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[1] We assess d18O‐ and Mg/Ca–based paleothermometry in relation to seasonal variations in the shell fluxes of
the surface‐dwelling planktonic foraminifera G. ruber and G. trilobus. Using deep‐moored sediment traps in the
Mozambique Channel, upstream of the Agulhas Current, we find a distinct antiphase response to the annual
cycle in sea surface temperature (SST) in G. ruber and G. trilobus. Maximum fluxes of G. ruber occur in late
austral summer (February–March) when SST ranges between 28.7°C and 30.3°C. By contrast, G. trilobus
maxima appear in early winter (June–July) at a lower SST between 25.3°C and 27.0°C. Cross‐correlation of
the 2.5 year time series data confirmed that the G. ruber/G. trilobus ratio (R/T ratio) closely followed the
annual cycle in SST, as did their paired d18O and Mg/Ca. In all proxies, G. ruber showed a 3 week phase lag
against SST and G. trilobus of 6 weeks consistent with (semi‐) lunar population turnover rates in combination
with a 1 week settling time to the 2500 m deep ocean floor. After correcting for these lags, we derived five
independent equations for improved paleothermometry in the southwestern Indian Ocean that specify flux‐
weighted annual mean SST. The offset between flux‐weighted SST of G. ruber and G. trilobus and annual
mean instrumental SST is about 0.8°C despite their strong seasonality in shell export. This is far less than the
mean difference in instrumental SST between summer and winter of 3.2°C. Both species therefore closely
reflect annual mean SST in sediments within a margin of +0.5°C for G. ruber and –0.3°C for G. trilobus. We
also find that multiple linear regression of the five proxies (R/T ratio and the d18O, Mg/Ca of G. ruber
and G. trilobus) strongly reduces the effects of fast rotating eddies and improves the correlation coefficient
from an r2 of 0.4 to an r2 of 0.8.
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1. Introduction

[2] Foraminiferal tracers fundamentally contribute to our
understanding of past ocean and climate systems [Elderfield,
2002]. Many paleotemperature reconstructions rely on the
analysis of foraminiferal shell chemistry since they record
seawater temperature via the changing 18O/16O [Bemis et al.,
1998; Emiliani, 1955; Shackleton and Vincent, 1978] and
Mg/Ca ratios of their carbonate shell [Anand et al., 2003;
Nürnberg et al., 1996]. Model and field studies have shown
substantial seasonal differences on foraminiferal shell fluxes
[Deuser et al., 1981] that may strongly influence d18Oc–
[Deuser, 1987] and Mg/Ca–based paleoreconstructions of
annual SST [Fraile et al., 2009]. In order to quantify the

effect of such seasonal changes on paleothermometry, we
deployed time series sediment traps in the deep Mozambique
Channel [de Ruijter et al., 2005] which is characterized by a
mean 3.2°C seasonality in SST. For that purpose we
examined a 2.5 year time series for two common surface‐
dwelling species of planktonic foraminifera, symbiont‐
bearing G. ruber and G. trilobus in terms of their shell flux,
d18O and Mg/Ca. Both species are widely used in paleo-
thermometry because they occur frequently throughout the
(sub‐) tropical surface oceans [Bé and Hutson, 1977], are
well known from culture studies [Bé, 1980; Bé et al., 1981]
and persist during Quaternary climate change [Emiliani,
1955; Emiliani and Shackleton, 1974; Peeters et al.,
2004]. Here we develop equations relating G. ruber and
G. trilobus shell fluxes, d18Oc and Mg/Ca to remote sensing
SST of the upstream Agulhas Current.
[3] Both G. ruber and G. trilobus are important con-

stituents of the tropical fauna in the SW Indian Ocean. This
specific tropical fauna can be transported to the Agulhas
Current via the Mozambique Channel leaving a record of
Agulhas Leakage in the adjacent Atlantic [Peeters et al.,
2004]. Satellite altimetry has shown that instead of a con-
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tinuousWestern boundary current we find poleward transport
by fast rotating, mesoscale eddies through the Mozambique
Channel which can exceed 300 km in diameter [Schouten
et al., 2003]. These eddies are responsible for the about
17 Sv poleward transport of tropical waters [van der Werf
et al., 2010] thereby contributing to the combined 35 Sv
transport of the Agulhas Current. Indeed, they are respon-
sible for the formation and shedding of Agulhas Rings into
the South Atlantic [de Ruijter et al., 1999]. Yet, they also
cause large‐scale perturbations at their margin that may
affect temperature calibrations we aim to define for the
Mozambique Channel. Cross‐correlation is used to identify
specific lags in the proxy temperatures with respect to sat-
ellite SST before applying reduced major axis regression to
derive the first temperature calibrations for the SW Indian
Ocean.

