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Abstract. Marine calcifiers, such as planktonic foraminifera,
form a major component of the global carbon cycle, acting
as both a source and sink of CO2. Understanding factors
that affect calcification in these organisms is therefore crit-
ical in predicting how the oceans will respond to increased
CO2 concentrations in the atmosphere. Here, size-normalised
weights (SNWs) of the planktonic foraminiferaGlobigerina
bulloides, collected from the surface waters of the North
Atlantic Ocean, are compared with in situ carbonate ion
concentrations ([CO2−

3 ]), sea-surface temperature, optimum
growth conditions and nutrient concentrations. Changes in
phosphate concentrations ([PO3−

4 ], range: 0.04–0.39 µM) ex-
plained the majority ofG. bulloidesSNW variation, with
reduced test masses at higher concentrations. Two factors
already known to influence calcification in foraminifers,
[CO2−

3 ] and temperature, were also positively correlated over
the range of values examined (148–181 µM kg−1 and 10.3–
12.7◦C respectively). No evidence was found for increased
SNWs under apparent optimum growth conditions, indicated
by G. bulloidesabundances. However, “growth potentials”
(µ), derived from modelled growth rates (d−1), were posi-
tively correlated with SNWs, suggesting that this may be a
better proxy for optimum growth conditions. These findings
point to the potential importance of [PO3−

4 ] in determining
calcification intensities in foraminifera, a factor which has
been overlooked by previous studies on these organisms. The
confirmation of this via carefully controlled culture studies is
recommended in the future.

1 Introduction

Marine calcifying organisms secrete shells of calcium car-
bonate (CaCO3) and form a major component of the global
carbon cycle, transferring approximately 3 billion tons of
CaCO3 to the sea-floor annually (Milliman, 1993). While
CaCO3 transferred to (and permanently buried at) the
seafloor represents a long-term sink of carbon dioxide (CO2),
the production of CaCO3, releasing CO2 into the surround-
ing water, represents a source over shorter timescales (Purdie
and Finch, 1994).

The oceans are estimated to have absorbed between 30–
40 % of anthropogenically released carbon dioxide (CO2;
Sabine et al., 2004; Zeebe et al., 2008), thereby mitigating
some of the effects of climate change. This, however, has
come at the cost of reduced oceanicpH values (Caldeira
and Wickett, 2003), a phenomenon termed “ocean acidifi-
cation”. The ongoing “acidification” of the oceans is pro-
posed to have an adverse effect on marine calcifiers via shifts
in seawater carbonate chemistry and associated reductions
in carbonate ion concentrations [(CO2−

3 )] (e.g. Gattuso et
al., 1998; Riebesell et al., 2000; M̈uller et al., 2010). How-
ever, a comparison of 18 calcifying organisms suggests that
a range of responses to reduced [CO2−

3 ] are likely (Reis et
al., 2009). This is reinforced by studies on coccolithophores,
which have found mixed responses in calcification under in-
creasedpCO2 conditions (Riebesell et al., 2000; Langer et
al., 2006; Iglesias-Rodriguez et al., 2008).

Planktonic foraminifera are ubiquitous open ocean pro-
tozoans and comprise an estimated 23–56 % of the total
open ocean marine CaCO3 flux to the deep sea (Schiebel,
2002). Understanding the factors controlling calcification in
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these organisms is, therefore, critical in predicting how the
oceanic carbon pump will respond to increasedpCO2 in the
atmosphere. Additionally, size-normalised weights (SNWs)
of these organisms, which are essentially a measure of test
(shell) thickness and therefore calcification intensity (the use
of the term “calcification rate”, commonly used for other ma-
rine calcifying organisms, is not appropriate for foraminifera
as they build their chambers intermittently), are a potentially
important proxy for enabling paleoatmosphericpCO2 vari-
ations beyond ice-core records to be evaluated (Spero et al.,
1997). This is based on the assumption that SNWs of these
organisms are strongly linked to [CO2−

3 ], which in turn is
used as a proxy forpCO2 in the atmosphere.

Planktonic foraminiferal SNWs are generally reduced un-
der lower [CO2−

3 ], although a large amount of inter and intra-
specific diversity in response to [CO2−

3 ] exists (see Table 1
for a summary). Temperature is known to affect the size of
foraminifera (B́e et al., 1973; Hecht, 1976; Schmidt et al.,
2004): in addition to being closely linked to CO2 solubility
(and therefore [CO2−

3 ]), temperature also affects test size via
changes in rates of enzymatic activity (Spero et al., 1991),
feeding and digestion rates (Kooijmann, 2000), and strati-
fication – which can lead to an increase in the number of
pelagic niches (Schmidt et al., 2004). It is therefore likely
that temperature also has an effect on SNWs of foraminifera.

There is a suggestion that SNWs may be greatest under op-
timum growth conditions (de Villiers, 2004), which are rep-
resented by the geographic location where each individual
species is most abundant, either because favourable growth
conditions result in higher calcification intensities, or a larger
proportion of the population reaches maturity where calcite
crust formation takes place (Hemleben et al., 1989). This hy-
pothesis, however, is not supported in a recent comparison
between SNWs and both the absolute and relative abundance
of Globigerina bulloidesandGlobigerinoides rubber, using
samples from the Arabian Sea (Beer et al., 2010a). This may
be due to the fact that foraminifer abundance is not a good
proxy for optimum growth conditions; or, alternatively, en-
vironmental controls in addition to [CO2−

3 ] may influence
foraminiferal calcification intensity and hence SNWs.

Furthermore, nutrient concentrations – both nitrate (NO−

3 )

and phosphate (PO3−

4 ) – are likely to be important in de-
termining foraminiferal calcification intensities. In culture
experiments, increased “water fertility” has been shown to
result in larger test sizes via increases in prey availability
(Bijma et al., 1992), but it is unknown whether concomi-
tant increases in test thickness, and therefore SNWs, also
occur. For example, it may be that high [PO3−

4 ] actually re-
duces SNWs. Substantial evidence exists for the inhibition
of calcification by PO3−

4 , via the adsorption of calcium hy-
drogen phosphate (CaHPO4) onto the calcite surface, block-
ing active crystal growth sites and slowing CaCO3 precipita-
tion (Lin and Singer, 2006). Reduced calcification rates have
been observed at elevated [PO3−

4 ] in coral reefs (Kinsey and

Davies, 1979), calcifying green algae (Demes et al., 2009),
and coccolithophores (Paasche and Brubank, 1994). How-
ever, the influence of [PO3−

4 ] on foraminiferal calcification
has yet to be investigated.

