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[1] We have developed cold-end Mg/Ca-temperature calibrations for three common Arctic benthic
foraminifera, Islandiella norcrossi/helenae, Melonis barleeanus, and Cassidulina neoteretis, and compare
the three calibrations in a late Holocene downcore record (0–4000 cal yr B.P.). The calibration and
downcore trends for the three Arctic species extend the observation that Mg incorporation into benthic
foraminifera is species specific. For the calibration we use a set of CTD casts, bottom water d18Oseawater

measurements, and surface grab-samples collected from the Iceland margin (cruise B997) and the Greenland
margin (cruise BS1191). Water depth of sites used ranges from 165 to 656 m, while spatial bottom
temperature ranges from 0 to 7�C. Mg/Ca values ranged from 1.02 to 1.47 for I. norcrossi/helenae, 0.64 to
2.21 for M. barleeanus, and 0.93 to 1.38 mmol/mol for C. neoteretis. We calibrated Mg/Ca content against
isotopic calcification temperature (calculated using T = 16.9 � 4.0*(d18Ocalcite corrected for vital effect �
d18Oseawater)). Exponential calibrations for the three species are as follows: I. norcrossi/helenae Mg/Ca =
1.051 ± 0.03 * exp(0.060 ± 0.011 * T),M. barleeanusMg/Ca = 0.658 ± 0.07 * exp(0.137 ± 0.020 * T), and
C. neoteretisMg/Ca = 0.864 ± 0.07 * exp(0.082 ± 0.020 * T). On the basis of Mg/Ca in these benthic species
the downcore record from core MD99-2269 is reconstructed. Bottom temperature values are interpreted to
reflect variable inflow of Atlantic and Arctic water to the north Iceland shelf during the last 4000 cal yr B.P.
All three reconstructions show a decline by 0.1�C per century from circa 1500-0 cal yr B.P., which coincides
with an increase in Arctic benthic foraminifera abundances and a rise in sea ice proxies in the same core.
Intriguingly, C. neoteretis diverges periodically to higher average temperature (Atlantic water conditions)
than shown by M. barleeanus or I. norcrossi/helenae (which both show Arctic water temperature) circa
1500–4000 cal yr B.P.
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1. Introduction

[2] Arctic continental-shelf sediments have been
shown to be sensitive and potentially very high-
resolution recorders of paleoclimatic and paleocea-
nographic changes. However, one of the main
problems in Arctic paleoceanography is the lack
of good, quantitative proxies for both temperature
and salinity, particularly for benthic conditions.
Advances in Mg/Ca studies of foraminifera (and
ostracods) may provide us with the ideal quantita-
tive proxy that can be used to reconstruct both sea
surface and bottom water conditions. Calibrations
of Mg/Ca ratio against temperature are reasonably
well-constrained for planktonic foraminifera at tem-
peratures above 10�C but are less well developed
for benthic foraminifera and cooler temperatures,
thus currently limiting the method’s applicability to
high-latitude and deep water studies. Despite the
smaller changes predicted by the theoretical expo-
nential relationship between temperature and Mg
incorporation, cold end Mg/Ca benthic records
appear to record significant paleotemperature
variations [Martin et al., 2002; Marchitto and
deMenocal, 2003; Skinner et al., 2003] although
the carbonate ion effect must be considered
for deep water reconstructions [Elderfield et
al., 2006]. Previous studies have shown that the
Mg/Ca-temperature response and relationship in
benthic foraminifera is species specific [Izuka,
1988; Rathburn and De Deckker, 1997; Rosenthal
et al., 1997; Lear et al., 2000, 2002; Toyofuku et al.,
2000; Billups and Schrag, 2002; Martin et al.,
2002; Hintz et al., 2006b; Elderfield et al., 2006].
Therefore single species calibrations will offer the
most accurate temperature reconstructions. Core top
and culture calibrations for different benthic species

are emerging (Table 1) but many of the calibrations
have few data points and cover only a limited
temperature range making it difficult to discern the
true relationship, be it exponential or linear, between
Mg/Ca and temperature and perhaps also the
carbonate ion. Here we calibrate the Mg/Ca-
temperature relationship of three benthic forami-
nifera species living on Arctic continental shelves
and focus on strengthening the calibration at low
temperatures by using a robust, shallow-water
(presumably unaffected by carbonate ion effect),
data set from thewest and north Iceland shelf and the
east Greenland shelf. The Iceland and Greenland
margins, near the northern limit of Atlantic water,
have a spatial temperature range of 0 to 7�C and are
thus an ideal location to conduct cool water calibra-
tions for Mg/Ca studies. The new benthic calibra-
tions were then applied to Mg/Ca measurements of
all three species in a 4000 cal yr B.P. downcore
record from the north Iceland shelf.

2. Hydrographic Setting: Modern
Oceanographic Conditions

[3] Two main surface currents converge on the
Iceland shelf (water depth approximately 100–
680 m). The East Icelandic Current (EIC) carrying
Arctic and/or Polar water masses from the north and
the Irminger Current (IC) carrying warmer Atlantic
water from the south. As the Irminger Current
rounds the tip of Iceland and flows into the north
Iceland shelf it is termed the North Iceland Irminger
Current (NIIC) (Figure 1). Atlantic water of the
Irminger Current occupies the whole water column
on the southwest and west Iceland shelf (Figure 2a;
Jökuldjúp and Djúpáll) resulting in relatively stable
seasonal and annual conditions with bottom water
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temperatures ranging from 7 to 10�C [Malmberg
and Kristmannsson, 1992]. On the north Iceland
shelf Atlantic water of the NIIC converges with
Arctic and/or Polar water of the EIC resulting in a
stratifiedwatercolumn(Figure2a;Reykjafjardaráll-
Húnaflóadjúp andEyjafjar*aráll, Figure 3).Bottom
water temperaturemayvary from�0 to around5�C,
depending on the dominant water mass at the sea-
floor.The inner shelf tends tobeoverlainbyAtlantic
water of the NIIC whereas the outer shelf is more
often bathed in upper Arctic Intermediate water
(formed by convection in the Iceland andGreenland
Seas [Swift and Aagaard, 1981; Malmberg and
Kristmannsson, 1992]). Nearshore the Atlantic
water of theNIIC is overlain by seasonallywarmed,
low salinity coastal water, whereas offshore it is
submerged beneath the EIC carrying either or
both Arctic and Polar water to the north Iceland
shelf [Swift and Aagaard, 1981; Hopkins, 1991;
Malmberg and Kristmannsson, 1992; Malmberg
and Jónsson, 1997]. This stratification and change
frominner toouter shelf iswell displayed in the1997
hydrographic data in Figure 2a and benthic forami-
niferal fauna variations [Jennings et al., 2004] in
Figure 4.

[4] The stratification of the North Iceland shelf
varies from season to season and year to year. A
time series of recent hydrographic changes at the
Siglunes (Figure 1) hydrographic station (http://
www.hafro.is/Sjora/) illustrates clearly the annual
variability and regime changes that may occur on
the North Iceland shelf. Atlantic water of the NIIC
dominated the North Iceland shelf region prior to
1965 but was replaced by varying Polar, Arctic or
Atlantic conditions after 1965 (Figure 3)
[Malmberg and Jónsson, 1997]. Inflow of Atlantic
water of the NIIC supplies both heat and nutrients
to the north Iceland shelf [Ólafsson, 1999] and
therefore diminished NIIC inflow in the cold years
after 1965 resulted in diminished primary produc-
tivity [Thordardóttir, 1977; Ólafsson, 1985]. The
year of the B997 cruise (1997) was a relatively
average year with regard to both temperature and
salinity (Figure 3). However, spring and winter of
1995, two years prior to the B997 cruise,
exhibited exceptionally low temperatures (0�C,
<34.6–34.8 psu) on the north shelf [Malmberg
and Jónsson, 1997; Jónsson and Briem, 2003].

[5] Site MD99-2269 is located in the path of
Atlantic water inflow to the North Iceland shelf
[Labeyrie et al., 2003] and thus is ideal to monitor
changes in inflow of NIIC to the north Iceland
shelf. Our hypothesis is that an increase in bottom
water temperature over MD99-2269 is the resultT
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of greater NIIC inflow to the north shelf. A
stronger inflow of warm Atlantic water induces a
warmer climate for northern Iceland, influencing
vegetation and local glaciers in the area.

[6] The Greenland shelf, off Nansen fjord (water
depth 445 m), is overlain by the East Greenland
Current (EGC) (Figure 1a). EGC is composed of
Atlantic Intermediate water (AIW) overlain by
fresh Polar water (PW) [Aagaard and Coachman,
1968a, 1968b; Johannessen, 1986]. AIW at this
site originates from the southward turning branch
of the West Spitzbergen Current and southward
flow of Atlantic layer from the Arctic Ocean
[Aagaard and Coachman, 1968a, 1968b]. Bottom
water temperatures vary between 0 and 4�C.