2. Material and Methods

[4] In order to trace seasonal temperature in planktonic
foraminifera we monitored settling particle fluxes using
deep‐moored sediment traps deployed upstream of the
modern Agulhas Current (Figure 1). Associated with the
Long‐term Ocean Climate Observation (LOCO) program
[de Ruijter et al., 2005; de Ruijter et al., 2006; Palastanga
et al., 2006] we deployed two consecutive time series sedi-
ment trap moorings in the central Mozambique Channel from
November 2003 to March 2006 (Figure 1). Each time the
Technicap PPS 5 sediment trap with a baffled collecting area
of 1 m2 and a 24‐cup automated sampling carousel was
positioned at 250 m above the channel floor at 2250 m water

depth. Prior to deployments, sample cups were filled with a
HgCl2 poisoned and borax‐buffered solution of seawater
collected from the deployment depth [Lončarić et al., 2007].
The sediment traps were programmed to a 3 week sampling
interval for a 2.5 year period on the same site (Table 1).
Samples were wet‐split using a binary Folsom splitter with a
precision of >95% [Lončarić et al., 2007; Sell and Evans,
1982]. Aliquots were processed by sequential wet oxidation
in hot alkaline H2O2 to extract and clean the foraminiferal
shells [Fallet et al., 2009].
[5] Shells from the surface‐dwelling species G. ruber

(white) and G. trilobus were analyzed for shell flux, weight
and paired d18Oc and Mg/Ca (Table 1). In order to minimize
a potentially large error in d18O and Mg/Ca associated with
the lumping of different morphotypes [Steinke et al., 2005],
we used only G. ruber sensu stricto that was by far the most
common with all sensu lato types being rare (less than 5%).
For the same reasons, we analyzed only G. trilobus (Reuss,
1850) in this study excluding G. sacculifer (Brady, 1879)
with its final sac‐like chamber, a terminal morphotype
[Brummer et al., 1987] with a deeper depth habitat [Bijma
and Hemleben, 1994; Erez and Honjo, 1981]. All analyses
were performed on specimens from the narrow 250–315 mm
fraction to minimize any size effects on shell chemistry
[Kroon and Darling, 1995; Peeters et al., 1999] and because
both species are most abundant in this particular size frac-
tion. Additional counts of G. ruber and G. trilobus speci-
mens in the >150 mm fraction confirmed that size‐related
changes do not interfere with the species ratio found for the
250–315 mm fraction.
[6] All d18O analyses on foraminiferal shells were done

on a Thermo Finnigan MAT253 with Kiel IV device with a
precision of <0.1‰. Shell weights in the 250–315 mm
fraction ranged between 10–16 mg forG. ruber and 13–20 mg
for G. trilobus (Table 1). If available we isolated a minimum
of 20 specimens per sample which were gently crushed to
open their chambers as well as to homogenize the material.
An aliquot of 10 to 20 mg of cleaned carbonate was weighed
and subsequently measured for d18Oc against the NBS19
standard. All samples were analyzed in duplicate (Table 1)
with a standard deviation of 0.05‰. In addition, seawater
samples collected in March 2008 by CTD‐Rosette profiling
across the Mozambique Channel were analyzed in duplicate
for d18Ow on a Thermo Finnigan Delta + mass spectrometer
equipped with a GASBENCH‐II preparation device.
Between 0.5 and 1 ml of water sample is injected through
the septum cap of a 10 ml exetainer vial filled with a mixture
of helium and 0.2% CO2. The oxygen in the headspace CO2

