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Lombard and co-authors present an interesting view on the ‘Effect of carbonate ion
concentration and irradiance on calcification in foraminifera’. The paper confirms earlier
results of Bijma et al. (1999 and 2002), and Russell et al. (2004), and discusses
the effect of decreasing carbonate ion concentration, calcification rate, and initial shell
weight of planktic foraminifers at increasing [CO2]. Among other questions arising,
it would be interesting to get an explanation of the production of light shells at high
[CO32-], i.e., 504 pmol kg-1, although heavier shells are produced at slightly higher
and lower carbonate ion concentrations. Mayor conclusion of the paper is that ‘at higher
temperatures, foraminifera are usually more abundant (Bé and Tolderlund, 1971), have
higher growth rates (Lombard et al., 2009) and larger shell sizes (Schmidt et al., 2006)’,
‘counteracting the negative impact of ocean acidification.” To my view, the interpretation
of data, and the discussion of the effects of changing seawater pH on the calcification of
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foraminiferal shells is too simplistic. In the following, | will discuss the major conclusion
of the paper of Lombard and co-authors.

Taking into account the upcoming decrease in [CO32-] over the next century, as well
as past variability in foraminifer test-CaCO3 mass, the authors predict significantly re-
duced planktic foraminiferal calcite production in the near future, of >4 to <27 % in
different species. Those numbers have possibly been produced on the assumption of
linear extrapolation of earlier results. Data from fossil assemblages have often been
interpreted in a too simplistic way, not taking into account the complexity of dissolution
and incrustation processes during sedimentation, which has been discussed in depth
by Lohmann (1995). Remineralization of foraminifer shells at decreasing [CO32-] in the
mid water column has been quantified by Schiebel et al. (2007). Iglesias-Rodriguez et
al. (2008) discuss increased calcification of coccolithophores at enhanced [CO2]. Both
negative and positive feedbacks of calcification to increased [COZ2], and decreased
[CO32-], would be possible also in planktic foraminifers, which might be indicated by
the ‘surprising’ data of the 504 ymol kg-1experiment of Lombard and co-authors.

The great advantage of the use of planktic foraminifers as proxy in paleoceanography is
their occurrence over a broad range of sea surface temperature (SST), usually exceed-
ing 10°C (e.g., Bé and Tolderlund, 1971). Globigerina bulloides occurs over the whole
range of global SSTs (>25°C), and all of the genotypes of this morphotype are surface
dwellers. Since the pioneering work of Thiede (1975), G. bulloides is known to be in-
dicative of upwelled waters, i.e., waters which are colder than adjacent water bodies.
The higher abundance of planktic foraminifers at colder waters is also evident from Bé
and Tolderlund (1971; Fig. 6.27; and many other papers), although more recent stud-
ies present more complete data. Bé and Tolderlund (1971) show only the upper 10
m of the water column, and texts >200 pm (small specimens, and small species were
unfortunately not sampled), according to which highest standing stocks are shown for
equatorial and coastal upwelling areas, and for current systems including eddies and
local upwelling cells. The warm, stratified, and nutrient depleted surface waters of
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the subtropical gyres host small standing stocks of planktic foraminifers. To conclude,
the production of planktic foraminifers is mainly a result of trophic conditions and the
availability of food, and neither of high nor low temperatures.

Growth rates of planktic foraminifers are surprisingly similar over a wide range of
species specific temperature variability (Lombard et al., 2009, Fig 1). The same graphs
presented by Lombard (2009) do also indicate that water temperature and growth rates
are not linearly related but rather complex. The observations of Lombard et al. (2009)
are very interesting, and so far not entirely explained. A combination of mechanisms
could affect growth rates along a temperature gradient: (1) Methodological effects
caused by discontinuous sampling. (2) Differential availability of food at different tem-
peratures, or at different regions of similar temperature. (3) Scarcity of food at, for
example, subtropical gyres, and slower growth or later reproduction of an average in-
dividual. A significant change in foraminiferal growth and global calcification rates over
the expected SST change until 2100 is not evident though.