3. Materials and Methods

3.1. Modern Calibration Samples

[7] Modern surface-sediment samples from the
Iceland shelf were collected in July 1997 during

cruise B997 (R/V Bjarni Sæmundsson RE 30).
Samples were collected from 40 sites along the
southwest, northwest and north Iceland shelf and
fjords (Figure 1b). Water depth at these sites ranged
40–660 m [Helgadóttir, 1997]. From the 40 sites
we excluded sites with low abundances (or total
absence) of the species under study, these included
all fjord sites and some shelf sites. The remaining
17 shelf sites (water depth 165–656 m) were used
for this study (Table 2, Figure 1b). Surface-sedi-
ment samples were collected at the water/sediment
interface with a Shipek sediment-sampler. The
water/sediment interface was easily distinguishable
as a brown or greenish soupy sediment layer
containing living macrofauna. Samples with an
undisturbed surface were sub-sampled by scraping
of the top 1 cm. Samples were stained with Rose
Bengal immediately upon collection and later wet
sieved to >63 mm and then dry sieved to >106 mm.
Surface-sediment samples from the Greenland
margin were collected with a Shipek sediment-
sampler during cruises BS1191 and HU93030 in
1991 and 1993 respectively. Only one sample,

Figure 1. Location of sample sites. (a) Simplified figure of surface currents in the North Atlantic, warm currents in
red, cold currents in light gray. A star indicates location of Greenland site K15 (off Nansen fjord). (b) Bathymetry and
site locations on the Iceland shelf. Circles indicate B997 sites, and a star denotes site MD99-2269. Unmarked circles
are B997 sites, which were not used in this study. Location of hydrographic station Siglunes-3 (S-3, Figure 3) is close
to site 317 on the north Iceland shelf.
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Figure 2. Selected CTD (conductivity, temperature, depth) profiles for the Iceland and Greenland shelves. (a) July
1997 temperature and salinity profiles from cruise B997 [Helgadóttir, 1997]. Triangles denote B997 site locations;
unmarked triangles are sites that were not used in this study. A star indicates location of site MD99-2269. Atlantic
water (>34.9 psu and >3.5�C) of the IC and NIIC is outlined in gray. Note that the Atlantic water occupies an
intermediate position in the water column on the north shelf and in July 1997 site MD99-2269 is not bathed in
Atlantic water. The B997 CTD data correlate well with hydrographic data collected seasonally by the Marine Institute
in Iceland http://www.hafro.is/Sjora/). (b) October 1991 temperature and salinity profiles from cruise BS1191
[Andrews et al., 1991]. Graph is modified from Jennings and Weiner [1996].
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BS11-91-K15, from the Greenland shelf had
enough calcareous foraminifera for Mg/Ca analy-
sis. Water depth at the Greenland site was 445 m
(Table 2).

[8] Three species of benthic foraminifera (Islan-
diella norcrossi/helenae, Melonis barleeanus, and
Cassidulina neoteretis) were picked from the
>106 mm fractions. Both pristine stained and
pristine unstained tests were picked, as there were
a limited number of stained tests in the samples. Due
to the small size and limited number of foraminifera
in the samples wewere not able to limit the study to a
single, narrow, size fraction (see discussion later).
Great care was taken to pick only tests that showed
no signs of dissolution, fragmentation, or dirty
chambers. Before analysis each Mg/Ca sample (9–
113 tests) went through the full (also termed hard)
trace metal cleaning as designed by Boyle and
Keigwin [1985/1986] and subsequently modified
[Boyle and Rosenthal, 1996; Martin and Lea,
2002]. This cleaning procedure requires a sample
size of at least 0.175 mg for optimal recovery.
Briefly, shells were cracked open between glass
plates to expose inner chambers to the cleaning
reagents and loaded into 0.6 ml microcentrifuge
tubes. Samples were subjected to the following:
(1) Seven aggregate rinses (three ultra pure water
(n-pure) rinses, two methanol rinses and two addi-
tional ultra pure water rinses) to remove clays and
adsorbing material. All rinses, except the last ultra
pure water rinse included 30 sec of ultrasonication.

Figure 3. May/June time series of (a) temperature and
(b) salinity variations at 50 m depth in north Icelandic
waters (Siglunes hydrographic station S-3) [Malmberg
and Jónsson, 1997], with additional data from http://
www.hafro.is/Sjora/. Site S-3 is located by B997 site
317 in Figure 1b. Notice the change from dominantly
Atlantic waters prior to 1962–1964 to dominantly Polar
waters after 1964 and a slow rise back toward Atlantic
conditionswith 1995 as a cold year. Gray blocks represent
the potential variability onemight encounter in a sediment
sample spanning 8 years (see discussion in text).

Table 2. Logistic Information for B997 Sites, Site MD99-2269, and Site K15

Cruise Site Site Location Site Descr.
Latitude,

N
Longitude,

W
Grab Depth,

m
BWT,a

�C
BWS,b

psu
d18Oseawater VSMOW,

%

Iceland Shelf
B997 314 Djúpáll shelf 66�41.0000 24�10.8000 233 6.0 35.05 0.28
B997 315 Djúpáll shelf 66�44.0000 24�19.9000 217 6.0 35.05 0.23
B997 316 Eyjafjardaráll shelf 66�45.0400 18�47.5300 656 �0.2 34.88 0.15
B997 317 Eyjafjardaráll shelf 66�35.3300 18�51.9400 495 �0.1 34.88 0.23
B997 318 Eyjafjardaráll shelf 66�29.2400 18�53.1400 452 0.1 34.87 0.19
B997 319 Eyjafjardaráll shelf 66�26.9500 18�50.5500 422 0.2 34.87 0.2
B997 320 Eyjafjardaráll shelf 66�20.0000 18�39.5000 385 4.7 34.95 0.16
B997 321 Eyjafjardaráll shelf 66�53.3950 18�58.6750 487 0.2 34.87 0.23
B997 324 Reykjafjardaráll shelf 66�31.4500 21�09.1100 281 5.5 35.00 0.28
B997 325 Reykjafjardaráll shelf 66�34.4030 20�59.8370 350 3.2 34.82 0.2
B997 327 Reykjafjardaráll shelf 66�38.2670 20�51.9560 368 1.6 34.78 0.16
B997 330 Húnaflóaáll shelf 65�52.0160 21�04.9130 165 5.3 34.86 0.15
B997 337 Djúpáll shelf 66�40.0560 24�07.5440 220 6.2 35.07 0.28
B997 343 Kolluáll shelf 64�46.6040 24�29.3060 273 6.4 35.09 0.3
B997 345 Kolluáll shelf 64�52.7160 24�15.4810 322 no CTDc no CTDc 0.29
B997 346 Kolluáll shelf 64�55.6150 24�07.7070 320 7.1 35.11 0.23
B997 348 Jökuldjúp shelf 64�04.5630 24�19.3710 327 6.8 35.12 0.31
B997 349 Jökuldjúp shelf 64�12.5380 24�10.0440 266 7.0 35.13 0.28
MD99 2269 Reykjafjardaráll shelf 66�37.530 20�51.160 365 NA NA NA

Greenland Shelf
BS1191 K15 Off Nansen fjord shelf 68�06.020 29�27.160 445 1.0 34.75 NA

a
BWT, bottom water temperature from B997-CTD.

b
BWS, bottom water salinity from B997-CTD.

c
Used T and S data from the nearby site 346.
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(2) Reduction with 100 ml of a hydrazine solution
(750 ml anhydrous hydrazine in 10 ml of ammo-
nium citrate and 10 ml of NH4OH) in a hot water
bath for 30 min, with 2–3 sec ultrasonication every
2 min. (3) Oxidation with 250 ml of buffered
peroxide solution (300 ml 30% H2O2 in 30 ml
0.1 N NaOH) in a hot water bath for 10 min with
two 2–3 sec ultrasonication periods. (4) A final
leach with 250 ml, 100 ml or no dilute nitric acid
(0.001 N HN03), depending on the size of the
remaining sample, followed by a final ultra
pure water rinse. Cleaned samples were run on
an ICP-MS at the University of California, Santa
Barbara. Results are reported in mmol/mol or
mmol/mol. Analytical error for Mg/Ca is estimated
at ±1% (RSD) or better, which is equivalent
to approximately 0.02 mmol/mol (2 sigma).
Elemental ratios of Fe/Ca and Al/Ca (detrital
phases) and Mn/Ca (secondary coatings) were
analyzed at the same time as Mg/Ca. The first
two (measured in medium resolution) were deter-
mined by direct reference to the two isotopes used
for quantification of calcium, 43Ca and 48Ca [Lea
et al., 2005]. Analytical error for Mn/Ca based on
matched consistency standards is estimated at
1.4%. Errors for Al/Ca and Fe/Ca determination
are estimated at <5%. In addition Sr, Na, Cd, Ba,
La, Ce, Nd, Eu, Lu, and U were measured in the
samples, but are not reported here.

[9] Separate samples for d18O analysis were sent to
the Leibniz-Laboratory for Radiometric Dating and
stable isotope research at Christian-Albrechts-
University Kiel, Germany. The numbers of tests
varied from 7 to 40 depending on their size, but in
general between 20 and 30 specimens were run for
each sample (Table 3). Isotopic analysis was
performed using a Finnigan MAT 251 mass spec-
trometerwith anon-line coupledKielCarbondevice.
The results are defined in the conventional d-notation
in% (d18Ocalcite) relative to VPDB. Analytical error
of the measurements is better than 0.06%.

3.2. Hydrographic Data

[10] Modern hydrographic data for the Iceland
shelf, at seasonal resolution, are available at
http://www.hafro.is/Sjora/. CTD casts were also
taken at each station during cruises BS11-91
[Andrews et al., 1991] and B997 [Helgadóttir,
1997]. Bottom water samples for d18Oseawater anal-
ysis were taken at most stations during the B997
cruise. d18Oseawater measurements were done at the
Science Institute, University of Iceland where
oxygen was extracted from the water samples after

the method of Epstein and Mayeda [1953]. Stable
isotope analyses for oxygen were performed on a
Finnegan MAT 251 mass-spectrometer. The
results are defined in the conventional d-notation
in % relative to VSMOW. The analytical error
of the measurements is <0.05 %. We use the
�0.27 % conversion of Hut [1987] to convert
d18OseawaterVSMOW to d18OseawaterVPDB. The carbon-
ate saturation state of bottom waters was not mea-
sured for this study, but due to the shallow
environment we assume they are oversaturated.
Elderfield et al. [2006] found the modern conditions
in the Norwegian Sea to be highly saturated.