is allowed to isotopically equilibrate with the water sample
for 24 h at a temperature of 22°C. Subsequently the CO2‐
helium gas mixture is transported to the GASBENCH‐II by
use of a helium flow through a flushing needle system. In
the GASBENCH‐II, water is extracted from the gas, by use
of NAFION tubing, and CO2 is analyzed in the mass
spectrometer after separation of other gases in a GC column.
Values are reported as d18O against V‐SMOW. The long‐
term reproducibility of a routinely analyzed lab water stan-
dard is better than 0.1‰.
[7] Foraminiferal tests not used for d18O analyses were

cleaned according to the protocol of Barker et al. [2003] to

Figure 1. Study area with trap and CTD locations. Channel
depth is given in 500 m isobars. Inset shows the greater
Agulhas Current system with prevailing eddy migration
pathways.
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remove any adsorbed phases, organic matter and clay
minerals and then analyzed for Mg/Ca. Cleaned samples
were dissolved in 1000 ml of ultraclean 0.1M HNO3, and
analyzed by high resolution ICP‐MS using a Thermo Fischer
Scientific Element‐2 equipped with a double spray chamber
and Teflon microflow nebulizer. Mg/Ca ratios were quanti-
fied using the ICP‐MS intensity ratio calibration method of
Rosenthal et al. [1999]. After calcium determination by fast
prescanning, samples were diluted to 20 ppm calcium.
Analyses of the reference materials BAM RS3 and BAS
ECRM 752–1 [Greaves et al., 2005] gave Mg/Ca of 0.786
and 3.737 mmol/mol, respectively, well within the 1s stan-
dard deviation of the calibration mean [Greaves et al., 2008;
Rosenthal et al., 2004].
[8] Paired shell fluxes, d18Oc and Mg/Ca proxy tem-

peratures of G. ruber and G. trilobus were contrasted against
weekly averaged satellite SST (Figures 2, 3, 4, and 5) from
the NOAA database (http://nomad1.ncep.noaa.gov) for the
area 16–17°S and 40–41°E, directly above the trap site. The
same approach was followed for the surface mixed layer
(SML) depth, which was obtained from NASA’s Giovanni
database (http://gdata1.sci.gsfc.nasa.gov/daac‐bin/G3/gui.cgi?
instance_id=ocean_model_day) as daily averages. In addi-
tion to the remote sensing parameters, we used in situ
temperature measurements from shipboard CTD profiling
from 23 November 2003 (austral spring) and 3 March 2006
(late summer) across the transect including the actual trap
site. We found that satellite SSTs were 0.1°C lower than in
situ CTD temperatures at 3 m water depth and we corrected
the satellite SST accordingly by adding 0.1°C to each point
in the time series.
[9] In order to identify seasonality for the relatively short

record of particle fluxes with a comparatively low resolution

we cross‐correlated all proxies with SST to evaluate the
degree of similarity between two waveforms as a function of
time. For cross‐correlation we used a mixed‐effect regres-
sion model [Hedeker and Gibbons, 1996b] which accounts
for dependencies in the data with a nesting structure. Esti-
mation of the parameters involves computing a marginal
maximum likelihood solution using both the expectation‐
maximization algorithm and Fisher scoring [Hedeker and
Gibbons, 1996a]. After correcting the data set for the spe-
cific time lags, SST calibration lines for each individual
proxy are determined by reduced major axis regression.
Reduced major axis regression is used because both SST
and proxy parameters can be considered independent vari-
ables. Reduced major axis regression minimizes the trian-
gular area between the data points and the regression line.
Residuals of each proxy are plotted against SST to deter-
mine whether they contain a significant trend and are not
Gaussian distributed (Null‐Hypothesis). The visual inspec-
tion of the residuals was validated by applying the c2‐test to
the residuals. For measured c2 values higher than the critical
c2 of 5.99 we rejected the Null‐Hypothesis and conclude
that our model describes the bivariate data set well (auxiliary
material Figures S1a-S1g).1

3. Results

3.1. Seasonal Oceanography

[10] The Mozambique Channel, located between Mada-
gascar and Africa, is governed by the annual migration of the
ITCZ between 20°S and 15°N in the tropical southwestern

Figure 2. (a) Time series SST and surface‐mixed layer depth obtained from satellite remote sensing
showing a pronounced antiphase relationship. (b) Temperature‐salinity‐depth profiles and d18O of seawater
of at the trap site from the upper 200 m at the mooring station on 23 November 2003 and 3 March
2006. Note the poorly developed surface mixed layer (SML depth indicated with black line) in austral
spring (23 November 2003).