In order to investigate the environmental factor/s con-
trolling calcification intensities of the planktic foraminifer
Globigerina bulloidesin the natural environment, SNWs of
this species, from two size fractions (150–200 µm and 200–
250 µm) collected from surface waters at 10 locations in the
North Atlantic Ocean, are compared to a number of environ-
mental factors measured in situ: [CO2−

3 ], optimum growth
conditions (implied from chlorophylla, nutrient concentra-
tions, modelled growth rates [µ], and G. bulloidesabun-
dances), sea surface temperature (SST), and nutrient concen-
trations (NO−

3 and PO3−

4 ).

2 Material and methods

2.1 Sample collection

G. bulloidessamples and in situ environmental data were
collected from 10 locations in the North Atlantic (Fig. 1)
on board the RRSDiscoveryD340a Extended Ellett Line
Cruise between the 11th and 20th of June 2009. Specimens
of G. bulloideswere obtained as recommended by Hem-
leben et al. (1989) using a plankton net (with an opening of
0.196 m2 and a mesh size of 120 µm), fitted with a Hydro-
bios digital flowmeter, towed at the surface. This approach
was used as planktonic foraminifera that are subjected to low
temperatures (for example, when normally surface dwelling
organisms sink into colder deep water) often undergo sec-
ondary thickening of their calcite wall, forming a “calcite
crust” (Hemleben et al., 1989). However, there is still a po-
tential bias in using plankton nets (compared to sediment
traps or surface sediments) as the last chamber is not nec-
essarily fully calcified upon collection, potentially biasing
SNWs. Seawater samples were immediately preserved using
formalin buffered with sodium borate (30 g L−1) to provide
a final formalin concentration of 4 % and apH of 8.1.

2.2 Isolation ofG. bulloides specimens

A 1 ml sub-sample from each preserved plankton trawl was
transferred to a 1 ml glass Sedgewick-Rafter chamber, using
an automatic pipette, following gentle inversion of the sam-
ple bottle to homogenize the contents. Individual specimens
were removed under a dissecting microscope using a micro-
pipette and transferred into de-ionised water (buffered with
7.8× 10−4 M sodium tetraborate and 1.01× 10−3 M sodium
hydroxide). This buffer solution was chosen as it left minimal
residue when foraminifera were dried (discussed below).

The above procedure was repeated until a minimum of
80 individuals had been isolated from each sample. Fol-
lowing this, hydrogen peroxide (H2O2) was added to the
buffered deionised water (final concentration of 3 %) in
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Table 1.Inter and intra-specific diversity in the response of different foraminifera species to [CO2−

3 ]. Studies that utilized data from: sediment
cores (a), laboratory cultures (b), and plankton net samples (c) are shown.

Species [CO2−

3 ] positively related to SNW [CO2−

3 ] negatively related
to SNW

No response to [CO2−

3 ]

Orbulina universa Spero et al. (1997)b

Bijma et al. (1999)b

Russell et al. (2004)b

Lombard et al. (2010)b

Globigerina bulloides Barker and Elderfield (2002)a

Moy et al. (2009)a

de Villiers (2004)a

Gonzalez-Mora et al. (2008)a

Beer et al. (2010a)c

This study

Bijma et al. (1999)b

Globorotalia truncatulinoides de Villiers (2004)a

Neogloboquadrina pachyderma de Villiers (2004)a

Gonzalez-Mora et al.
(2008)a

Globigerinoides ruber de Moel et al. (2009)a

Gonzalez-Mora et al. (2008)a
Beer et al. (2010a)c

Globigerinoides sacculifer Lombard et al. (2010)b

Fig. 1. Stations sampled during the D340a Extended Ellett Line
Cruise to the North Atlantic in June 2009 (black dots).

order to dissolve any organic material adhering to the out-
side of the tests. After 45 min, the foraminifera containing
solution was decanted into a petri-dish. Foraminifera were
transferred, using a micro-pipette, into another petri-dish and
5 ml of buffered deionised water added to dilute any remain-
ing H2O2, thereby adhering to the recommendations of Moy
et al. (2009) of not exceeding 1 h in H2O2. Specimens were
finally transferred onto pre-marked areas of petri-slides us-
ing a micro-pipette and left to evaporate in air. Once dried,
specimens ofG. bulloideswere isolated from other species,
according to the defining characteristics described by Bé
(1977), and then separated into 2 size fractions (150–200 µm
and 200–250 µm), using a calibrated microscope graticule.

2.3 Calculation ofG. bulloidesabundance

In order to quantify the number ofG. bulloides, at each
sample site, average abundances were determined in a 1 ml
aliquot, of the preserved net sample, transferred to a 1 ml
glass Sedgewick-Rafter chamber under a dissecting micro-
scope. This was repeated on average 75 times (range: 27–
198). The mean numbers ofG. bulloidesper ml of sample
were converted to numbers per m3 using the flowmeter read-
ings.

At 3 of the 10 sites, the flowmeter recorded very little wa-
ter flow over the 4–5 min sample period (less than 50 m3, see
Table 2).This was unlikely to be a true reflection of the actual
flow and is suspected to reflect a failure of the flowmeter. For
these three net samples an estimate of the flow rate (AF) was
calculated by dividing the total volume of water entering the
net (TV) by the total time that the net was in the water (T),
from the 7 samples where the flowmeter was deemed to have
worked adequately (Eq. 1). For these 7 samples, net deploy-
ment time was positively, and significantly, correlated with
the volume of water sampled (Linear regression:R2 = 0.58,
F1,6 = 6.89,P = 0.047).

AF =
TV (m3)

T (s)

AF = 0.092 m3 s−1 (1)

This average flow rate (AF) was then multiplied by the num-
ber of seconds that the net was in the water (TW), for each of
the 3 samples where the flowmeter failed, to provide an ap-
proximate volume of water passing through the net for these
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samples (AV) (Eq. 2).