3.3. Downcore Samples

[11] Core MD99-2269 was collected in 1999 dur-
ing the IMAGES V cruise aboard R/V Marion
Dufresne [Labeyrie et al., 2003]. Site MD99-2269
is located in 365 m water depth (Table 2) in
Reykjafjardaráll, north Iceland shelf (66�37.530N,
20�51.160W). The core is a �25 m long Calypso
piston-core bottoming out in the Vedde tephra circa
12,000 cal yr B.P. with a modern coretop. The
age model (PSV-RC06) for the core is based on
44 radiocarbon dates and paleomagnetic synchro-
nization of cores MD99-2269 and MD99-2322
(67�08.180N, 30�49.670W) [Stoner et al., 2004,
2007]. Bioturbational effects are estimated to be
minimal from the sharp and well-defined abun-
dance peaks of tephra shards of the tephra markers
Hekla 1104 and Hekla 3 [Kristjánsdóttir, 2005;
Kristjánsdóttir et al., 2007].

[12] The new Mg/Ca-temperature calibrations are
applied to Mg/Ca measurements from the top 4000
cal yr B.P. (top 8 m) of core MD99-2269. Two cm
thick sample slices were wet sieved at >63 mm, dry
sieved at >106 mm and picked for foraminifera.
Where available, all three Arctic benthic species
were analyzed, but this was not possible for all
downcore samples. As with the modern samples,
great care was taken to select only pristine looking
tests with no signs of dissolution, fragmentation, or
dirty chambers. Before trace element analysis, each
sample went through the same cleaning procedure
as the calibration samples. However, due to smaller
initial sample sizes, C. neoteretis and I. norcrossi/
helenae samples were subjected to a gentler clean-
ing where sonication time and reagents were scaled
down from normal procedure to maximize sample
recovery. This procedure has been successfully
used for very small or fragile samples in the UCSB
laboratory (D. K. Pak, personal communication).
The modified cleaning is as follows: (1) seven
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Table 3. Modern Sample Data From the B997 Shelf Sites

Number

Site Specifics

ICT,d

�C
Number
Rune

Recovery,
%

Mg/Ca,
mmol/mol

d18Oc,
%

±d18Oc,
%

Number
RunfCore Siteb Depth

BWS,c

psu
BWT,c

�C

Islandiella norcrossi/helenae
1 B997-317 501 34.88 �0.07 0.49 44 36 1.019 4.36 0.03 25
2 B997-317 501 34.88 �0.07 0.49 44 57 1.095 4.36 0.03 25
3 B997-318 455 34.87 0.05 0.57 47 38 1.113 4.30 0.01 23
4 B997-319 426 34.87 0.21 0.85 40 39 1.071 4.24 0.03 29
5 B997-319 426 34.87 0.21 0.85 40 45 1.091 4.24 0.03 29
6 B997-320 389 34.95 4.66 1.25 43 34 1.159 4.10 0.02 22
7 B997-321 483 34.87 0.22 0.21 30 17 1.104 4.43 0.07 27
8 B997-321 483 34.87 0.22 0.21 30 19 1.088 4.43 0.07 27
9 B997-324 278 35.00 5.52 4.01 28 45 1.390 3.53 0.04 23
10 B997-324 278 35.00 5.52 4.01 28 50 1.347 3.53 0.04 23
11 B997-326 362 34.78 2.04 1.77 66 61 1.215 3.96 0.02 24
12 B997-327 360 34.78 1.58 5.25 44 46 1.402 3.10 0.01 24
13 B997-327 360 34.78 1.58 5.25 53 48 1.469 3.10 0.01 24
14 B997-327 360 34.78 1.58 5.25 44 51 1.426 3.10 0.01 24
15 B997-330 162 34.86 5.28 1.85 43 28 1.084 3.94 0.03 34

Melonis barleeanus
1 B997-314 245 35.05 6.03 6.51 10 33 1.637 2.33 0.01 15
2 B997-314 245 35.05 6.03 6.51 10 45 1.685 2.33 0.01 15
3 B997-314 245 35.05 6.03 6.51 10 58 2.070 2.33 0.01 15
4 B997-315 211 35.05 6.04 6.15 15 55 1.795 2.37 0.02 25
5 B997-315 211 35.05 6.04 6.15 15 75 1.788 2.37 0.02 25
6 B997-316 637 34.88 �0.24 0.19 80 38 0.772 3.78 0.02 20
7 B997-317 501 34.88 �0.07 0.35 67 17 0.669 3.82 0.02 30
8 B997-318 455 34.87 0.05 0.59 45 8 0.782 3.72 0.02 35
9 B997-319 426 34.87 0.21 0.51 52 22 0.702 3.75 0.03 40
10 B997-319 426 34.87 0.21 0.51 52 30 0.686 3.75 0.03 40

B997-320a 389 34.95 4.66 45 0 2.964 3.32 0.02 16
11 B997-321 483 34.87 0.22 0.35 38 30 0.716 3.82 0.04 30
12 B997-321 483 34.87 0.22 0.35 38 32 0.785 3.82 0.04 30
13 B997-324 278 35.00 5.52 4.15 45 46 0.898 2.92 0.02 20
14 B997-324 278 35.00 5.52 4.15 45 63 0.899 2.92 0.02 20
15 B997-326 362 34.78 2.04 1.31 32 26 0.765 3.5 0.01 33
16 B997-326 362 34.78 2.04 1.31 32 61 0.772 3.5 0.01 33

B997-330 162 34.86 5.28 52 0 1.659 3.63 0.03 12
17 B997-337 220 35.07 6.25 6.35 9 44 1.870 2.37 0.01 14
18 B997-337 220 35.07 6.25 6.35 9 70 2.035 2.37 0.01 14
19 B997-343 279 35.09 6.42 6.95 38 46 1.648 2.24 0.03 20
20 B997-343 279 35.09 6.42 6.95 38 48 1.695 2.24 0.03 20
21 B997-343, 106–150 mm 279 35.09 6.42 6.95 94 10 1.604 2.24 0.03 20
22 B997-343, 150–250 mm 279 35.09 6.42 6.95 42 43 1.642 2.24 0.03 20
23 B997-343, 150–250 mm 279 35.09 6.42 6.95 42 54 1.590 2.24 0.03 20
24 B997-343, >250 mm 279 35.09 6.42 6.95 17 41 1.593 2.24 0.03 20
25 B997-343, >250 mm 279 35.09 6.42 6.95 17 54 1.680 2.24 0.03 20
26 B997-345 319 35.11 7.12 6.95 13 43 1.616 2.23 0.01 20
27 B997-345 319 35.11 7.12 6.95 13 47 2.214 2.23 0.01 20
28 B997-345 319 35.11 7.12 6.95 35 65 1.753 2.23 0.01 20
29 B997-348 327 35.12 6.80 6.55 49 40 1.258 2.35 0.04 30

B997-349 265 35.13 6.95 22 39 4.382 2.21 0.03 30
30 B997-349 265 35.13 6.95 6.99 22 42 1.260 2.21 0.03 30
31 BS11-91-K15 445 34.75 0.96 NA 62 17 0.644 3.02 0.06 7

Cassidulina neoteretis
1 B997-314 245 35.05 6.03 5.07 86 15 1.241 3.02 0.02 21
2 B997-315 211 35.05 6.04 5.07 91 43 1.377 2.97 0.02 20

B997-319 426 34.87 0.21 71 5 0.916 3.81 0.04 25
B997-320 389 34.95 4.66 111 6 1.594 3.26 0.02 30

3 B997-321 483 34.87 0.22 1.43 106 18 1.000 3.88 0.01 29
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aggregate rinses with ultrasonication time of 15–
25 sec, (2) 50 ml of hydrazine solution in a hot
water bath for 30min, without sonication, (3) 100 ml
of buffered peroxide for 10 min without sonication,
(4) 250 ml, 100 ml or no weak acid leach, depend-
ing on the size of the remaining sample. Cleaned
samples were run on an ICP-MS at the University
of California, Santa Barbara. Analytical error for
Mg/Ca, Fe/Ca, Al/Ca, and Mn/Ca is the same as
for the modern samples (see section 3.1). In addi-
tion, Sr, Na, Ba, La, Ce, Nd, and U were measured
but are not reported here. Only Mg/Ca results with
>10% recovery were used, because low recovery
samples of C. neoteretis tended to be anomalously
low in Mg/Ca (see later discussion). Here recovery
is a percentage of the total weight of the sample
prior to cleaning, and represents loss of sample due
to the cleaning.

3.4. Benthic Species Picked

[13] We concentrate on three benthic species: Islan-
diella norcrossi/helenae, Melonis barleeanus, and
Cassidulina neoteretis (Figure 4), which are all
common on the Iceland shelf today [Jennings et
al., 2004]. Islandiella norcrossi and Islandiella
helenae are very similar and are often combined
in faunal assemblage analysis [Rytter et al., 2002];
we combine the two species in order to maximize
sample size. I. norcrossi is generally more common
than I. helenae on the Iceland shelf [Rytter et al.,
2002]. Data from the Barents and Kara Seas suggest
I. norcrossi is dependent upon seasonal blooms of
organic productivity rather than temperature, salin-
ity or substrate type [Hald and Steinsund, 1996].
However, it does prefer relatively low temperatures

[Hald and Steinsund, 1996] and is generally as-
sumed to have an infaunal microhabitat. I. nor-
crossi/helenae in the modern Iceland shelf samples
has a very robust, hyaline test of translucent to
slightly white color. Modern individuals on the
Iceland shelf are usually >150 mm in size, with an
average weight of 7 ± 1 mg.