1Auxiliary materials are available in the HTML. doi:10.1029/
2010PA001942.
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Indian Ocean (Figure 1). Associated with the monsoon
system, seasonal forcing is expressed in pronounced SST
changes from winter minima of 25°C to summer maxima
above 30.2°C with an annual mean of 27.6°C (Table 1 and
Figure 2a). With the onset of summer in late November
increase in rainfall caused by the seasonal migration of the

ITCZ slightly lowers sea surface salinities from 35.2 psu in
winter to 34.9 psu in summer in the Mozambique Channel
(Figure 2b). The Mozambique Channel can be characterized
as an oligotrophic region with extremely low concentrations
of chlorophyll a in surface waters between 0.075 mg/m3 in
summer and 0.25 mg/m3 in winter. Shipboard CTD profiles

Figure 3. (a) Three‐weekly resolved shell fluxes of 2.5 years time series G. ruber and G. trilobus, their
ratio (R/T ratio), and SST. (b) Cross‐correlation of G. ruber and G. trilobus fluxes with SST shows a
conspicuous lag of 3 weeks and 6 months, indicating that G. ruber predominantly reproduces in sum-
mer and G. trilobus reproduces in winter months. The R/T ratio also lags SST by 3 weeks when cross‐
correlated. (c) Reduced major axis regression of lag‐corrected R/T ratios against SST. Analysis of the
residuals (c2 test) returns a c2 of 130.97, far above the critical c2 of 5.99, indicating that the linear
model describes the data well.
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indicate a developing SML in spring that reaches to about
10 m water depth which deepens to approximately 30 m by
the end of March (Figure 2b). This confirms satellite obser-
vations of the SML depth in the Mozambique Channel that

indicate a strong seasonality with a deep SML of 40 m
during winter and shallow SML of 10 m during summer.
Thus, the 25°C winter minimum SST is found at 40 m, the
depth of winter mixing.

Figure 4. (a) Three‐weekly resolved d18Oc data of 2.5 years time series G. ruber and G. trilobus and
SST. (b) Cross‐correlation of d18Oc of G. ruber and G. trilobus with SST shows a conspicuous lag of
3 and 6 weeks. (c and d) Reduced major axis regression of lag‐ and d18Ow‐corrected d18Oc data against
SST. Analysis of the residuals returns c2 values of 15.80 for G. ruber and 35.45 for G. trilobus, far above
the critical c2 of 5.99. Arrow indicates the shift of flux‐weighted proxy SST against annual mean SST
derived from satellite data.
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3.2. Antiphase Shell Fluxes

[11] We observed a strong seasonality in G. ruber shell
fluxes in the 250–315 mm size fraction with a major pulse
arriving in February–March and a minor one in October.
Shell fluxes of G. ruber were highest in late austral summer
with maximum values of 100–120 shells m−2 day−1,
approximately 5 times higher than during the remainder of
the year (Table 1 and Figure 3a). Minimum values occurred

in winter with 2–8 shells m−2 day−1 adding up to an annual
average of ∼25–30 shells m−2 day−1. Additionally, we
observed that G. ruber specimens from the wide >150 mm
size fraction follow the seasonality we already observed for
the narrow size fraction with maxima during summer and
minima during winter (Table 1). Peak fluxes in austral
summer (December to early March) accounted for 48% of
the annual shell flux of G. ruber. G. ruber therefore behaves

