred, lef
to stand, then stirred again vigorously for 4 min before re-
analyzing each sub-sample three times. We have then cal
culated the difference between pre-acidification and post-
acidification volume frequency distributions (typically to-
taling 80000 CaCe particles). In order to allow direct
comparison of CaC@volume frequency distribution across
the time-series, the average of the nine measured replicatt
CaCQ; particle counts in each of the 256 bins has been di-
vided by the average of the nine measured replicate total
CaCQ; particle counts in that sample. We consider these
data to characterize thel0um sedimentary CaCf{par-
ticle distribution, indirectly representing the coccolith frac-
tion, comprisingEmiliania huxleyj small Gephyrocapsa ,
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carteri (Iglesias-Rodriguez and Halloran et al., 2008). The

high abundance of small coccoliths in the RAPID 21-12- Fig- 1. (A) 3-D surface showing the percentage anomaly in fre-
B sediments makes it necessary to normalize the particleguency data (with respect to the average value for each volume-

. . . in) for CaCQ particles (coccoliths) measured in samples from
counts in each bin by the average number of counts in al1770 to 2004 A.D. Black bars above the main portion of the fig-

bins of that volume. This data is presented as a percentag&re represent the equivalent spherical diameter size-ranges occupied
anomaly from that average value, and allows a clearer compy, ¢ccqiiths of the major species present in these samples, calcu-

parison of trends occurring in different volume ranges. lated from Young and Ziveri (2000)(B) Curves representing the
size-distribution of particles averaged ove24 year (5.5 cm down
core) intervals, presented as a percentage anomaly from the average
frequency for each size-bin. Heavy red and black lines represent
the most recent, and oldest, data respectively. Data has been fitted
Our measurements suggest that the average coccolith ma%éth a 15% least squares weighted mean. Data has been truncated

increases by-40% over the last 220 years (Fig. 4 in Iglesias- 2t 81+m because particle counts in bins larger thamgare low,
Rodriguez and Halloran et al., 2008), and this shift is as_and therefore when ratios are formed data becomes noisy, detract-

sociated with a relative increase in the frequency of thein9 from the useful signal. Figure 2 presents the full dataset, negat-

. ing this issue. Grey bars represent the typical range of coccolith-
large CaCQ particles -2 um ESI_D) compared to the small vo?ume equivalent therical%iameters, cglrc):ulated fgr,om Young and
CaCQ; particles &2 um ESD) (Fig. 1, Supplementary ma- i eri (2000).
terials dataset, Table 1lhttp://www.biogeosciences.net/5/
1651/2008/bg-5-1651-2008-supplemenf.zipiven that the
coccolith species composition is invariant over this interval
(Fig. 3 in Iglesias-Rodriguez and Halloran et al., 2008), thecoccolith mass was driven by a change in calcification of a
trend towards larger CaCG(Qarticles can be interpreted as an single species, the size-distribution data would show decreas-
increase in the volume of coccoliths produced by a range ofng particle counts in the volume-region initially occupied by
coccolithophore species. This increase in coccolith volumethat species, coincident with an increasing CaQarticle
spans the observed volume range of coccoliths produced bfrequency in the larger volume-region. Comparison of the
the larger coccolithophore species present in the North Atved and black lines in Fig. 1b (representing the size distri-
lantic (Young and Ziveri, 2000). If the increase in average bution over the last 12 years, and the pre-industrial to 1960

3 Results and discussion
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A.D. averaged signals respectively), shows that the coccol-
ith mass increase occurs across a wide range of the specie -
typically larger than 2m ESD. 1 X Log &1* (irequency anomaiy) Log trequency anomaly)
Our relative increase in the frequency of large particlesis  *
necessarily accompanied by a relative decrease in the fre:
quency of small particles. In order to allow examination
of the subtle changes occurring within the frequency of the
abundant small particles, Fig. 2 presents the volume fre-:
quency anomalies in log space. The negative frequency:
anomaly between 1 todm ESD, encompassing the upper 1!
and lower end member size ranges of the smaller and largers . |
coccolithophores respectively, which develops towards the§
core-top suggest that coccoliths are moving away from this £
volume range. This reaffirms that the volume of the coccol-
iths produced by the larger coccolithophorés fragilis, C.
leptoporus C. pelagicusvar. pelagicus, H. carteihas in-
creased. In addition, the recent relative increase in particle
frequency below Lkm ESD suggests either that, coccoliths
produced by the smaller coccolithophor&s buxley), are
becoming more lightly calcified, or that the decreasing pHFig. 2. Contour plot representing the evolution of the particle
of the modern ocean is promoting partial dissolution of theseyolume-distribution in log-space, to emphasize the subtle percent-
delicate coccoliths. This apparent recent divergence betweesige change in the abundant small-volume particles. Colors repre-
the volumes of these two size-groups could reflect contrastsent log values of the percentage anomaly in frequency data (with

ing physiological controls and evolutionary adaptation. respect to the average value for each size-bin) for Gagaticles
(coccoliths) measured in samples spanning 1770 to 2004. Note that
negative anomalies are represented-dymultiplied by the log of

the modulus of the percentage frequency anomaly.
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4 Limitations and considerations