[14] Melonis barleeanus has an intermediate to
deep infaunal microhabitat [Corliss, 1985; Corliss
and Chen, 1988;McCorkle et al., 1990;Wollenburg
and Mackensen, 1998;Mackensen et al., 2000] and
thrives on altered organic matter buried in the
sediment [Caralp, 1989a, 1989b; Wollenburg and
Mackensen, 1998]. Evidence from stable isotopes
suggests it prefers a rather static position within the
sediment [Mackensen et al., 2000]. M. barleeanus
is the most common and abundant species on the
north Iceland shelf [Rytter et al., 2002] and is
especially dominant on the outer north Iceland shelf
(Figure 4b), which has cool bottom waters of Upper
Arctic Intermediate Water characteristics [Jennings
et al., 2004]. M. barleeanus in the modern Iceland
shelf samples is generally of pinkish brown color,
>150 mm, and has an average weight of 15 ± 8 mg.

[15] Cassidulina neoteretis [Seidenkrantz, 1995] is
an indicator of chilled Atlantic Water (similar to
what is carried in the NIIC) with normal salinity
and low turbidity [Jennings and Helgadóttir, 1994;
Seidenkrantz, 1995; Hald and Steinsund, 1996].
C. neoteretis is an infaunal species (generally
assumed to be shallow infaunal) which responds
to phytop lank ton b looms [Gooday and
Lambshead, 1989]. It is dominant on the inner
north Iceland shelf where NIIC forms the bottom
water mass as opposed to the dominance of

Number

Site Specifics

ICT,d

�C
Number
Rune

Recovery,
%

Mg/Ca,
mmol/mol

d18Oc,
%

±d18Oc,
%

Number
RunfCore Siteb Depth

BWS,c

psu
BWT,c

�C

4 B997-324 278 35.00 5.52 3.87 65 51 1.286 3.32 0.03 38
5 B997-326 362 34.78 2.04 2.07 50 31 0.987 3.64 0.04 25
6 B997-327 360 34.78 1.58 4.51 113 36 1.158 3.04 0.02 18

B997-330 162 34.86 5.28 143 5 0.988 3.34 0.01 27
7 B997-337 220 35.07 6.25 5.47 64 30 1.355 2.92 0.02 24
8 B997-337 220 35.07 6.25 5.47 64 45 1.379 2.92 0.02 24
9 BS11-91-K15 445 34.75 0.96 NA 64 25 0.927 3.64 0.02 25
10 BS11-91-K15 445 34.75 0.96 NA 64 39 0.933 3.64 0.02 25

a
Italic samples were not used for the Mg/Ca-temperature calibration.

b
B997 Iceland shelf, BS11-91 Greenland shelf. See Table 2 for location.

c
BWS, bottom water salinity, and BWT, bottom water temperature, from B997-CTD.

d
ICT, isotopic calcification temperature, was calculated using Shackleton [1974] linear equation for low temperatures (see text).

e
Number of foraminifera run for trace element analysis.

f
Number of foraminifera run for isotopic analysis.

Table 3. (continued)
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M. barleeanus on the outer north Iceland shelf
(Figure 4b). C. neoteretis is often associated
with fine-grained, organic rich, terrigenous mud
[Mackensen and Hald, 1988]. The milky or
semitranslucent tests of C. neoteretis specimens
are small and thin-walled in the modern Iceland
shelf samples (in contrast to the larger and more
robust specimens found in the deglacial [Jennings
et al., 2006]). The modern C. neoteretis are usually

<100–150 mm in size with an average weight of
only 3 ± 1 mg per individual.

4. Calibration of Modern,
Surface-Sediment Samples

4.1. Modern, Surface Sample Results

[16] The CTD temperature range captured by our
calibration sites ranged from –0.2 to 7.1�C (Table 2).
Measured d18O on bottom waters and benthic
foraminifera yield an isotopic calcification tempera-
ture (see below) in the range of 0.2 to 7.0�C (Table 3).
Mg/Ca in the modern samples varied from 0.64 to
2.21 mmol/mol (Table 3, Figure 5). A total of fifteen
I. norcrossi/helenae samples from 9 Iceland shelf
sites are included in the I. norcrossi/helenae calibra-
tion. All I. norcrossi/helenae samples had high
recoveries after the cleaning because of their robust
test structure. Thirty-one M. barleeanus samples
from 15 sites are included in the M. barleeanus
calibration.Onesite is locatedontheGreenlandshelf.
Twosampleswereomitted fromthecalibrationdue to
low sample recovery after cleaning and one high
outlier (4.38 mmol/mol, site 349) was also omitted.
Atotalof tensamples, fromeight sites, are included in
theC.neoteretis calibration.One site is locatedon the
Greenland shelf. Three samples were omitted due to
low sample recoveries (Table 3). C. neoteretis is
markedly smaller and lighter than the other two
species sowe had to run between 64–143 specimens
for each sample compared to 28–66 for I. norcrossi/
helenae and 9–80 forM. barleeanus.

[17] Of the three species, M. barleeanus spans the
largest spatial range covering the region from
the southwest to the north shelf (Jökuldjúp to
Eyjafjardaráll). C. neoteretis is found on the north
and northwest shelf (Eyjafjardaráll to Djúpáll),
while I. norcrossi/helenae is only found on the
north shelf (Reykjafjardaráll and Eyjafjardaráll)
[Jennings et al., 2004] (Figure 1). All three species
have lower Mg/Ca for the colder north shelf sites
than for the warmer southwest, west, and northwest
sites in accordance with the postulated temperature
control on Mg/Ca. There are also consistent spatial
variations in the other elements but discussion of
these variations in regards to a possible microhabitat
effect (P. Martin, personal communication) is
beyond the scope of this paper.

[18] Arctic foraminifera are in general smaller than
their tropical counterparts. One advantage of the
larger number of tests needed for each measure-

Figure 4. (a) Photographs of the three benthic species
used in this study. M. barleeanus has a pinkish brown
color, I. norcrossi/helenae has a clear/translucent color,
and C. neoteretis has a translucent to milky white color.
(b) Data from Jennings et al. [2004] showing the switch
in dominance between C. neoteretis (blue diamonds)
on the inner north Iceland shelf (site 324-326) to
M. barleeanus (red squares) on the outer north Iceland
shelf (site 327-322).
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ment (Tables 3 and 4) is that we obtain a more
consistent value for Mg/Ca of the sample. A disad-
vantage is that it is difficult to obtain the required
sample weight with the small tests and it is often
impossible to stay within one narrow size fraction.
However, the limited size fraction data available for
benthic foraminifera do not show a consistent trend
between size and Mg/Ca [Raja et al., 2005;
Toyofuku and Kitazato, 2005; Rosenthal et al.,
2006] (an exception is a culture study by Hintz et
al. [2006a]). To test for possible size biases in the
benthic foraminifera species of this study we
used several samples from SW Iceland shelf
site B997-343 (Figure 1b, Table 3) and core
MD99-2269 (Table 4). We did not find a consistent
trend between different sizes (size fractions defined
by dry sieving) and Mg/Ca of M. barleeanus or
I. norcrossi/helenae (Figure 6a). The >250 mm
fraction has a greater spread of values than the
smaller size fractions. The greater number of tests
needed in the <250 mm yields a more consistent
average value than the >250 mm size fraction. All
size fractions (of a single sample) reconstructed
the same temperature within calibration error
of the species-specific temperature calibrations
(Figure 6b).

4.2. Temperature Calibrations, CTD
Temperature Versus Isotopic Calcification
Temperature

[19] We initially calibrated Mg/Ca against July
bottom water temperature obtained from the CTD
casts taken during the B997 cruise (Figure 5a).
Most samples showed increasing Mg/Ca with
increasing temperature. Exceptions were samples
from three northern shelf sites marked in Figure 5a
(320, 327, and 330). However, if Mg/Ca is plotted
against d18Ocalcite the r

2 for the I. norcrossi/helenae
trendline increases from 0.16 to 0.91 (Figure 5). It
is clear from Figure 5b that higher Mg/Ca is
associated with lower d18Ocalcite (i.e., warmer tem-
peratures) and thus we conclude that the measured
foraminifera must not have been calcifying solely
at the time the CTD temperature was measured
(July 1997). The three sites under question are
located where the two north Iceland shelf currents,
NIIC and EIC, intersect – in an area of very high
annual and seasonal hydrographic variability.
Additionally sites 327 and 330 are known to
produce anomalous results in benthic foraminiferal
assemblages [Jennings et al., 2004] aswell asMg/Ca
and d18Ocalcite [Kristjánsdóttir, 2005]. Modern
hydrographic measurements show that seasonal and

Figure 5. All modern Mg/Ca values plotted versus (a) bottom water temperature from the B997 CTD casts and (b)
d18Ocalcite corrected for vital effects (see text). Analytical error on the Mg/Ca measurements is 0.02 mmol/mol. I.
norcrossi/helenae and C. neoteretis clearly have different Mg/Ca values than M. barleeanus supporting species-
specific effects of Mg incorporation into foraminiferal calcite. Sites B997-320, �327, and �330 are offset from the
general I. norcrossi/helenae trend when plotted versus CTD temperature (in contrast to their tighter distribution when
plotted against isotopic calcification temperature in Figure 7).
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Table 4. Downcore Data for the Last 4000 Cal Yr B.P. From Core MD99-2269a