AV=0.092 m3 s−1
× TW (2)

2.4 SNW analysis

SNWs are required to determine factors that affect test
wall thickness and density, and therefore test weights of
foraminifera. This works by removing the influence that test
size has on weight: essential, as test-size has been shown to
vary with ambient environmental conditions that occur dur-
ing growth (Hecht, 1976; Schmidt et al., 2006). Two meth-
ods of determining SNWs are commonly used. The simplest
method is to weigh specimens that have been picked from
a narrow size fraction (typically 50 µm), with the data being
termed the “sieve-based weight” (SBW; Broecker and Clark,
2001). The second method involves measuring the size (typ-
ically diameter or area) of each individual test picked from
a narrow size fraction. Test weights are then normalised to
the mean measured test size to obtain a “measurement-based
weight” (MBW; e.g. Barker and Elderfield, 2002). Here the
MBW method is used as SBWs are in part determined by
test size (Beer et al., 2010b), implying that this is not an ef-
fective size-normalisation procedure. From this point on in
the manuscript, wherever the abbreviation SNW is used in
reference to our own results, it refers to weights that have
been normalised (to test diameters) using the MBW method.

Following the measurement of test diameters, using mi-
crograph images taken at a known magnification with an in-
tegrated microscope (Leica MZ8) and camera system (Nikon
D5000 Digital SLR),G. bulloidesspecimens were weighed,
in aluminium capsules (5× 9 mm), in groups of 10–25 in-
dividual tests, using a microbalance (Sartorius ME-5, pre-
cision = 1 µg). Weights were determined following trans-
fer to an environmentally controlled weighing room for 2 h,
therefore allowing tests to equilibrate with the ambient atmo-
spheric moisture content of the room.

During the measurement of test diameters, some
foraminifera (57 out of 309 specimens) were found to be out-
side the desired size ranges (both size fractions; on average
±17 µm). Specimens less than 25 µm outside the desired size
range (42/309) were included in the final analysis in order to
maintain as large a sample size as possible. Although this in-
creases the chance that individuals from different ontogenetic
stages (therefore possessing a different number of chambers)
were included, especially in the 150–200 µm size fraction,
the size-normalisation procedure should have reduced any ef-
fect that these small number of specimens (14 % of the total)
had on the overall results.

Mean SBWs were calculated by dividing the average mass
per sample (10–25 tests) by the number ofG. bulloidesin the
sample. MBW for each sample was calculated by normaliz-
ing SBW to the mean diameter for the corresponding size

fraction (Eq. 3).

MBWdiameter=
mean SBWsample× mean diametersize fraction

mean diametersample

(3)

2.5 [CO2−
3 ] measurements

2.5.1 Inorganic carbon sampling

During the cruise, underway dissolved inorganic carbon
(DIC)/alkalinity samples were taken from the sub-surface
underway seawater supply (intake at∼5 m depth) and stored
in borosilicate glass bottles (250 mL). A saturated solution
of mercuric chloride (70 g L−1) was added to the samples in
a 0.02 % volume ratio (50 µL) in order to eradicate any bio-
logical activity; samples were then stored in the dark prior to
analysis.

The VINDTA (Versatile Instrument for the Determination
of Titration Alkalinity) was used to measure total alkalin-
ity (TA) and DIC (Mintrop, 2005). TA was determined by
titration of seawater with 0.1 M HCL. Following this, the po-
tential of a proton sensitive electrode was determined us-
ing a coulometer to measure the amount of CO2 released
after the sample was mixed with phosphoric acid. Alkalin-
ity was calculated using LabVIEW software, which uses the
Gran (1952) technique to measure the alkalinity of seawater
samples run with the VINDTA system. DIC was determined
using a UIC Inc. Model 5012 CO2 Coulometer in combi-
nation with the VINDTA system. Total DIC concentrations
(µM kg−1) were calculated using VINDTA LabView soft-
ware.

2.5.2 Precision of the VINDTA instrument

Precision of the VINDTA instrument was calculated using
sub-standards prepared from the remnants of previous sam-
ples; the results were recorded and precision was calculated
separately for TA and DIC (Eq. 4).

precision(TA or DIC) (4)

= standard deviation of substandards(TA or DIC)

Precision ranged between 0.7071 and 8.8526 µM kg−1 for
DIC and between 0.4430 and 7.1842 µM kg−1 for alkalin-
ity. Certified reference materials (CRMs) for oceanic CO2
measurements were used to calibrate and establish a correc-
tion factor for VINDTA measurements. Once the precision
of the instrument had been checked, using the prepared sub-
standards, the CRM samples were run using the VINDTA
instrument; the results were subsequently used to calculate
the necessary correction factor (Eq. 5).

correction factor =
CRM value

VINDTA value (TA or DIC)
(5)
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Table 2.Data obtained for each sample station during the D340a Extended Ellett Line cruise:∗denotes sampled volumes where a correction
factor was used (original values were: IB16 – 1.47, IB14 – no data; IB6 – 3.70);∗∗denotes chlorophylla values that were obtained from the
surface underway fluorometer rather than from discrete CTD Niskin bottle samples.

Station Latitude Longitude Towing Volume In situ Average Sieve-based Measurement-based PO3−

4 Nitrate CO2−

3 SST Chlorophylla Growth
(◦N) (◦W) duration sampled foraminifer diameter weight weight (µM) (+NO−

2 ) (µM kg−1) (◦C) (µg L−1) potential
(secs) (m3) abundance (µm) (SBW) (MBW) (µM) (µ, d−1)

(cells m−3)