Figure 5. (a) Three‐weekly resolved Mg/Ca data of 2.5 years time series G. ruber and G. trilobus and
SST. (b) Cross‐correlation of Mg/Ca of G. ruber and G. trilobus with SST shows a conspicuous lag of
3 and 6 weeks. (c and d) Lag‐corrected Mg/Ca data against SST. Analysis of the residuals returns a c2

of 10.20 for G. ruber and 12.18 for G. trilobus, well above the critical c2 of 5.99. Arrow indicates the
shift of flux‐weighted proxy SST against annual mean SST derived from satellite data.
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as a summer species with highest export production in
February and March that lags SST by about 3 weeks.
[12] By contrast, G. trilobus showed highest shell fluxes

in austral winter (May–July) of about 32 shells m−2 day−1

and minima in summer of 1 shell m−2 day−1 (Table 1 and
Figure 3a) at an annual average of 10 shells m−2 day−1. The
recurring maximum in G. trilobus fluxes during early austral
winter (June–July) contributes about 47% to the annual shell
flux when low SSTs prevail in response to the migration of
the ITCZ. Similarly to the narrow size fraction, we noticed
that G. trilobus specimens from the wide >150 mm size
fraction showed highest fluxes during winter and lowest
fluxes during summer months (Table 1). We therefore
classify G. trilobus as a winter species with peak shell
export under low SSTs.
[13] Seasonality is most clearly expressed by the ratio of

shell fluxes for G. ruber and G. trilobus (R/T ratio) which
varies in concert with the annual cycle in SST rather than in
antiphase, with R/T values ranging from <0.5 at the onset
of austral winter to >10 in summer (Figure 3a). Cross‐
correlation of the 2.5 year time series shows that R/T ratios
closely follow seasonal SST with a 3 week lag and has an
flux‐weighted ratio of 5.44 (Figure 3b). In order to
determine seasonal SST from the R/T ratio of time series
shell flux, we corrected for the observed 3 week offset
before applying reduced major axis regression against SST
(Figure 3c). From that we derive

SST ¼ 0:34 *
Jrub
Jtril

þ 26:07; ð1Þ

where Jrub is the shell flux of G. ruber and Jtril that of
G. trilobus with a correlation coefficient r2 of 0.44 being
statistically significant at the 95% confidence limit. The
equation returns proxy SSTs ranging between 26.2°C and
31.6°C at a flux‐weighted mean of 28.2°C. To validate
whether our model is appropriate for our data set we applied
the c2 test to the residuals. The measured c2 value is 130.97,
which is far above the critical c2 of 5.99, thus our model
describes the bivariate data set very well (Figure S1a). This
not only holds for the R/T ratio in the narrow 250–315 mm
size range but also for the >150 mm size fraction and
emphasizes its sensitivity to seasonal changes in size‐
frequency distribution of either species. Despite the much
larger shell fluxes, the wide R/T ratio is similar to the narrow
R/T ratio and also follows seasonal SST with G. ruber as a
summer and G. trilobus as a winter species. Thus, the R/T
proxy appears applicable to a wide range of size fractions
since the majority of the export production is reflected in
both, the narrow and the wide, size range (Figure S2).

3.3. Shell d18O and Mg/Ca Thermometry

[14] The d18Oc of both G. ruber and G. trilobus follows
the phases in SST on seasonal time scales (Table 1 and
Figure 4a). Time series d18Oc ranges from −2.9‰ to −1.5‰
PDB with an annual average of −2.35‰ in G. ruber, and
from −2.7‰ to −1.7‰ with an annual average of −2.18‰ in
G. trilobus with standard deviations of less than 0.05‰.
Since d18Oc– temperature depends on the d18Ow of the
ambient seawater we corrected all data by 0.56‰ which is

the average d18Ow for all analyzed surface samples. Sea-
sonality in d18Ow was not observed and values of d18Ow

vary only slightly between 0.55‰ and 0.68‰ in the upper
200 m at the mooring site and between 0.49‰ and 0.66‰ in
surface waters taken across the channel (Figure 2). Cross‐
correlated with SST we find that G. ruber lags maximum
SSTs by 3 weeks and G. trilobus by 6 weeks (Figure 4b).
Corrected for this offset, reduced major axis regression
produces