Number
Interval,

cm
Depth,b

cm Cal Yr B.P.
Number of
Forams Run

Recovery,
%

Mg/Ca,
mmol/mol Pyritec

Size,
mm

Islandiella norcrossi/helenae
1 65–67 66 404 22 47 1.079
2 85–87 86 461 19 19 1.143
3 95–97 96 490 54 47 1.165
4 100–102 101 504 51 25 1.264
5 102–104 103 510 46 48 1.322
6 105–107 106 518 62 37 1.196
7 115–117 116 547 38 53 1.155
8 125–127 126 576 66 57 1.260
9 135–137 136 605 50 50 1.158
10 145–147 146 635 37 40 1.165
11 155–157 156 664 29 43 1.257
12 165–167 166 704 38 43 1.268
13 175–177 176 754 36 58 1.240
14 185–187 186 802 32 47 1.244 x
15 205–207 206 899 28 28 1.177 x
16 215–217 216 947 18 45 1.140 x
17 265–266 266 1250 35 37 1.261 x
18 275–277 276 1284 32 27 1.260 x
19 285–287 286 1317 37 51 1.302 x
20 295–397 296 1351 44 46 1.305 x
21 305–307 306 1385 23 48 1.365 x
22 315–317 316 1418 88 58 1.383 x
23 325–327 326 1452 60 63 1.211
24 335–337 336 1486 54 38 1.285 x
25 345–347 346 1519 69 65 1.303 x
26 355–357 356 1576 36 43 1.275 x
27 365–367 366 1657 40 51 1.223 x
28 375–377 376 1738 32 49 1.283
29 385–387 386 1818 34 40 1.287 x
30 395–397 396 1899 29 34 1.183 x
31 405–407 406 1980 40 53 1.224 x
32 415–417 416 2048 31 59 1.265 x
33 425–427 426 2098 35 62 1.290 x
34 435–437 436 2148 35 32 1.293 x
35 445–447 446 2197 35 55 1.231 x
36 455–457 456 2247 38 37 1.198 x
37 465–467 466 2298 32 44 1.404 x
38 475–477 476 2348 33 46 1.274 x
39 485–487 486 2398 37 56 1.315 x
40 495–497 496 2449 34 51 1.300 x
41 505–507 506 2499 35 39 1.195 x
42 515–517 516 2550 30 32 1.241 x
43 525–527 526 2600 36 45 1.230 x
44 535–537 536 2651 32 36 1.181 x
45 545–547 546 2701 39 28 1.277 x
46 565–567 566 2810 29 23 1.257 x
47 575–577 576 2888 31 44 1.227 x
48 585–587 586 2965 34 28 1.240 x
49 595–597 596 3043 38 35 1.289 x
50 615–617 616 3198 35 43 1.229 x
51 625–627 626 3277 34 26 1.207 x
52 635–637 636 3351 35 57 1.289 x
53 645–647 646 3412 38 27 1.213 x

655–657d 656 3474 40 14 2.214 x
54 665–667 666 3536 37 27 1.294 x
55 675–677 676 3598 38 42 1.269 x
56 685–687 686 3660 38 27 1.196 x
57 695–697 696 3722 40 33 1.213 x
58 705–707 706 3784 40 53 1.302 x
59 715–717 716 3805 37 25 1.255 x
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Number
Interval,

cm
Depth,b

cm Cal Yr B.P.
Number of
Forams Run

Recovery,
%

Mg/Ca,
mmol/mol Pyritec

Size,
mm

60 725–727 726 3818 39 24 1.267 x
61 735–737 736 3832 38 19 1.277 x
62 755–757 756 3859 31 30 1.318 x
63 765–767 766 3873 32 11 1.183 x

775–777 776 3886 36 3 1.174 x
64 785–787 786 3900 36 38 1.238 x
65 795–797 796 3913 38 27 1.285 x
66 945–947 937 4472 40 36 1.310 x 150–250
67 945–947 937 4472 32 35 1.341 x 180–212
68 1750–1752 1718 9251 53 38 1.374 x 150–180
69 1750–1752 1718 9251 40 37 1.403 x 150–250
70 1750–1752 1718 9251 12 28 1.381 x 250–300
71 2088–2090 2056 10302 46 37 1.354 150–180
72 2088–2090 2056 10302 36 49 1.378 150–250
73 2088–2090 2056 10302 14 65 1.361 250–300

Melonis barleeanus
1 5–7 6 13 22 11 0.796

15–17 16 99 22 7 0.721
2 25–27 26 185 38 24 0.786
3 35–37 36 270 14 13 0.745
4 55–57 56 375 43 34 0.719
5 65–67 66 404 29 11 0.811
6 75–77 76 433 34 20 0.727
7 102–104 103 510 25 15 1.116
8 125–127 126 576 21 38 0.877
9 135–137 136 605 52 46 0.797
10 175–177 176 754 19 24 0.817
11 215–217 216 947 49 33 1.049 x
12 225–227 226 995 22 12 0.900
13 235–237 236 1043 18 19 1.100 x

255–257 256 1171 16 6 0.932 x
14 285–287 286 1317 47 44 0.996 x
15 295–297 296 1351 43 29 1.010 x
16 305–307 306 1385 41 40 1.188
17 315–317 316 1418 22 21 0.828
18 325–327 326 1452 38 36 0.906
19 335–337 336 1486 54 42 1.032 x
20 345–347 346 1519 48 39 0.904 x
21 355–357 356 1576 47 24 0.967 x
22 365–367 366 1657 42 22 0.862 x
23 395–397 396 1899 44 56 1.024 x
24 405–407 406 1980 49 31 1.018 x
25 415–417 416 2048 48 44 1.035 x
26 425–427 426 2098 32 17 0.982 x
27 435–437 436 2148 25 12 0.856 x
28 445–447 446 2197 37 36 1.083 x

465–467 466 2298 40 8 0.967 x
475–477 476 2348 27 9 1.032 x

29 485–487 486 2398 38 24 0.890 x
505–507 506 2499 26 8 0.741 x

30 515–517 516 2550 31 13 0.893 x
31 525–527 526 2600 29 18 0.876 x
32 545–547 546 2701 37 31 0.945 x
33 565–567 566 2810 31 11 0.994 x
34 575–577 576 2888 42 24 0.903 x
35 585–587 586 2965 38 19 0.953 x

595–597 596 3043 35 41 34.438 x
36 615–617 616 3198 33 11 0.883 x
37 635–637 636 3351 33 16 0.820 x
38 655–657 656 3474 30 19 0.972 x

Table 4. (continued)
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Number
Interval,

cm
Depth,b

cm Cal Yr B.P.
Number of
Forams Run

Recovery,
%

Mg/Ca,
mmol/mol Pyritec

Size,
mm

39 665–667 666 3536 43 17 0.936 x
40 685–687 686 3660 42 19 0.959 x
41 705–707 706 3784 24 15 1.097 x

715–717 716 3805 26 1 0.808 x
755–757 756 3859 33 8 1.009 x

42 775–777 776 3886 21 25 1.113 x
43 1750–1752 1718 9251 32 52 1.122 x 180–250
44 1750–1752 1718 9251 15 61 1.113 x 250–300
45 2088–2090 2056 10302 34 29 0.875 150–250
46 2088–2090 2056 10302 13 42 0.958 250–300

Cassidulina neoteretis
5–7 6 13 102 7 0.934
35–37 36 270 72 1 0.976
55–57 56 375 69 1 0.813
95–97 96 490 61 10 0.882

1 100–102 101 504 113 30 1.151
2 102–104 103 510 80 14 1.132
3 105–107 106 518 120 12 1.044

125–127 126 576 81 5 0.854
4 135–137 136 605 106 14 1.031
5 145–147 146 635 122 13 0.977

155–157 156 664 101 6 4.145
165–167 166 704 78 1 21.534
175–177 176 754 83 4 0.911

6 185–187 186 802 121 11 1.015
195–197 196 850 113 4 1.111
205–207 206 899 90 1 0.953

7 215–217 216 947 132 11 1.047
8 225–227 226 995 112 12 1.041
9 235–237 236 1043 116 17 1.044

245–247 246 1091 117 5 0.964 x
10 255–257 256 1171 119 11 1.043

265–266 266 1250 156 5 1.204 x
11 277–275 276 1284 163 11 1.177 x

295–297 296 1351 156 4 1.146 x
12 305–307 306 1385 189 24 1.187 x
13 315–317 316 1418 145 23 1.275 x
14 325–327 326 1452 129 18 1.150 x
15 335–337 336 1486 143 10 1.236 x

345–347 346 1519 133 10 1.141 x
355–357 356 1576 127 9 1.270 x

16 365–367 366 1657 168 12 1.150 x
17 375–377 376 1738 131 12 1.149
18 385–387 386 1818 137 10 1.276 x
19 395–397 396 1899 130 12 1.331 x
20 405–407 406 1980 100 16 1.360 x
21 415–417 416 2048 128 21 1.426 x
22 425–427 426 2098 90 30 1.303 x
23 435–437 436 2148 90 37 1.262 x
24 445–447 446 2197 91 32 1.136 x
25 465–467 466 2298 86 32 1.321 x

475–477 476 2348 101 7 1.087 x
26 485–487 486 2398 98 44 1.229 x
27 505–507 506 2499 85 29 1.310 x
28 515–517 516 2550 95 27 1.250 x
29 525–527 526 2600 94 33 1.273 x
30 545–547 546 2701 80 15 1.085 x
31 565–567 566 2810 95 11 1.057 x

575–577 576 2888 80 8 1.178 x
32 585–587 586 2965 84 20 1.277 x

Table 4. (continued)
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annual temperature fluctuations in this area can
range from <0 to 5�C depending on which water
mass dominates at the seafloor http://www.hafro.is/
Sjora/). For example, two years prior to cruise
B997, particularly cold conditions prevailed in this
area [Malmberg and Jónsson, 1997] (Figure 3).
According to the age model for core MD99-2269
(located close to site 327) 1 cm of sediment at the
top of the core corresponds to approximately
8 years. Given the observed high annual variabil-
ity, an 8 year window can encompass considerable
variability in temperature and salinity (Figure 3). It
is thus not surprising that the geochemistry of the
sample (which contained unstained as well as
stained foraminifera) or the faunal composition of
these samples do not reflect the 1997 B997-CTD
temperature.