150–
200,µm

200–
250,µm

150–
200,µm

200–
250,µm

150–
200,µm

200–
250,µm

IB19S 62◦40’ 19◦40’ 269 22.46 24 171.25 215.28 1.00 1.75 1.09 1.94 0.31 12.35 151.98 10.4 0.69** 0.101
IB16 60◦50’ 20◦00’ 329 30.60* 19 199.31 243.75 1.16 2.57 1.09 2.51 0.27 12.40 148.38 10.7 1.05 0.108
IB14 61◦00’ 20◦00’ 314 29.20* 24 171.18 235.61 0.96 1.80 1.04 1.82 0.39 13.63 148.96 10.9 0.70 0.106
IB13 60◦30’ 20◦00’ 248 24.40 28 186.98 250.88 1.07 2.53 1.07 2.40 0.31 11.09 166.40 11.0 1.11 0.111
IB10 59◦40’ 18◦42’ 302 34.34 13 201.39 248.68 1.73 2.42 1.60 2.32 0.18 4.40 163.09 11.4 1.22 0.116
IB6 58◦57’ 17◦11’ 259 24.09* 6 184.85 243.75 1.18 2.25 1.19 2.20 0.18 5.27 175.43 11.3 1.42** 0.116
IB4 58◦30’ 16◦00’ 265 9.64 3 188.33 235.83 1.10 2.40 1.09 2.42 0.18 5.23 167.05 11.8 0.87 0.119
K 57◦40’ 10◦87’ 251 13.94 22 189.58 229.55 1.36 2.09 1.34 2.17 0.17 3.97 174.77 12.2 1.47** 0.127
R 57◦00’ 09◦00’ 273 31.63 13 186.31 231.55 1.36 2.43 1.36 2.50 0.13 2.22 179.86 12.7 1.19** 0.132
T 56◦50’ 08◦20’ 304 38.93 2 189.81 245.83 1.59 2.92 1.56 2.82 0.04 0.02 181.38 12.7 1.21** 0.132

The resulting correction factors for TA and DIC were applied
to the sample measurements (Eq. 6).

final result = VINDTA reading× correction factor (6)

2.5.3 Calculation of [CO2−
3 ]

Given any two parameters of the carbonate system, one can
determine the complete marine carbonate system. In this
project the CO2SYS.EXE programme, developed by Lewis
and Wallace (1998), was used. The corrected DIC and TA
values, derived from the VINDTA analyses, were inserted in
the CO2SYS.EXE programme together with input (temper-
ature, pressure, [PO3−

4 ] and silicate concentration) and out-
put conditions (temperature and pressure) for each sample.
As recommended by the software’s instructions, input con-
ditions were set as those of the laboratory conditions (i.e. a
temperature of 25◦C and pressure of 0 dbar). Output condi-
tions were set as those when the sample was taken.

2.6 Sea surface temperature (SST)

Sea-surface temperature values were obtained from CTD
data. Two CTD systems were used during the cruise: one
housed in a standard stainless steel frame, and the other
housed in a titanium frame. Both CTDs were equipped with
dual temperature and conductivity sensors.

2.7 Chlorophyll

Samples were collected from CTD Niskin bottles and trans-
ferred into 1 litre pre-washed polycarbonate bottles prior to
processing. Duplicate sub-samples of 0.5 L, or 1 L, were fil-
tered under low vacuum through 47 mm GF/F glass fibre fil-
ters. Filters were stored in centrifuge tubes at−20◦C un-
til later processing in the laboratory at the Scottish Associa-
tion for Marine Science (SAMS). Chlorophyll was extracted
overnight in the dark in 90 % acetone at a constant tem-
perature of 4◦C. Samples were then sonicated and cen-
trifuged prior to analysis of chlorophylla concentration us-
ing a Turner Designs Trilogy fluorometer.

At four of the stations (see Table 2), where discrete sam-
ples were not taken from Niskin bottles attached to the CTD,
underway surface chlorophylla values were obtained from
a fluorometer (WET Labs WETStar) attached to the ships
underway seawater supply. Fluoresence data were logged as
raw voltages and later converted into chlorophylla concen-
tration from the manufacturer’s suggested algorithm. Chloro-
phyll a values were then calibrated, using discrete chloro-
phyll a values obtained from CTD Niskin bottles.

2.8 Modelled growth rates

A model for determining the growth rates (µ, d−1) of several
species of planktonic foraminifera (includingG. bulloides)
was recently devised by Lombard et al. (2011). The model
estimates growth rate as a function of temperature and food
concentration (estimated via organic carbon concentrations,
which are estimated from chlorophylla data), and has been
shown to be a good estimator of in situ growth rates – repro-
ducing relative abundances of several species of foraminifera
on a global scale. The model is used in the present study as a
further proxy for “optimum growth conditions”. Chlorophyll
a (µg Chl a L−1) concentrations were converted to carbon
biomass (µg C L−1) by using a C:Chla ratio of 20:1. This
ratio depends on temperature, light, and nutrient availability
(Taylor et al., 1997; Geider et al., 1997) and was estimated
using outputs of the PISCES model (Aumont et al., 2003;
Aumont and Bopp, 2006), which provides a realistic C:Chla

ratio, taking into account the effect of seasons and hydrology.

2.9 Dissolved inorganic nutrients

Water samples were collected directly from the CTD Niskin
water bottles into 250 ml acid cleaned polythene bottles.
Samples were stored at 4◦C prior to analysis within 24 h
of collection. [NO−

3 ] (+nitrite) and [PO3−

4 ] measurements
were made in triplicate using a Lachat QuikChem 8500 flow
injection autoanalyser, according to the manufacturers rec-
ommended procedures. Nutrient standards were prepared in
deionised water and the samples run in a carrier stream of
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deionised water. Salt correction of the result was performed
by running a small number of Low Nutrient Sea Water sam-
ples (OSIL,http://www.osil.co.uk, Batch LNS 17, Salinity
35) during each sample batch run and the mean concentra-
tion subtracted from sample results. A standard reference
solution prepared from nutrient standard solutions, contain-
ing 1 µM PO3−

4 and 10 µM NO−3 was run at the start and end
of each sample batch. As well as providing an independent
check on analysis accuracy, it also provided a correction of
calibration drift during the course of each sample batch anal-
ysis.

2.10 Statistical analysis

Parametric linear regressions were performed using Sigma-
Stat statistical software in order to determine if the size-
normalisation procedure adequately isolated the influence of
test wall thickness and density, from that of size, on test
weight.

Canonical correlation analysis, a multivariate statistical
model that enables the study of inter-relationships among
(two or more) sets of multiple dependent and indepen-
dent variables (Hair et al., 1998), was used in this study
to study the inter-relationships between test-mass size frac-
tions (150–200 µm and 200–250 µm) and environmental fac-
tors ([CO2−

3 ], SST, [PO3−

4 ], [NO−

3 ], G. bulloidesabundance,
[chlorophylla], andµ). The analysis attempts to find an inde-
pendent set of linear combinations of the original variables,
termed canonical variates, in order to maximize the between
set correlation of the original variables (Morrison, 1978).