Itis clear that indirect observations of the type presented her?ation rates at drift sites, cores of this type may well provide

sUmngte as many questlon§ as they answer. Howeyer, N Pahe only opportunity to undertake high resolution sediment
allel with work that can explicitly quantify the coccolith vol- i L2
AR . ) analysis in the open ocean over time intervals as short as
ume changes within individual species, the described tech: ;
. . : the Anthropocene, and consequently robust techniques must
nique could provide a way to rapidly and accurately extrapo-b developed to work with this material. Despite highlight-
late calcification measurements across the global ocean, and :

build up an understanding of the spatial variation as well as'9 these areas of concern, we are satisfied that our results

S - . represent a primary signal, because the obtained data shows
the temporal variation in calcification change. It is these re- L ; ; .
X A no significant correlation with the sortable silt based near
sults which are urgently needed to allow validation of model

. . : . .~ bottom flow speed record of Boessenkool et al. (2007), it-
output, and will provide confidence in the forward modelling . : .
) : e self a record of the sediment sorting. Furthermore, the high
of climate in the context of a calcification-GJeedback.

This said, at the present stage, our results are limited to erlate of sedimentation experienced at this site should have

. . . . r;l)revented serious bioturbation. We are therefore persuaded
single core, at best representative of a single ocean basi

. . . - that the particle-size trend we present here does not reflect
Assuming our interpretation of these indirect measurements

is correct, and considering there to be a net coccolith maschanges in flow-mediating sediment sorting/deposition. Fur-

. o : ermore, we consider the invariance in the coccolith species
increase at this site, there are still a number of reasons to ex- o : . .

. . : ) composition presented in Iglesias-Rodriguez and Halloran et
ercise caution when exploring such results. The first of these L . .
) . . al. (2008) to indicate that no major change in source water
is that due to the added complexities of the marine ecosys; : ; 2

e has occurred over the interval of investigation.
tem and the slower mixing of the ocean than the atmosphere,
when making inferences about the ocean carbonate system
at a specific location, one cannot assume the response to rg- Conclusions
flect exactly that occurring in atmosphep€0O,. Secondly,
as with any sedimentary analysis, the providence of the sedin order to reduce the uncertainty associated with the calci-
ment, the digenetic processes which have occurred upon thdication CQ feedback within Earth system models, we need
sediment, and bioturbation must be taken into account, ando fully constrain and understand the inter-specific variabil-
particular care should be taken when working with drift sed-ity of coccolithophore calcification to conditions of ocean

iments. However, as a result of the extremely high sedimenacidification. Our sedimentary data appear to indicate that
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in the real ocean the larger coccolithophore species increaser interpretation in this context. Given the contrasting na-
their calcification in response to anthropogenic,G€lease. ture of these and our results, we refrain from comparing the
Such a calcification response could be attributed to an allefindings in detail, but do highlight the overall similarity in
viation of CQ limitation in species that partly rely on the pattern, i.e. a general decrease in calcification by the smaller
diffusive supply of dissolved carbon dioxide for photosyn- species, and an increase in calcification by the larger species
thesis, as demonstrated by a rise in photosynthetic efficiencgver this interval. The value of our research in this context,
with increasing carbon dioxide in cultures®fhuxleyi(Rost  is not to confirm one or the other of these culture studies, but
et al., 2003). Temperature, salinity and nutrient supply haveto highlight the likelihood of observing different calcification
also been shown to influence coccolith size, although whereesponses within different coccolithophore species, and pro-
studied, the calcification sensitivity to these factors appearsnoting a move away from the paradigm that all calcifiers will
too low to explain the observed trend (Bollmann, 1997; Boll- either decrease or increase their calcification as atmospheric
mann and Herrie, 2007; Paasche, 1998; Schmittner et alCO, levels continue to rise.

2008; Watabe and Wilbur, 1966). A further and potentially  The next step towards a full understanding of the coccol-
significant influence over coccolith mass is primary produc-ithophore calcification response over the industrialized era,
tion (Beaufort et al., 2007). However, if the observed coc-will be to combine individual species size analysis, taking
colith volume distribution shift occurred in response to a advantage of new techniques such as that presented by Beau-
productivity change, we might expect to see an accompafort (2000), with Coulter Counter analyses capable of mea-
nying shift in species composition, which is not observedsuring coccolith volumes, to constrain how calcification has
(Iglesias-Rodriguez and Halloran et al., 2008). If the changechanged at a species level. Experiments can then be designed
in coccolith size distribution presented here is representativand applied to new high-resolution cores, extending the ob-
of that elsewhere in the ocean, it may be possible to describgervations we have made to a range of oceanic regimes.
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