SSTrub ¼ �5:11 * �18Orub � �18Ow

� �þ 12:56 ð2Þ

SSTtril ¼ �6:26 * �18Otril � �18Ow

� �þ 10:33; ð3Þ

where d18Orub and d18Otril are the oxygen isotope compo-
sition of the foraminiferal shells and d18Ow equals 0.56‰ in
the ambient seawater (Figures 4c and 4d). The regressions
have correlation coefficients r2 of 0.42 and 0.43, respec-
tively, which is significant at the 95% confidence interval
with c2 values of 15.80 and 35.45 for the residuals, both
well above the critical c2 of 5.99 in our model (Figures S1b
and S1c). The equations return proxy SSTs ranging between
23.1°C and 30.2°C for G. ruber and between 24.5°C and
30.7°C for G. trilobus with flux‐weighted SSTs of 28.1°C
for G. ruber and 27.2°C for G. trilobus. Thus, flux‐weighted
averages for d18O yield proxy SSTs that are 0.5°C higher
(G. ruber) and 0.3°C lower (G. trilobus) than annual mean
SST of 27.6°C over the 2.5 year period of the trap deployment
(Figures 4c and 4d).
[15] Seasonality is even more pronounced in foraminiferal

Mg/Ca, with values for G. ruber from 3.8 mmol/mol to
6.2 mmol/mol with an annual mean of 5.1 mmol/mol. Those
for G. trilobus are lower and less variable, ranging between
3.3 mmol/mol and 4.2 mmol/mol with an annual mean of
3.8 mmol/mol (Table 1 and Figure 5a). Cross‐correlation of
Mg/Ca of both species with SST shows that they behave
strongly seasonal like they do in d18Oc (Figure 5b) again with
a lag of 3 weeks for G. ruber and 6 weeks for G. trilobus.
After correcting for this offset we derive the following
reduced major axis regressions (Figures 5c and 5d)

SSTrub ¼ 2:32 * Mg=Carub þ 15:71 ð4Þ

SSTtril ¼ 5:46 * Mg=Catril þ 7:00; ð5Þ

where Mg/Ca is the Mg/Ca composition of the species’ shells
in the 250–315 mm fraction. The regressions yield a corre-
lation coefficient r2 of 0.53 and 0.54, respectively, which is
significant at the 95% confidence interval. Their residuals
return c2 values of 10.20 and 12.18, both also above the
critical value (Figures S1d and S1e). The application of a
linear rather than an exponential model is in contrast to other
studies [e.g., Anand et al., 2003; Nürnberg et al., 1996].
However, in this study, we calibrate against a relatively
narrow seasonal SST range of 5.2°C which is well described
by a linear model. The equations return proxy SSTs between
24.5°C and 30.1°C for G. ruber and between 25.0°C and
29.9°C for G. trilobus with a flux‐weighted mean of 28.0°C
forG. ruber and 27.3°C forG. trilobus. Similar to d18O, flux‐
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weighted averages for Mg/Ca also yield proxy SSTs that are
0.5°C higher (G. ruber) and 0.3°C lower (G. trilobus) than
annual mean SST of 27.6°C.
[16] In order to minimize the noise in the single calibra-

tions we applied multiple linear regression analysis to our
five SST proxies (Figure 6). Multiple linear regression
yields a considerably higher correlation coefficient r2 of
0.80 than for any of the constituent proxies alone:

SST ¼ 12:478� 1:265 * �18Orub � �18Ow

� �

þ 0:751 * Mg=Carub � 0:878 * �18Otril � �18Ow

� �

þ 1:302 * Mg=Catril þ 0:063 * R=T ratio: ð6Þ

Comparison of model predicted SST data (multiple regres-
sion) with satellite SST results in a better agreement
between both data sets (Figure 6).

4. Discussion

[17] We have found a strong antiphase seasonality in the
shell fluxes ofG. ruber andG. trilobus from theMozambique
Channel in the SW Indian Ocean with G. ruber generating
nearly half of its annual export flux in only 2months of austral
summer and G. trilobus in early austral winter. Despite such
seasonal contrast we find flux‐weighted SSTs of 28.1°C for
G. ruber and 27.3°C for G. trilobus that are closer to the
satellite‐derived annual mean SST of 27.6°C than either
summer maximum or winter minimum SSTs. Apparently,
seasonal contrasts of 3.2°C are significantly dampened to
0.8°C by the relatively high shell fluxes produced during the

remaining 10 months of the year with respect to minimum
(G. trilobus) and maximum (G. ruber) instrumental SST of
25.0°C and 30.2°C. Flux‐weighted averages show that
seasonality in the Mozambique Channel only moderately
affects the annual d18O and Mg/Ca temperatures given
calibration errors of 0.5°C for foraminiferal paleothermo-
metry. Rather, it provides a fine‐tuning of G. ruber and
G. trilobus SST calibrations that accounts for their peak
anti‐phase export production.
[18] We cross‐correlated the d18O and Mg/Ca values of