3 Results

MBWdiametervalues were obtained, by normalising SBW val-
ues to mean diameters, and used in this study (as SNWs)
in order to isolate the influence of test wall thickness and
density, from that of size, on test weight. In order to de-
termine if this size-normalisation method was effective,
MBW and SBW were compared with mean test diame-
ters (Fig. 2). There was a statistically significant relation-
ship, in both size fractions, between SBW (µg) and mean
test diameters (Linear regression, 150–200 µm:R2 = 0.47,
F1,9 = 6.98,P = 0.030; 200–250 µm:R2 = 0.52,F1,9 = 8.77,
P = 0.018). No statistically significant relationships were
observed when comparing MBWs with mean test diame-
ters (Linear regression, 150–200 µm:R2 = 0.35,F1,9 = 4.27,
P = 0.073; 200–250 µm:R2 = 0.34,F1,9 = 4.04,P = 0.079).

A positive correlation between SNWs and [CO2−

3 ] was
observed for both size fractions (Fig. 3a: 150–200 µm,
R2 = 0.35; 200–250 µm,R2 = 0.32) over the sampled range
of [CO2−

3 ] (148.38–181.38 µM kg−1). The sign, and gradi-
ent, of change is +0.09 µg per 10 µM kg−1 and +0.13 µg per
10 µM kg−1, for the 150–200 µm and 200–250 µm size frac-
tions respectively.

In both the 150–200 and 200–250 µm size fractions, pos-
itive correlations between SNWs and SST (range: 10.4–
12.7◦C) were observed (Fig. 3b: 150–200 µm,R2 = 0.44;
200–250 µm,R2 = 0.36). The gradients of change in SNW in
response to SST were +0.17 µg (150–200 µm) and +0.22 µg
(200–250 µm) per 1◦C.

SNWs were negatively, and weakly, correlated to in situ
abundances ofG. bulloides, which ranged between 2 and 28
cells m−3 (Fig. 3c: 150–200 µm,R2 = 0.24; 200–250 µm,
R2 = 0.34). Chlorophyll a concentration (range: 0.69–
1.47 µg L−1), another potential proxy for optimum growth
conditions, showed a weak positive correlation with SNWs
in both size fractions (Fig. 3d: 150–200 µm,R2 = 0.32;
200–250 µm,R2 = 0.22). Growth potential (µ), however,
was more strongly positively correlated with SNWs (Fig. 3e:
150–200 µm,R2 = 0.48; 200–250 µm,R2 = 0.41).

SNWs were negatively correlated to NO−

3 (150–200 µm,
R2 = 0.64; 200–250 µm,R2 = 0.38) and PO3−

4 (150–200 µm,
R2 = 0.62; 200–250 µm,R2 = 0.55) concentrations (Fig. 3f,
g). NO−

3 (+ NO−

2 ) concentrations ranged between 0.02 and
13.63 µM. The gradients of change in SNWs in response
to NO−

3 concentrations were−0.35 µg (150–200 µm) and
−0.37 µg (200–250 µm) per 10 µM. [PO3−

4 ] ranged between
0.04 and 0.39 µM. The gradients of change in test mass
in response to [PO3−

4 ] were −1.60 µg (150–200 µm) and
−2.11 µg (200–250 µm) per 1 µM.

A strong positive correlation between concentrations of
surface NO−3 and PO3−

4 was observed (Table 3:R2 = 0.94).
These nutrients, in turn, were negatively correlated to
Chlorophyll a concentrations (R2 = 0.43). The suggestion
that SNWs decrease with increasing nutrient concentrations
raised the question of how nutrient concentrations impacted
uponG. bulloidesabundance. ComparingG. bulloidesabun-
dance to NO−3 and PO3−

4 concentrations suggests that abun-
dance increased with increasing concentrations of these two
nutrients (Table 3: PO3−

4 , R2 = 0.55; NO−

3 , R2 = 0.48).
Statistical performance of the canonical correlation analy-

sis is shown in Table 4. The two canonical variates (F1 and
F2) explained 95 and 86 % of the variation in SNWs. Nutri-
ent concentrations (PO3−

4 and NO−

3 ) correlated most strongly
with the two canonical variates (F1 and F2, Table 3 and
Fig. 4), followed by [CO2−

3 ], µ, and SST; Chlorophylla and
abundance were most weakly correlated. [CO2−

3 ], SST and
µ, which correlated positively with SNWs in both size frac-
tions, were all strongly associated with each other (Table 3
and Fig. 4). [PO3−

4 ] and [NO−

3 ], which correlated negatively
with SNWs in both size fractions (and also [CO2−

3 ], SST and
µ), were also strongly associated with each other. SNWs
from both size fractions were not strongly associated, al-
though a positive correlation did exist; in the smaller (150–
200 µm) size fraction, SNWs were more closely correlated to
[NO−

3 ] and chlorophylla, and to a lesser extent SST andµ,
than in the larger (200–250 µm) size fraction (Table 3).
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Fig. 2.The mean sieve-based weight (SBW;µg) and measurement-based weight (MBW;µg) versus the mean diameter (µm) for G. bulloides
from 150–200 µm(A,B) and 200–250 µm(C, D) size-fractions. Dashed lines represent relationships that are statistically significant at the
95 % confidence level.

Table 3.Correlation matrix of parameters measured (test masses and environmental variables).

Variables (150–200 µm) (200–250 µm) µ [CO2−

3 ] SST [PO3−

4 ] [NO−

3 ] Chl a Abundance

SNW (150–200,µm) 1 0.493 0.695 0.589 0.660 −0.786 −0.801 0.569 −0.465
SNW (200–250,µm) 0.493 1 0.642 0.563 0.603 −0.741 −0.619 0.423 −0.576
µ 0.695 0.642 1 0.901 0.990 −0.886 −0.928 0.658 −0.564
CO2−

3 0.589 0.563 0.901 1 0.871 −0.847 −0.903 0.726 −0.570
SST 0.660 0.603 0.990 0.871 1 −0.860 −0.909 0.558 −0.577
PO3−

4 −0.786 −0.741 −0.886 −0.847 −0.860 1 0.967 −0.655 0.780
NO−

3 −0.801 −0.619 −0.928 −0.903 −0.909 0.967 1 −0.665 0.738
Chlorophylla 0.569 0.423 0.658 0.726 0.558 −0.655 −0.665 1 −0.293
Abundance −0.465 −0.576 −0.564 −0.570 −0.577 0.780 0.738 −0.293 1

The spatial distribution of test masses shows a broadly
similar pattern for both size fractions (Fig. 5): generally,
heavier test masses are found close to the west coast of Scot-
land (higher SST, CO2−

3 and PO3−

4 ) and lighter test masses
are found close to Iceland (lower SST, CO2−

3 and PO3−

4 ). In
the middle of the transect SNWs do not show an obvious pro-
gression, from north to south, towards heavier tests.