[20] To circumvent this problem of high variability
sites we have opted to calibrate Mg/Ca content
against isotopic calcification temperature (ICT)
(Figure 7) rather than the measured CTD temper-
ature. We have to make certain assumptions when
calculating the isotopic calcification temperature
but given the good correlation between Mg/Ca and
d18Ocalcite we believe this is a better choice than to
use a measured CTD temperature which we know
(from the d18Ocalcite) does not represent the
temperature at the time of calcification of the
foraminifera. Isotopic calcification temperature is
calculated from measured d18Oseawater (Table 2)
and d18Ocalcite (Table 3). The d18Oseawater was
measured in bottom waters in July 1997. The
d18Oseawater is converted from VSMOW to VPDB
by subtracting 0.27 % [Hut, 1987]. No bottom
water d18Oseawater measurements are available for
site K15 on the Greenland shelf so the calibrations

include the CTD temperature for this one site
(Table 3). We use the measured B997 d18Oseawater

to derive an isotopic calcification temperature even
though temporal variability in d18Oseawater might
have occurred since the foraminifera calcified. The
d18Oseawater, at the high variability northern sites,
can vary from 0.15 to 0.3 % between the cold and
warmer bottom waters respectively (Table 2); this
translates to a 0.6 �C difference in temperature and
is much less than the seasonal/annual variability in
temperature at the site (<0 to 5�C). To calculate the
isotopic calcification temperature we use the linear
‘‘paleotemperature’’-equation (for data <16.9�C) of
Shackleton [1974]: T* = 16.9 � 4.0* (d18Ocalcite

corrected for vital effect � d18Oseawater). T* is the
calculated isotopic calcification temperature in
�C. d18Oseawater VSMOW is measured in bottom
water samples from cruise B997 (see above) and
d18Ocalcite is the measured d18O of foraminifera
calcite VPDB collected in 1997 after correction for
vital effect/disequilibrium as follows: I. norcrossi/
helenae d18Ocalcite VPDB � 0.298 (n = 9),
M. barleeanus d18Ocalcite VPDB + 0.276 (n = 18), and
C. neoteretis d18Ocalcite VPDB � 0.047 (n = 18)
[Kristjánsdóttir, 2005]. These vital effects/disequi-
librium corrections are directly relevant both in time
and space to our Mg/Ca measurements because they
are based on measured d18Ocalcite and d18Oseawater

values from samples collected during the B997-
cruise on the Iceland shelf [Kristjánsdóttir, 2005].
The vital effects/disequilibrium values were calcu-
lated using: d18Ocalcite (vital effect/disequilibrium) =
d18Ocalcite measured � d18Ocalcite equilibrium, where
d18Ocalcite equilibrium is calculated by substituting
temperature and d18Oseawater (measured in July
1997 during the B997 cruise) into the ‘‘paleotem-
perature’’ equation. We assume the disequilibrium

Table 4. (continued)

Number
Interval,

cm
Depth,b

cm Cal Yr B.P.
Number of
Forams Run

Recovery,
%

Mg/Ca,
mmol/mol Pyritec

Size,
mm

595–597 596 3043 100 9 1.281 x
33 615–617 616 3198 87 41 1.208 x
34 635–637 636 3351 88 21 1.121 x

655–657 656 3474 80 6 1.038 x
35 665–667 666 3536 81 24 1.262 x
36 685–687 686 3660 82 23 1.215 x
37 705–707 706 3784 97 37 1.253 x
38 715–717 716 3805 105 37 1.228 x
39 755–757 756 3859 95 42 1.167 x
40 775–777 776 3886 87 32 1.373 x

a
Additional samples for size fraction analysis are shown at the end of the list for each species (depths >800 cm).

b
Gap corrected depth, �9 cm after 937 cm, �9–4 cm after 1204 cm, �9–4–20 cm after 1457 cm [Kristjánsdóttir et al., 2007; Stoner et al.,

2007].
c
Samples with microscopically detectable pyrite are marked with ‘‘x’’; the pyrite was not quantified.

d
Italic samples were not included in the MD99-2269 time series.
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correction is constant because for the limited tem-
perature range (<8�C) found on the Iceland shelf (1)
all three species are linearly offset from calculated
equilibrium values (using Shackleton [1974]: T* =
16.9 � 4.0 * (d18Ocalcite corrected for vital effect �
d18Oseawater) and (2) the slopes of the relationships
are not statistically different from the Shackleton

[1974] equilibrium line [Kristjánsdóttir, 2005]. We
believe the linear offset is justifiable for the small
temperature range observed in this study. We can
use other ‘‘paleotemperature’’ equations than
Shackleton [1974] to calculate isotopic calcification
temperature but this does not significantly alter the
Mg/Ca-temperature calibration. As an example we

Figure 6. Shown are measurements of various size fractions of M. barleeanus and I. norcrossi/helenae from four
different samples. Modern M. barleeanus are measured in samples from site B997-343, southwest Iceland shelf
(black stars). Downcore M. barleeanus is measured in two samples, 1718 cm and 2056 cm, from core MD99-2269
(red symbols), and downcore I. norcrossi/helenae are measured in three samples, 937 cm, 1718 cm, and 2056 cm,
from core MD99-2269 (green symbols). Top x axis shows the size of the sieve used for the dry sieving, whereas the
bottom x axis shows the approximate weight of individual tests in mg (total weight of sample/number of foraminifera
tests). (a) All but sample at 2056 cm overlap within Mg/Ca analytical error (0.02 mmol/mol). (b) All samples overlap
within error when converted to temperature using the exponential species-specific equations (Table 1).
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show in Figure 8a the calibration based on ICT
calculated using the Shackleton [1974] equation
and the Kim and O’Neil [1997] calibration (Kim
and O’Neil [1997]: T* = 16.10 � 4.64*(d18Ocalcite

corrected for vital effect � d18Oseawater) + 0.09 *
(d18Ocalcite corrected for vital effect � d18Oseawater)

2);
vital effect/disequilibrium corrections are I. nor-
crossi/helenae d18Ocalcite VPDB �0.769 (n = 9),
M. barleeanus d18Ocalcite VPDB�0.186 (n = 18), and

C. neoteretis d18Ocalcite VPDB � 0.504 (n = 18)
[Kristjánsdóttir, 2005]. A regression between mea-
sured CTD temperature and isotopic calcification
temperature for all three benthic species gives a
relation close to 1:1 (CTD = � 0.082 + 1.021 *
ICT, r2 = 0.95) if we exclude the high variability
sites of 320, 330 and 327 (Figure 7d).

[21] As a result of using calculated isotopic calci-
fication temperature rather than measured bottom

Figure 7. (a–c) Mg/Ca versus isotopic calcification temperature calibrations for the three benthic foraminifera
species in this study. Both exponential and linear fits are shown. Standard error of the estimate is shown for both
exponential and linear fits. Isotopic calcification temperature is calculated using T = 16.9 � 4.0 * (d18Ocalcite corrected

for vital effect � (d18Oseawater) [Shackleton, 1974]. (d) Measured bottom water temperature (CTD) versus isotopic
calcification temperature. If the sites (320, 327, and 330) with highest seasonal and annual temperature variability are
excluded, then there is a very good correspondence between measured temperature (CTD) and calculated temperature
(ICT).
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water temperature from CTD, a better fit is
obtained between the Mg/Ca ratios and tempera-
ture for I. norcrossi/helenae (compare Figure 5a
and 7). Exponential fits and standard errors of
estimate for our calibrations are shown in Table 1
and Figure 7. The exponential constant defines the
temperature sensitivity of the calibration and thus
the amplitude of the reconstructed temperature
while the preexponential constant defines the ab-
solute temperature values [Lea, 2003]. Exponential
and preexponential error reported for this study is
based on the 95% confidence interval. This study,
as well as Lear et al. [2002], did not find any
statistical evidence favoring linear fits rather than
exponential fits for benthic calibrations. Therefore,
by convention, we use the exponential calibrations,
which conform to fundamental thermodynamic
principles and have the advantage of parameterizing
the Mg response as a percentage change (per 1�C),
allowing direct comparison between different
species [Lea, 2003]. All three benthic exponential
fits are statistically different (using a t-test score)
from each other, as are the linear fits. Both the linear
and exponential fits have similar standard errors and
would not give significantly different temperature
changes if applied downcore.