G. ruber and G. trilobus with SST in order to optimize linear
regression by keeping time as the mutual constant for cali-
bration. With respect to SST this revealed a consistent
species‐specific lag in their response time of 3 weeks for
G. ruber and 6 weeks for G. trilobus in all proxies. Indeed,
population turnover times are in the order of 2 to 4 weeks
[Bé and Hutson, 1977; Berger, 1969], which defines the
biological response time to SST in the (semi‐) lunar domain
[Bijma et al., 1990; Lončarić et al., 2005; Spindler et al.,
1979]. Shell settling experiments on G. ruber and G. trilo-
bus/sacculifer [Takahashi and Bé, 1984] and field studies in
high current environments [Gyldenfeldt et al., 2000] indicate
sinking speeds of about 400–500 m day −1 for shells in the
250–315 mm size and 10–20 mg weight range. The time lag
for our time series G. ruber and G. trilobus to settle on the
2.5 km deep ocean floor should therefore be in the order of a
week. We argue that a settling time of about a week com-
bined with 2 week population turnover time is consistent
with the 3 week phase shift observed inG. ruber [Bijma et al.,
1990]. Similarly, a 1 week settling time combined with a

Figure 6. Observed and predicted SST calculated with calibration 6 (d18Orub, d
18Otril, Mg/Carub,Mg/Catril,

and R/T ratio) obtained frommultiple linear regression. The correlation coefficient increases considerably to
r2 = 0.80 for all five proxies. Analysis of the residuals returns a c2 value of 24.00, well above the critical c2

of 5.99.
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4 week population turnover time would account for the 6
week phase shift in G. trilobus.
[19] In the Mozambique Channel strong seasonality in

SST is superimposed by a highly dynamic hydrography that
is dominated by the intermittent passage of fast rotating
mesoscale eddies through the channel [Harlander et al.,
2009; Schouten et al., 2003]. About every 70 days, these
migrating eddies strongly perturb vertical fluxes to the
sediment by promoting southward expatriation of forami-
nifera along with their temperature proxies d18O and Mg/Ca.
In addition, eddies also thoroughly mix ocean waters
thereby quickly changing surface temperatures [Donohue
and Toole, 2003]. Combined with random scatter, linear
regression of the R/T ratio, d18Oc, Mg/Ca against SST
resulted in significant correlation, yet with relatively low
coefficients. These effects can be minimized by multiple
linear regression of the five independent SST proxies, that
together return an r2 of 0.80 for the SST paleothermometry
in the Mozambique Channel (Figure 6).
[20] Regressions account for any species‐specific offsets

in d18Oc and/or Mg/Ca as a function of their differential
biomineralization and also as a function of depth habitat as
long as it reflects the annual SST cycle with statistically
significant cross‐correlations. Temperatures are constant in
the surface‐mixed layer (SML), the uppermost wind‐mixed
water column, which extends to depths between 10 and
40 m judging from the CTD profiles taken at the end of
austral spring and the end of summer, consistent with
modeled SML depths throughout the year (Figure 2).
Indeed, the amplitudes in the seasonal d18Oc and Mg/Ca are
largely similar for G. ruber and G. trilobus suggesting they
experienced the same changes in temperature consistent
with a similar depth habitat during the annual cycle. Both
species are known surface dwellers with photosynthesizing
endosymbionts that generate their export production near the
bottom of the SML [Lončarić et al., 2006; Peeters and
Brummer, 2002]. For d18Oc we obtained a mean offset of
0.17‰ (Figures 4c and 4d) similar to previous observations
on plankton tow samples from the Indian Ocean [Duplessy
et al., 1981] and for Mg/Ca of 1.2 mmol/mol (Figures 5c
and 5d). The offset in Mg/Ca between both species is
0.5 mmol/mol higher than observed in other studies else-
where [Anand et al., 2003; Huang et al., 2008].
[21] Offsets between G. ruber and G. trilobus in both