4 Discussion

4.1 Effectiveness of the size-normalisation procedure

While no statistically significant relationships were observed
when comparing MBWs with mean test diameters for either
size fraction, significant relationships were observed when
comparing SBWs to test diameters. This suggests that the
size-normalisation procedure employed as part of this study
(i.e. using MBWs as opposed to SBWs) adequately isolates
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Fig. 3. SNWs ofG. bulloidesfor 150–200 µg (filled symbols) and 200–250 µg (hollow symbols) size fractions compared to:(A) [CO2−

3 ],
(B) sea surface temperature,(C) in situ abundance ofG. bulloides(brackets around symbols denote values where a correction factor was
applied),(D) chlorophyll a (brackets around symbols denote where calibrated underway values have been used),(E) growth potential,
(F) [NO−

3 ] and(G) [PO3−

4 ]. Error bars represent the reciprocal of the number of specimens weighed per aliquot multiplied by mean specimen
weight.
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Table 4. Statistical performance of the canonical correlation analysis: canonical correlations (R), redundancy coefficients and eigenvalues
are shown for the canonical variates (F1 and F2).

Canonical correlation (R) Redundancy coefficient Eigenvalue (CanonicalR2)

Independent variables Dependent variables
F1 0.98 0.50 0.26 0.95
F2 0.93 0.41 0.29 0.86

Fig. 4. Canonical correlations between input variables (dependent
and independent) and canonical variables (F1 and F2).

the influence of test wall thickness and density from that
of size, on test weight. Therefore, we are confident that the
SNWs used here are a good reflection of calcification inten-
sity, and not simply test size.

4.2 A Consideration of Potential Factors Controlling
SNWs

4.2.1 [CO2−
3 ]

The range of [CO2−

3 ] (148–181 µM kg−1) is smaller than in
many previous studies, which have artificially imposed high
[CO2−

3 ] in culture (Spero et al., 1997; Bijma et al., 1999;
Lombard et al., 2010) or used samples from sediment cores
(Barker and Elderfield, 2002; Gonzalez-Mora et al., 2008; de
Moel et al., 2009; Moy et al., 2009). Despite this, the sign
and gradient of change observed here is comparable to those
derived fromG. bulloidesspecimens collected from surface
waters in the Arabian Sea (Beer et al., 2010a), andGlobigeri-
noides sacculiferandOrbulina universaspecimens in culture
(Bijma et al., 1999; Lombard et al., 2010). As the majority of
studies to date have found SNWs to be positively related to

Fig. 5. The spatial distribution ofG. bulloidesSNWs in the North
Atlantic, between Iceland and Scotland, for 150–200 µm(A) and
200–250 µm(B) size fractions. Inserted panels show SNW varia-
tions with latitude.

[CO2−

3 ], not only inG. bulloidesbut also in other species of
foraminifera (Table 1), it is likely that reductions in [CO2−

3 ]
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in the future will adversely affect calcification in these organ-
isms.

It would appear that species specific responses to reduced
[CO2−

3 ] exist in planktonic foraminifera (Table 1), as has
been observed in studies on coccolithophores (Riebesell et
al., 2000; Langer et al., 2006; Iglesias-Rodriguez et al.,
2008), perhaps highlighting that [CO2−

3 ] is a useful proxy
but not necessarily a direct driver of calcification. Calcifi-
cation tends not to occur at surfaces in direct contact with
seawater, but in relatively isolated compartments within the
cell (e.g. Erez, 2003; Bentov et al., 2009; de Nooijer et al.,
2009). Additionally, ion transport channels tend to transport
bicarbonate as opposed to carbonate ions (Carre et al., 2006):
precipitating CaCO3 from HCO−

3 and/or CO2 via a series
of reactions (Portner, 2008). Therefore, the ability to mod-
ify carbonate chemistry within microenvironments, convert
HCO−

3 to CO2−

3 , and/or utilize HCO−3 directly in calcifica-
tion as is the case in coccolithophores (Paasche, 2002), may
be the reason for the range of responses exhibited by different
species of foraminifera to increasedpCO2 in seawater.

G. bulloides is a non-symbiont bearing species.
Foraminifera species that harbour algal symbionts may
be better able to withstand reductions in [CO2−

3 ] due to the
production of ATP from photosynthesis, providing energy
for concentration of inorganic carbon into vesicles, removal
of ions that inhibit calcification (e.g. ter Kuile, 1991), and/or
the conversion of HCO−3 to CO2−

3 via pH regulation at the
site of calcification (Rink et al., 1998). Non-symbiont bear-
ing species are likely to have a higher sensitivity to reduced
[CO2−

3 ]. This is a factor that may explain the larger decrease
of test weights between the last glacial maximum to present
day conditions forG. bulloides(Barker and Elderfield, 2002;
Moy et al., 2009) compared to the symbioticG. ruber (de
Moel et al., 2009), and the differences in response to [CO2−

3 ]
exhibited by these two species in the surface waters of the
Arabian Sea (Beer et al., 2010a). However, a recent study
by Fujita et al. (2011) demonstrates that it is important to
be careful when extrapolating these responses to future
ocean acidification scenarios. The effects of increasedpCO2
on three species of symbiont-bearing reef foraminifers
were examined, and although two of the species exhibited
enhanced calcification at intermediatepCO2 values, further
increases beyond 970 µatm reduced calcification. Therefore,
in the short term there may be winners and losers in response
to ocean acidification amongst foraminifera; but in the
long term, in the absence of any adaptive strategies, these
organisms may find their geographical range restricted to
lower latitudes where [CO2−

3 ] will be highest (Feely et al.,
2004).