4.3. Discussion of Modern, Surface Sample
Results

[22] The three foraminifera species in this study
have different microhabitat depths, but there does

not seem to be any obvious relationship between
microhabitat depths (infaunal versus epifaunal) and
exponential or preexponential constants. The I.
norcrossi/helenae (infaunal) and C. neoteretis
(shallow infaunal) calibrations are similar to Pla-
nulina ariminensis (epifaunal) and Uvigerina spp.
(infaunal) [Lear et al., 2002] (Figure 8b), but
different from the Cibicidoides spp. (epifaunal)
[Rosenthal et al., 1997; Lear et al., 2002; Martin
et al., 2002] or G. affinis (deep infaunal) [Skinner
et al., 2003] fits (Table 1, Figure 8b). The M.
barleeanus (deep infaunal) calibration has a rela-
tively high exponential constant of 0.137 ± 0.020.
This is higher than the 0.101 (no error estimate
given) reported for Melonis spp. (n = 42) by Lear
et al. [2002]. Despite this high exponential con-
stant, our calibration reconstructs more realistic
temperatures from our downcore record (see next
section) than applying the Lear et al. [2002]
multispecies calibration, which produces unrealis-
tically cold (�3�C) temperatures. A monospecific
M. barleeanus calibration using the 31 data points
from this study (Table 3) along with 11 from
the Bahamas, and 1 from the NE Atlantic
(data from Lear et al. [2002]) results in a combi-
nation calibration for M. barleeanus of Mg/Ca =
0.757(±0.09) * exp(0.119 ± 0.014 * T), r2 = 0.9,
n = 43 (Table 1, (4) in Figure 8b) which overlaps
within error with our M. barleeanus calibration.
The exponential constant of the composite calibra-
tion (0.119 ± 0.014) (which covers a larger tem-
perature range than our calibration) is lower and

Figure 8. (a) C. neoteretis Mg/Ca versus isotopic calcification temperature calculated using two different
paleotemperature equations (see text). T(�C) = 16.9� 4(d18Ocalcite corrected for vital effect �d 18O seawater) [Shackleton, 1974]
in blue and T(�C) = 16.1 � 4.64(d18Ocalcite corrected for vital effect � d 18O seawater) + 0.09(d 

18Ocalcite corrected for vital effect �
d18Oseawater)

2 [Kim and O’Neil, 1997] in orange. (b) The three benthic foraminifera calibrations from this study (1)–(3)
compared to other benthic calibrations from the literature. For references and equations, see corresponding numbers
in parentheses in Table 1.
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more consistent with other benthic calibrations, but
again is within error of the high exponential
constant (0.137(±0.020)) of this study. Finally, we
tried fitting the data with a fixed 0.1 exponential
constant as demonstrated by Anand et al. [2003]
but the fits significantly underperformed the prior
calibrations. For this reason, we think that it is
unlikely that one Mg/Ca-temperature relationship
can describe all benthic foraminifera and that
species-specific rather than genus-specific calibra-
tions are needed. Standard errors of estimate for the
new calibrations are from 0.63, 0.62, to 1.10�C for
I. norcrossi/helenae,C. neoteretis andM. barleeanus,
respectively.Potential sources of thecalibration error
include errors in estimating modern temperature,
combining stained and unstained foraminifera,
bioturbation, downslope transport, and varying
growth rate between different environmental areas
(kinetic effects). Our three calibrations cover an
important temperature range for Mg/Ca calibra-
tions, the <4�C, where previous work on deep sea
depth-transects has suggested that carbonate satu-
ration state may have a significant effect on Mg
incorporation – possibly exceeding the tempera-
ture effect [Martin et al., 2002; Rosenthal et al.,
2006; Elderfield et al., 2006]. Our data do not
show this steeper trend and we presume it is
because the shallow sites are all supersaturated.

5. Applying the New Species-Specific
Calibrations

5.1. Results From Core MD99-2269

[23] We measured Mg/Ca in samples from the top
4000 cal yr B.P. (top 8 m) in core MD99-2269 in
order to compare the temperature reconstructions
from the three different species. Sediment samples
from every 10 cm were picked but it was not
possible to find all three foraminifera species in
sufficient quantities for geochemical analysis in
every sample. The sample resolution thus varies
between 6 and 232 years and is also variable
between the different species, i.e., this is not a
point-to-point comparison (Figure 9). The down-
core I. norcrossi/helanae and C. neoteretis samples
received a gentler cleaning than the modern samples
whereas M. barleeanus received the full cleaning.
The two cleaning methods produce very similar
ranges of Mg/Ca ratios (Tables 3 and 4). We observe
no change in recovery (as compared to the modern
samples) of the robust I. norcrossi/helanae samples
but do observe a decrease in recovery despite the
modified cleaning for C. neoteretis. The lowest

recovery C. neoteretis samples tend to be anoma-
lously low in Mg/Ca (open symbols in Figure 9a),
suggesting Mg-rich portions of the test may be lost
due to over-cleaning. Because of this trend, any
samples with recovery below 10% were excluded
from this study (Table 4). All three benthic species
have higher Mg/Ca values than planktonics in the
same core (not shown), related to the generally
higher preexponential constants that characterize
benthic species [Lea, 2003]. As is observed with
the modern samples, I. norcrossi/helenae has the
highest Mg/Ca ratio, C. neoteretis has similar or
somewhat lower ratio and M. barleeanus has the
lowest values (Figure 9a). It should be noted that a
slight trend is observed between Mg/Ca and Mn/Ca
for M. barleeanus (Mg/Ca(mmol/mol) =
0.006(mmol/mol)Mn/Ca + 0.61, r2 = 0.6) and
C. neoteretis (Mg/Ca(mmol/mol) = 0.009(mmol/
mol)Mn/Ca + 0.84, r2 = 0.6) but no significant
trend is noted for I. norcrossi/helenae. The samples
at 664 cal yr B.P. (156 cm), 1350 cal yr B.P. (296
cm) (I. norcrossi/helenae), and 2810 cal yr B.P.
(566 cm) (M. barleeanus) have anomalously
high Fe/Ca values (>1000 mmol/mol) although their
Mg/Ca values remain ‘‘normal.’’ Pyrite was visual-
ly noted in many of the samples run for Mg/Ca,
particularly in the older part of the interval studied
(Table 4). Elemental results from these samples are
not systematically different from the samples that
did not contain any visible pyrite.

[24] Despite significantly different Mg/Ca ratios
between the three benthic species (Figure 9a) the
reconstructed temperature range is in good agree-
ment with the seasonal and annual temperature
ranges observed in the area today (Figures 2
and 9b). I. norcrossi/helenae and M. barleeanus
reconstruct very similar temperature records
throughout the last 4000 cal yr B.P. with temper-
ature generally remaining below the NIIC Atlantic
water threshold of 3.5�C (Figure 9b). All three
species show similar temperatures and a cooling
trend of approximately 0.1�C per century from circa
1500 - 0 cal yr B.P. (Figure 9) where C. neoteretis
agrees well with the other two species (correlation
coefficients > 0.30). However, from circa 1500 to
4000 cal yr B.P., C. neoteretis differs from the other
two species averaging reconstructed temperature of
4.5�C (i.e., NIIC Atlantic water temperature)
while I. norcrossi/helenae and M. barleeanus aver-
age 2.8 ± 0.8 and 2.5 ± 0.9�C respectively and
correlation coefficients drop below 0.17. Periodi-
cally C. neoteretis reconstructs Arctic temperature
more consistent with the other two species, for
example at 2800 cal yr B.P. (2.5 ± 0.6�C).
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5.2. Discussion of Downcore Data

[25] The calibration and downcore trends for the
three Arctic species reported here extend the ob-
servation that Mg incorporation into benthic fora-
minifera is species specific [Lear et al., 2002;
Marchitto and deMenocal, 2003; Elderfield et al.,

2006]. It is still unclear what controls this variabil-
ity and whether it is only found in benthic forami-
nifera or also affects planktonic foraminifera. Due
to the large diversity of benthic foraminifera [Sen
Gupta, 1999] it is perhaps not surprising that
differences exist in Mg incorporation. Lear et al.

Figure 9. Time series from core MD99-2269 using age model PSV-RC06 [Stoner et al., 2007]. I. norcrossi/helenae,
green circles; C. neoteretis, blue diamonds; M. barleeanus, red squares. Two samples were eliminated from the
I. norcrossi/helenae time series, one a high outlier, the other a low recovery sample (<10% recovery). Eight sampleswere
eliminated from theM. barleeanus time series, one a high outlier and seven low recovery samples. TheC. neoteretis time
series suffered the greatest loss from low recovery samples; a total of 19 samples were eliminated (Table 4).Mg/Ca ratios
in the remaining samples varied from 0.72 to 1.52 mmol/mol (Table 4). (a) Open symbols represent samples of less than
10% recovery. Mg/Ca analytical error 0.02 mmol/mol. Little Ice Age (LIA*) and Medieval Warm Period (MWP*) ages
as designated by Knudsen and Eirı́ksson [2002]. (b) Temperature reconstructions (Mg/Ca > 10%) using the exponential
species-specific Mg/Ca temperature calibrations (Table 1).
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[2002] state several possible causes for this ob-
served difference, but they still remain speculative.
Variable architecture of the tests of different fora-
minifera may influence the Mg incorporation. Co-
precipitation experiments of inorganic calcite by
Paquette and Reeder [1995] and Reeder [1996]
have shown that trace element incorporation varies
between crystallographic faces and even within
some of the crystallographic faces, which can be
affected by crystal size and shape. Elderfield et al.
[1996] theorized that incorporation of trace ele-
ments into foraminiferal calcite is dependent upon
different sizes of an internal calcification pool in
foraminifera, differences in flushing time of
that pool and differences in calcification rate. All
these factors could differ between different benthic
species.