fluxes and sediments has been variously explained in terms
of differential depth habitats [Shackleton and Vincent, 1978;
Tedesco et al., 2007], pH and carbonate ion concentration
[Spero et al., 1997] and salinity changes [Ferguson et al.,
2008] contrasting in environmental settings. In SML waters
of the Mozambique Channel the effects of pH, carbonate ion
concentration and salinity can be considered constant with
respect to foraminiferal d18O and Mg/Ca on an intra‐annual
time scale. While seasonal SML temperature ranges between
25 and 30.2°C, salinity remains between 34.9 and 35.3 psu
and total alkalinity between 2285 and 2300 mEq/L [Lee
et al., 2006]. Plankton tow and calibration studies showed
that G. trilobus usually follows the changing depth of the
seasonal thermocline whereas G. ruber stayed in the upper
20 m [Peeters and Brummer, 2002; Sadekov et al., 2009;
Sautter and Thunell, 1991], yet the opposite behavior was

found in the oligotrophic SE Atlantic [Lončarić et al.,
2007]. In the Mozambique Channel the seasonal tempera-
ture difference at 20 m and the bottom of the SML is <0.5°C
as expected for the SML. We therefore argue that both
G. ruber and G. trilobus were exported from near the bottom
of the SML with the large and relatively constant offset
between both species in d18O and Mg/Ca reflecting species‐
specific properties rather than different depth habitats [Brown
and Elderfield, 1996; Eggins et al., 2003].
[22] Foraminiferal SST proxies are known to be sensitive

to size effects [Elderfield et al., 2002; Kroon and Darling,
1995]. We minimized such size effects by using the very
narrow size fraction of 250–315 mm for all proxies. Addi-
tionally, we analyzed how the broadening of the size frac-
tion influences the R/T ratio. For that we counted all G.
ruber and G. trilobus specimens larger than 150 mm which
resulted in higher shell fluxes in winter for both species.
However, this shift toward more as well as larger specimens
in winter does not affect the R/T ratio which yields a similar
seasonality pattern as observed for the narrow 250–315 mm
fraction. We also observed that both G. ruber and G. trilobus
reach maximum shell fluxes in the size fraction 250 to
350 mm as Peeters et al. [1999] previously showed using
size‐frequency distributions. This suggests that the R/T ratio
has a potential as a new SST proxy.

5. Conclusions

[23] In this study we examined the first time series fluxes
of planktonic foraminifera retrieved from the Mozambique
Channel, upstream of the Agulhas Current. Using deep‐
moored sediment traps we find a distinct antiphase response
to the seasonal SST fluctuation in the shell fluxes of surface‐
dwelling G. ruber and G. trilobus. Maximum fluxes of
G. ruber occur in late austral summer and G. trilobus max-
ima in early winter. Despite such strong seasonality, flux‐
weighted d18O and Mg/Ca of both G. ruber and G. trilobus
return SSTs that are close to the annual mean SST measured
by satellite. Higher flux‐weighted SSTs of 28.1°C (G. ruber)
and lower flux‐weighted SSTs of 27.3°C (G. trilobus) were
observed in comparison with annual mean SST of 27.6°C.
Antiphase seasonality in export fluxes accounted for the
0.8°C difference in proxy SST between summerG. ruber and
winter G. trilobus, substantially lower than the mean 3.2°C
seasonal contrast in instrumental SST on a 3 week basis. The
ratio between shell fluxes of G. ruber and G. trilobus closely
followed the seasonal cycle in SST and provides a novel
proxy for regional paleothermometry upstream of the
Agulhas Current. Cross‐correlation of the R/T ratio, d18O
and Mg/Ca of G. ruber and G. trilobus with SST yielded a
conspicuous lag of 3 weeks for G. ruber and 6 weeks for
G. trilobus which is consistent with their (semi‐) lunar
population turnover times in combination with settling
velocities to the 2500 m deep ocean floor. After correcting
for this lag, the first five SST calibrations are derived for the
tropical SW Indian Ocean specifying flux‐weighted SST.
Multiple linear regression strongly improved calibration
minimizing the noise associated the eddy dominated current
transport found in the Mozambique Channel.
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