4.2.2 Temperature

The positive trends observed between SST and SNWs were
of the same order of magnitude as those observed when com-
paring [CO2−

3 ] with SNWs. This is not surprising, as lower

temperatures are responsible for reduced [CO2−

3 ] at higher
latitudes, due to increased solubility of atmospheric CO2.
However, the fact that stronger relationships exist between
SST and SNWs suggests that temperature may have an addi-
tional effect on SNWs.

In addition to having an effect on [CO2−

3 ], temperature is
also known to be an important control on the size of plank-
tonic foraminifera (e.g. B́e et al., 1973; Hecht, 1976; Schmidt
et al., 2004). The most likely mechanism by which tem-
perature could increase SNWs is through increases in en-
zymatic activity, leading to faster growth due to enhanced
calcification and cytoplasm synthesis (Spero et al., 1991).
Temperature may also increase feeding and ingestion rates
(Kooijman, 2000; Lombard et al., 2011), which could lead
to higher growth rates; it is unknown, however, whether in-
creases in test size also result in thicker, denser tests, and
therefore increased SNWs. One final way in which temper-
ature may affect SNWs may be indirectly via stratification,
which increases the number of pelagic niches available, lead-
ing to ecological partitioning; this could potentially minimize
inter-specific competition, allowing growth of foraminifers
to larger sizes (Schmidt et al., 2004).

4.2.3 Optimum growth conditions

de Villiers (2004) suggested that SNWs are linked more
closely to optimum growth conditions than [CO2−

3 ]. de Vil-
liers used relative abundance as a proxy for optimum growth
conditions, assuming that favourable environmental vari-
ables would result in greater abundances of foraminifera.
Beer et al. (2010a) were unable to lend support to this
hypothesis. Results from the current study also found no
relationship between SNWs andG. bulloidesabundances
in both size fractions examined. In fact, SNWs were in-
versely related toG. bulloides abundances, the opposite
trend to what would be expected under the optimum
growth conditions hypothesis. Although three out of the ten
abundance values were calculated using average flow rates,
the abundance counts presented here are arguably more re-
liable than those used by de Villiers (2004), which relied
on generalised geographic trends. Confidence can also be
placed in these findings based on the high volume of sam-
ple that these abundance counts were based on (average of
75 ml; range: 27–198 ml), and the fact that abundances found
here are in close agreement with expected abundances in the
North Atlantic for this time of year (Schiebel and Hemleben,
2001).

Chlorophyll concentrations may also be considered as an
alternative proxy for optimum growth conditions, as mi-
croalgae form a large component of the diet ofG. bul-
loides(Schiebel et al., 1997). Nevertheless, only weak pos-
itive trends between SNWs and chlorophyll were observed,
suggesting that the effect of optimum growth conditions on
G. bulloidesSNWs was minimal. However, a confound-
ing factor when considering this proxy for optimum growth
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conditions is that, although nutrient concentrations (PO3−

4
and NO−

3 ) and abundances ofG. bulloideswere positively
correlated with each other, nutrient concentrations were in-
versely related to chlorophyll concentrations; this suggests
that lower G. bulloidesabundances were found at higher
chlorophyll concentrations. As algae forms an important part
of this species’ diet (Hemleben et al., 1989), the opposite
trend would be expected; the trend observed here proba-
bly reflects the fact that chlorophyll concentration is tightly
coupled to grazing pressure (Sverdrup, 1953). Therefore, it
is probably the rate of algal growth that is most impor-
tant toG. bulloidesabundance, and not absolute algal abun-
dance implied from chlorophyll concentrations. If this is the
case, then nutrient concentrations are probably a better proxy
for optimum growth conditions in foraminifera. This has
been suggested by studies where increased foraminifer abun-
dances are associated with higher nutrient concentrations (Bé
and Tolderlund, 1971; Hemleben et al., 1989; Schiebel et al.,
2001). However, as will be discussed in more depth in the
next section, SNWs were in fact lower at higher nutrient con-
centrations.

Finally, we used modelledG. bulloidesgrowth rates (µ,
d−1; Lombard et al., 2011), which took into account tem-
perature and chlorophylla concentration, in order to better
constrain the effects of “growth potential” onG. bulloides
SNWs. In this model, water temperature is used to estimate
prey capture and digestion in foraminifers, and chlorophyll
is used as a proxy for prey concentration. Modelled growth
rates were positively correlated withG. bulloidesSNWs in
both size fractions, suggesting that calcification rates may be
higher when “growth potential” is higher. It may, therefore,
be the case that abundance is not the best indicator of opti-
mum growth conditions. However, this finding must be in-
terpreted with caution, as this model is highly dependent on
temperature to predict growth rates; as we have previously
mentioned, temperature (in addition to its effects on [CO2−

3 ])
is likely to have an effect on foraminifer SNWs via its influ-
ence on enzymatic activity and size.

4.2.4 Nutrient concentrations

SNWs were inversely related to both NO−

3 and PO3−

4 concen-
trations. As these nutrients were closely correlated to each
other, it is difficult to infer whether this effect is due to the
combination, or just one of these nutrients acting in isolation.
There is, however, no evidence in the literature for reduced
calcification in marine calcifying organisms under high NO−

3
concentrations.

Substantial evidence does exist for inhibition of calcifica-
tion at high concentrations of PO3−

4 . PO3−

4 has long been rec-
ognized as an inhibitor of calcite formation, adsorbing onto
the calcite surface, blocking active crystal growth sites and
impeding calcite precipitation (e.g. Simkiss, 1964; Pytkow-
icz, 1973; Reddy, 1977; Mucci, 1986; House, 1987). Lin and
Singer (2006) identified the PO3−

4 species responsible for this

inhibition as calcium hydrogen phosphate (CaHPO4), which
alters the formation and subsequent growth of surface nuclei,
resulting in reduced precipitation kinetics. Although there is
no direct evidence for this phenomenon occurring in plank-
tonic foraminifera, studies have been carried out on other
marine calcifiers. For example, coccolithophores grown in
PO3−

4 replete medium have been demonstrated to have lower
calcification rates than cells grown under PO3−

4 limited con-
ditions (Paasche and Brubank, 1994), while PO3−

4 concentra-
tions of 20 µM have been shown to decrease biomineralisa-
tion in the calcifying green algaHalimeda incrassataby 15
% (Demes et al., 2009). Similarly, a>50 % reduction in coral
calcification has been attributed to elevated PO3−

4 concentra-
tions (2 µM), maintained via discontinuous fertilisation over
an 8 month period (Kinsey and Davies, 1979). Although the
PO3−

4 concentrations in these experiments are at least 5 times
greater than the highest concentrations found in the present
study (0.39 µM), there is indirect evidence for inhibition of
calcification at concentrations much closer to these values:
one of the highest PO3−

4 concentrations reported for waters in
direct proximity to a coral reef (0.6 µM), is associated with
one of the lowest overall calcification rates (Smith and Kin-
sey, 1976). This suggests that [PO3−

4 ] may be the main factor
influencing SNWs of foraminifera in the present study.