[26] The large scale agreement of the three tem-
perature reconstructions in the downcore record is
encouraging. The decrease in bottom water temper-
atures after circa 1500 cal yr B.P. coincides nicely
with an increase in abundance of Arctic benthic
foraminifera species and increased occurrences of
sea ice in the area (see next section). The observed
divergence of C. neoteretis from the other two
species circa 1500 to 4000 cal yr B.P. is intriguing
and requires an explanation. We hypothesize here
that temperature variations between the ‘‘growing’’
seasons of a single year (seasonal hydrographical
variations) and/or between the same growing season
of different years (multiannual hydrographical
variations) may be responsible for the divergence
of C. neoteretis from the other two species. On one
hand C. neoteretis may be able to reproduce
rapidly and under optimal conditions that differ
from those of the other two species. If this were the
case, its shell carbonate would record a different
season or condition during the growing season.
The preferred growing season of C. neoteretis on
the Iceland shelf is unknown but we assume it
reproduces in summer or fall when warmest tem-
perature waters are observed. A dinocyst record
from core B997-327PC (66�380 N, 20�520 W; water
depth 373 m) [Solignac et al., 2006] suggests a
decrease in seasonality at circa 1500 cal yr when
C. neoteretis converges again with the other two
species. On the other hand, assuming that the three
species have the same growing season, the diver-
gence of C. neoteretis from the other two species
may be related to the multiannual hydrographic
variability of site MD99-2269 (Figure 3). A single
sample from core MD99-2269 could be combining
warm and cooler years into one sample, resulting in
the observed divergence between the three benthic

species. During times of less seasonal and/or multi-
annual variability, reconstructed temperature from
C. neoteretis will be the same as that of
M. barleeanus or I. norcrossi/helenae; for example
at 2800 cal yr B.P. which also coincides with the
first appearance, since its disappearance in early
Holocene, of the Arctic foraminifera Elphidium
excavatum (Figure 10b). Data on modern benthic
foraminiferal fauna from the Iceland shelf indicate
that C. neoteretis prevails in warmer inner shelf
areas where the water column is dominated by
NIIC Atlantic water, while M. barleeanus prevails
in areas under the influence of colder Arctic
intermediate water (Figure 4b) [Jennings et al.,
2004]. Present-day hydrography http://www.
hafro.is/Sjora/) shows that variations of 2�C can
occur between either the seasons of a single year
(seasonal variations) and/or between the same
seasons of different years (multiannual variations)
making it difficult to distinguish seasonal varia-
tions from multiannual variations on the basis of
temperature alone. Alternatively, poorly calibrated
modern data or possible over-cleaning of the thin
walled C. neoteretis could be responsible for the
divergence rather than seasonal or annual hydro-
logical changes.

5.3. Interpretation of Reconstructed
Temperature Record

[27] The late Holocene on the north Iceland shelf is
characterized by a general cooling trend toward the
present, periodically interrupted by periods of
warmer conditions [Eirı́ksson et al., 2000; Jiang
et al., 2002; Knudsen and Eirı́ksson, 2002;
Castaneda et al., 2004; Bendle and Rosell-Mele,
2007]. This is also seen in our Mg/Ca-temperature
reconstructions at site MD99-2269 (Figure 10)
where all three benthic species show a cooling
trend between circa 0–1500 cal yr B.P. with a
decline in temperature by 0.1�C per century. We
interpret this as evidence for decreased inflow of
warm Atlantic water and increased inflow of colder
Arctic water to the north Iceland shelf. This
increase in Arctic water inflow is coincident with
an increase in Arctic foraminiferal (Giraudeau et
al. [2004] and A. E. Jennings (unpublished data))
and sea ice diatom assemblages [Andersen et al.,
2004; Nowinski et al., 2004] as well as a rise in
quartz, a proxy for sea ice in this area [Moros et al.,
2006] (Figure 10). However, two periods of Atlan-
tic water interrupt the cooling at circa 500 cal yr
B.P. (M. barleeanus 3.9 ± 1.1�C, C. neoteretis 3.3–
3.5 ± 0.6�C, and I. norcrossi/helenae 3.1 ± 0.6�C)
and 1400 cal yr B.P. (M. barleeanus 4.3 ± 1.1�C,
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C. neoteretis 3.9–4.8 ± 0.6�C, and I. norcrossi/
helenae 4.4–4.6 ± 0.6�C). No clear sign ofwarming
during the Medieval Warm Period (circa 1000 cal yr
B.P.) is recorded in the benthic record, this may be
due to resolution problems. The lowest recorded
reconstructed temperature, low abundances of fora-
minifera and generally small, light and fragile tests
of benthic and planktonic foraminifera occur during
the latter half of the Little Ice Age, as defined
by Knudsen and Eirı́ksson [2002] (Figure 9a),
whereas a short inflow event of Atlantic water is
observed during the earlier part of the Little Ice Age
(Figure 9b).

[28] Compared to the cooling trend observed in the
record from 0–1500 cal yr B.P. a relatively stable,
Arctic temperature regime is reconstructed from M.
barleeanus and I. norcrossi/helenae between 1500
and 4000 cal yr B.P. The suggested presence of
Arctic type bottom water (2–3�C) is similar to
modern conditions (Figures 2a and 3). During
this dominance of Arctic water, the reconstructed
Mg/Ca-temperature ofM.barleeanus and I. norcrossi/
helenae indicates short periods of more Atlantic
water influence (temperature >3.5�C) at circa 3850,
2400, and 2300 cal yr B.P. Additionally the diver-
gence between C. neoteretis and the other two
benthic foraminiferal species may suggest that

Figure 10. Various bottom and surface water proxies from core MD99-2269. (a) Bottom water temperature
reconstruction from Mg/Ca ratios in benthic foraminifera (this study). Gray shading indicates Atlantic water of the
NIIC. (b) Benthic foraminifera assemblage data for three Arctic foraminifera species [Giraudeau et al., 2004; A. E.
Jennings, unpublished data]. Notice the lower resolution (approximately every 250 years) of this data set. (c) Sea ice
proxies from core MD99-2269. Quartz% from Moros et al. [2006] and diatom sea ice assemblage from Andersen et
al. [2004] and Nowinski et al. [2004].
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4000–1500 cal yr B.P. was a time of considerable
seasonal and/or multiannual variability toward
higher temperature on the north Iceland shelf
(see previous section), which theM. barleeanus and
I. norcrossi/helenae records are unable to capture on
their own.

6. Conclusions

[29] Modern surface sediment samples from shal-
low sites (165 – 656 m) on the Iceland and
Greenland shelves were used to create three new
Mg/Ca-temperature calibrations for Arctic benthic
foraminifera species. Mg/Ca was calibrated against
isotopic calcification temperature rather than mea-
sured CTD temperature. All three species, I. nor-
crossi/helenae, M. barleeanus, and C. neoteretis,
are infaunal shelf species. Mg incorporation is
clearly species specific for these three species:
I. norcrossi/helenae Mg/Ca = 1.051 ± 0.03 *
exp(0.060 ± 0.011*T), r2 = 0.93, SE = ±0.63�C;
M. barleeanus Mg/Ca = 0.658 ± 0.07 * exp(0.137
± 0.020 * T), r2 = 0.81, SE = ±1.10�C; and
C. neoteretis Mg/Ca = 0.864 ± 0.07 * exp(0.082 ±
0.020 * T), r2 = 0.90, SE = ±0.62�C (Figure 7).
I. norcrossi/helanae and C. neoteretis have fits that
are similar to previously published fits of
lower exponential constants for P. ariminensis
and Uvigerina spp. [Lear et al., 2002]. The
M. barleeanus fit is different from C. neoteretis
and I. norcrossi/helenae and more like published
fits for Cibicidoides spp. [Lear et al., 2002; Martin
et al., 2002] and Melonis spp. [Lear et al., 2002].
These shallow water spatial calibrations do not
show a steepening of the fit below 4�C as observed
in some deep sea transects [Martin et al., 2002;
Rosenthal et al., 2006; Elderfield et al., 2006]. We
presume this is because the shallow sites are
situated in supersaturated waters. Preliminary tests
on both modern and downcore samples indicate
that size fractions within the range of Arctic
samples, 106–300 mm, do not appear to signifi-
cantly affect Mg/Ca incorporation. The three ben-
thic calibrations were applied to Mg/Ca
measurements of the three species in samples from
core MD99-2269, located on the North Iceland
shelf. The 4000 year long record from core
MD99-2269 shows dominating Arctic water con-
ditions from circa 4000–1500 cal yr B.P. The
dominance of cooler bottom waters is periodically
interrupted by influx of warmer (>3.5�C) Atlantic
water of the North Iceland Irminger Current. Con-
ditions cool further from circa 1500-0 cal yr B.P.,
culminating in the Little Ice Age. This cooling is

supported by the coincident increase in Arctic
foraminiferal fauna and increased evidence for
sea ice occurrences in the same core [Giraudeau
et al., 2004; Andersen et al., 2004; Nowinski et al.,
2004;Moros et al., 2006]. An intriguing divergence
of C. neoteretis from M. barleeanus or I. norcrossi/
helenae is observed circa 1500 to 4000 cal yr B.P.
where C. neoteretis reflects more Atlantic water
conditions than do the other two species.
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