The statement that planktic foraminifers are larger at higher temperatures is not as sim-
ple as it seems (Schmidt et al., 2006), and needs further explanation. Indeed, planktic
foraminifers were larger during the (relatively warm) Eocene than during the (colder)
Oligocene, which is a result of a change in species assemblage, and possibly species
specific survival strategies (r-strategy versus K-strategy) over long periods of time. A
similar change in species composition can be found in the modern ocean, and the aver-
age size of tropical and subtropical species is larger than the size of polar and subpolar
species. Average planktic foraminiferal test size changes over long periods of time, and
over large distances, and is possibly best explained by nutricline depths and changes
in nutrient redistribution (Schmidt et al., 2004). It is true, though, that very large tests
of planktic foraminifers are often found at warm and nutrient and food depleted waters,
and resulting starvation and retarded reproduction of foraminifer specimens. In turn,
largest average planktic foraminiferal test size in Earth history has been achieved in
the Quaternary icehouse world (Schmidt et al., 2004).
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To conclude, higher SSTs would cause diminished standing stocks of planktic
foraminifers, and a rather unpredictable (but possibly small) reaction of growth rates
at the predicted 0.5~2°C change in SST (IPCC, 2007; not including the Arctic Ocean).
Large tropical species might be distributed over larger areas of the global oceans
though, and would individually produce more calcite, but much fewer specimens.
Planktic foraminifers are not affected by ambient water temperature within the tem-
perature range of the global surface ocean, but by the quality and quantity of their food
(algae and small zooplankton). Phytoplankton production is affected by light and nutri-
ent utilization. However, nutrient redistribution and nutrient utilization might be affected
by a global change in temperature distribution. Hydrographic fronts could change their
position poleward, and cause a change in the species composition of primary produc-
ers and higher trophic levels. Those changes in the surface marine environment and
the resulting change in planktic foraminifer population dynamics are not easy to predict.

Following to the above discussion, we could start talking about time-scales on which
planktic foraminifer calcite production has a negative or positive impact on ocean acid-
ification (p. 8599, line 6 of the manuscript of Lombard and co-authors).

I do agree to the final conclusion of Lombard and co-authors that the effect of changing
ecological conditions and [CO32-] need to be further investigated. We need to achieve
a better mechanistic understanding of planktic foraminifer calcification, and fluxes need
to be quantified on various regional (in particular mesoscale) and temporal scales.

Literature cited

Bé, AW.H., Tolderlund, D.S., 1971. Distribution and ecology of living planktonic
foraminifera in surface waters of the Atlantic and Indian Oceans. In: Funnell, B. M.,
Riedel, W.R. (eds.), Micropaleontology of Oceans, Cambridge University Press, Lon-
don, 105-149.

Bijma, J., Honisch, B., Zeebe, R.E., 2002. Impact of the ocean carbonate chemistry on
living foraminiferal shell weight: Comment on “Carbonate ion concentration in glacial-

C2540



age deep waters of the Caribbean Sea” by W. S. Broecker and E. Clark. Geochem.
Geophy. Geosy., 3, 1064, doi:10.1029/2002GC000388.

Bijma, J., Spero, H. J., Lea, D.W., 1999. Reassessing foraminiferal stable isotope
geochemistery: Impact of the oceanic carbonate system (experimental results). In:
Fischer, G. Wefer, G. (eds.), Use of proxies in paleoceanography: Examples from the
South Atlantic, Springer Verlag, Berlin, Heidelberg, pp. 489-512.

Iglesias-Rodriguez, M.D., Halloran, P.R., Rickaby, R.E. M., Hall, I.R., Colmenero-
Hidalgo, E., Gittins, J.R., Green, D.R.H., Tyrrell, T., Gibbs, S.J., von Dassow, P., Rehm,
E., Armbrust, E.V., Boessenkool, K.P., 2008. Phytoplankton calcification in a high-CO2
world. Science 320, 336—340.

Lohmann, G. P, 1995. A model for variation in the chemistry of planktonic foraminifera
due to secondary calcification and selective dissolution. Paleoceanography 10(3),
445- 457,

Lombard, F., Labeyrie, L., Michel, E., Spero, H.J., Lea, D.W., 2009. Modelling the
temperature dependent growth rates of planktic foraminifera. Mar. Micropaleontol. 70,
1-7.

Russell, A.D., Hénisch, B., Spero, H.J., Lea, D.W., 2004. Effects of seawater carbon-
ate ion concentration and temperature on shell U, Mg, and Sr in cultured planktonic
foraminifera. Geochim. Cosmochim. Acta 68, 4347—4361.

Schiebel, R., Barker, S., Lendt, R., Thomas, H., Bollmann, J., 2007. Planktic
framiniferal dissolution in the twilight zone. Deep-Sea Research Il 54, 676-686.
doi:10.1016/j.dsr2.2007.01.009.

Schmidt, D.N., Lazarus, D., Young, J.R., Kucera, M., 2006. Biogeography and evolution
of body size in marine plankton. Earth-Sci. Rev. 78, 239-266.

Schmidt, D.N., Thierstein, H.R., Bollmann, J., Schiebel, R., 2004. Abiotic forcing of
plankton evolution in the Cenozoic. Science 303,207-210.
C2541

Thiede, J., 1975. Distribution of foraminifera in surface waters of a coastal upwelling
area. Nature 253 (5494), 712-714.

Interactive comment on Biogeosciences Discuss., 6, 8589, 2009.

C2542