Nutrient concentrations (PO3−

4 and NO−

3 ) andG. bulloides
abundances were positively correlated with each other, a
finding that is consistent with previous observations (e.g. Bé
and Tolderlund, 1971; Hemleben et al., 1989; Schiebel et al.,
2001). Taken together with reduced SNWs at high [PO3−

4 ],
this suggests that high nutrient concentrations could lead to
a larger number of organisms with thinner tests. This may be
explained in two ways: higher nutrient concentrations may
favour increased growth and reproduction ofG. bulloides,
resulting from the increased abundance of their microalgal
prey, but at the price of thinner tests resulting from PO3−

4
inhibition of calcification; alternatively, increased growth
and reproductive output are energetically costly to individual
G. bulloides, which subsequently invest less energy into cal-
cification, resulting in thinner tests. These two explanations
may not necessarily be mutually exclusive and, once again,
separating out the effects of NO−

3 and PO3−

4 is beyond the
scope of the particular observational approach adopted here.

4.2.5 Spatial distribution of test masses

Test masses were heaviest closest to the west coast of Scot-
land, and lightest towards Iceland. These values had a large
impact on the trends observed, and interestingly tests did not,
on the whole, become progressively heavier in between these
locations. This suggests that control of test mass may not pri-
marily have been caused by a factor which steadily changed
over the sampled transect: factors such as SST, [CO2−

3 ] and
µ. This would explain why test masses correlated best with
[PO3−

4 ], as this was highest near to Iceland, lowest off the
west coast of Scotland, and relatively stable in between.
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It is possible that different genotypes ofG. bulloidesex-
hibit different calcification responses to the same environ-
mental factors, as is the case in the coccolithophoreEmilia-
nia huxleyi(Langer et al., 2009). It is considered that there
are two genotypes ofG. bulloidesin the high latitude North
Atlantic: Type IIa and Type IIb. Generally, Type IIa is found
to the west of the Reykjanes Ridge (south-west of Iceland),
and Type IIb is found to the East of the Reykjanes Ridge
(Stewart et al., 2001); however, although Type IIb appears to
be confined to the east, Type IIa is not necessarily confined to
the west. The most likely explanation for this partial segrega-
tion is the water-mass transition that occurs, from the warm
Irminger current (which flows around Iceland), to the cold
East Greenland Current (which passes north to south down
the east coast of Greenland). If this is the case, then it may
be that Type IIa is able to tolerate greater temperatures to the
east of the Reykjanes Ridge, whereas Type IIb may be intol-
erant of colder waters. What is relevant to the present study is
the speculation by Stewart et al. (2001) that the relative distri-
bution of these two genotypes may follow the northward pro-
gression of the spring bloom. If this occurs, then this would
be another possible explanation why SNWs were a lot lighter
towards Iceland than off the coast of Scotland: the differences
observed may be due to the domination of the population by
a single genotype at high and low latitudes, with a mix of
the two genotypes occurring at intermediate latitudes. Infor-
mation on calcification responses, in these two genotypes, to
a range of environmental variables, combined with distribu-
tions for the specific area studied here, for this time of year,
would be required to assess whether this a plausible explana-
tion for the trends observed.

4.2.6 Differing SNW response between size fractions

Although positively correlated with each other, the associ-
ation between the two size fractions was not as strong as
one might expect, suggesting that calcification in different
life-stages ofG. bulloidesis affected to a different extent by
the various environmental variables examined here – a pat-
tern that was observed in the data: SNWs in the smaller size
fraction were more strongly (positively) correlated to [NO−

3 ]
and chlorophylla, and to a lesser extent SST andµ, which
is perhaps not surprising as these factors are all known to
positively impact the growth ofG. bulloides(Bijma et al.,
1992; Lombard et al., 2011), and would intuitively be more
important in organisms that were further from maturity. We,
therefore, tentatively propose that life-stage is likely to play
a role in the response of foraminifer SNWs to various envi-
ronmental factors in the ocean, with SNWs of “less mature”
organisms being more dependent on factors known to impact
growth rates.

5 Summary and conclusions

Our findings point to the potential importance of [PO3−

4 ] in
determining foraminiferal test masses in the ocean via inhi-
bition of calcification, a factor which has been overlooked
by previous studies on these organisms. Although changes
in [PO3−

4 ] explain the majority of the variation in SNWs in
the current study, it is important to stress that the relation-
ships observed here do not necessarily imply causality. Cul-
ture studies are perhaps best suited for assessing those en-
vironmental factors that are simply correlated with SNWs
of foraminifera and those which exert control. This is es-
pecially important considering that the SNW of an existing
test has a certain “memory”; therefore, although our mea-
surements will have been skewed towards the time of sam-
pling (because last chambers contribute disproportionately to
test mass), SNWs are likely to represent a broader range of
spatial and temporal influences than it is possible to capture
using the point measurement approach adopted here.

Temperature, [CO2−

3 ] and growth potential also appear to
have an impact on SNWs, despite the fact that the ranges
of temperature and [CO2−

3 ] were narrow in comparison to
[PO3−

4 ]; however, these three factors were closely linked to
each other, making it difficult to separate out their effects on
SNWs. The positive trends observed using a modelled mea-
sure of “growth potential” to represent optimum growth con-
ditions, compared to usingG. bulloidesabundances, chloro-
phyll a concentration, or nutrient concentration as a proxy,
suggests that this may be the best method for assessing the
effects of optimum growth conditions on foraminifer calcifi-
cation in the future.

Finally, SNWs of smaller organisms were more strongly
influenced by factors that are known to influence growth,
than larger organisms, suggesting that factors controlling
calcification in foraminifera are likely to change depending
on life-stage.
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