
Pergamon 
Geochimica et Cosmochimica Acta, Vol. 60, No. 22, pp. 4509-4523, 1996 

Copyright © 1996 Elsevier Science Ltd 
Printed in the USA. All rights reserved 

0016-7037/96 $15.00 + .00 

PII S0016-7037(96) 00256-6 

Deep-dwelling planktonic foraminifera of the northeastern Pacific Ocean reveal 
environmental control of oxygen and carbon isotopic disequilibria 

J. D. ORTIZ,* A. C. MIX, W. RUGH, J. M. WATKINS, and R. W. COLLIER 

College of Oceanic and Atmospheric Sciences, Oregon State University, Corvallis, OR 97331-5503, USA 

(Received November 21, 1995; accepted in revised form July 8, 1996) 

Abstract--We assess the utility of four species of living planktonic foraminifera as tracers of thermocline 
and intermediate water masses in the northern Pacific Ocean, based on their water-column distribution 
and shell isotopic composition. Assuming oxygen isotopic equilibria with the water column, we infer 
apparent calcification depths. This allows an estimate of apparent carbon isotopic disequilibria. We then 
relax the assumption of oxygen isotopic equilibrium to examine habitat effects on kinetic disequilibrium 
processes. In the California Current, left-coiling Neogloboquadrina pachyderma and Globigerina calida 
calcify in the upper thermocline. Globorotalia scitula resides within the Shallow Salinity Minumum 
(potential density ~r0 = 25.1-26.7), while Globoquadrina hexagona is associated with the deeper, North 
Pacific Intermediate Water (ao = 26.7-26.9). Apparent carbon isotopic disequilibria corrected for 
oxygen isotopic disequilibria, range from 1.0-1.9%o in these asymbiotic species. The carbon isotopic 
disequilibrium can be modeled as a single exponential function of temperature or a logarithmic function 
of potential food supply. We infer that carbon isotopic disequilibrium increases with metabolic rate, 
related to temperature and/or food supply. Kinetic processes of oxygen and carbon isotopic disequilibria 
yields reasonable depth habitats if the slope of the oxygen:carbon isotopic shift is about 0.35, consistent 
with culture data. Our finding of a link between environment, metabolism, and isotopic disequilibrium 
observed in oceanic settings suggests the potential to better reconstruct the structure and biological 
processes of the upper water column from geologic data. 

1. INTRODUCTION 

Variations in intermediate water properties play a critical 
role in oceanic nutrient and carbon cycling (e.g., Boyle, 
1992). Deep-dwelling planktonic foraminifera are useful as 
tracers of these variations (Lohmann and Schweitzer, 1990; 
Schweitzer and Lohmann, 1991; Lohmann, 1992). Because 
planktonic foraminifera live within the water column rather 
than in oceanic sediments like their benthic counterparts, 
they may provide a more direct record of intermediate water 
variation. Potential problems are changes in a species' depth 
habitat during ontogeny and isotopic disequilibrium during 
calcification. Here we assess the utility of four species of 
planktonic foraminifera as tracers of thermocline and inter- 
mediate water masses: Globorotalia scitula, Globoquadrina 
hexagona, Globigerina calida, and left-coiling Neoglobo- 
quadrina pachyderma. We assess ( 1 ) habitats and their rela- 
tionship to physical and biological processes, and (2) pro- 
cesses of isotopic disequilibrium with the goal of developing 
more useful paleoceanographic proxies of water mass prop- 
erties. 

We compare the distributions of four species collected 
with depth-stratified plankton tows from the California Cur- 
rent using the MOCNESS (multiple opening/closing envi- 
ronmental net sensing system) of Wiebe et al. (1985). A 
first question is whether foraminifera collected on isopycnal 
surfaces calcified where they were collected. We answer this 
question by ( 1 ) determining whether the individuals possess 
protoplasm and thus were living or recently living at the 
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time of capture, (2) assessing the distribution of each species 
along isopycnal surfaces at four tows sites across the Califor- 
nia Current, and (3) examining the oxygen and carbon isoto- 
pic composition of their shell (61SOs and 6~3Cs) compared 
to equivalent data for the water column (6~8Ow and 6J3Cw) 
that are translated into predictions for calcite at isotopic 
equilibrium (618Oe and 613C~). 

Comparisons of tow depths, oxygen, and carbon isotope 
data at an array of sites reveals that the foraminifera must 
be out of equilibrium with the ambient water mass. Using 
618Os as a first approximation of calcification depth, we ex- 
amine patterns of 6 ~3C disequilibrium and evaluate potential 
environmental causes. Finally we adjust these estimates by 
allowing for isotopic disequilibrium in both oxygen and car- 
bon, and find a parsimonious solution that links kinetic pro- 
cesses of isotopic disequilibrium to metabolic processes in 
real oceanic environments. 

2. HYDROGRAPHIC SETTING 

The central north Pacific Ocean contains a series of salinity min- 
ima between 200 and 1000 m which constitute its intermediate wa- 
ters. These water masses are shallowest in the north and to the east 
in the California Current, and deepest to the south and west. The 
most important of these features are the Shallow Salinity Minumum 
(SSM: water density (~r0) 25.1- 26.7) and the North Pacific Interme- 
diate Water (NPIW: a0 26.7-26.9) (e.g., Kenyon, 1978; Yuan and 
Talley, 1992). In the California Current, the Shallow Salinity Minu- 
mum (salinity 32.8-33.9 psu) sits directly above the NPIW (salinity 
34.0-34.1 psu; Kenyon, 1978). Thus along the eastern continental 
boundary, these features are most easily identified by their density 
rather than as distinct salinity minima relative to the surrounding 
waters. However, their characteristic salinity is evident when viewed 
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FIG. i. Winter seasonal (FMA) salinity along 42°N from Levitus 
(1982). SSM denotes the Shallow Salinity Minimum (32.7-33.9 
psu),  while NPIW denotes the North Pacific Intermediate Water 
(34.0-34.1 psu). The MOCNESS plankton tows in this study were 
collected between 125°W and 132°W. 

in meridional salinity sections from Levitus (1982) (Fig. 1) or 
hydrographic datasets such as that of Kenyon (1978). 

The SSM forms in a broad region north of 35°N and generally 
west of 145°W, then spreads east and south along isopycnal surfaces 
(Reid, 1973; Talley, 1985). These waters are relatively cold and 
fresh, as they subduct below the warmer, more saline (but less 
dense) waters of the California Current and subtropical gyre. 

The NPIW at a0 = 26.8 does not outcrop in the North Pacific, 
except perhaps occasionally in the Sea of Okhotsk (Talley, 1991 ). 
NPIW appears to form as the result of the mixing of waters from 
the Oyashio and Kuroshio currents with water from the Sea of Ok- 
hotsk in the western Pacific mixed water region (Talley, 1991, 
1993). Qiu (1995) demonstrated that the NPIW salinity minimum 
is concentrated on the a0 26.8 isopycnal because this is the least 
dense surface which does not outcrop during the winter. Once 
formed, the low salinity waters of the NPIW spread out along or0 
26.8, flow north and east into the Gulf of Alaska, and eventually 
southward into the California Current. Oxygen and tritium concen- 
trations indicate that the properties of the NPIW are partially reset 
in the Alaskan Gyre. Van Scoy et al. (1991) and Van Scoy and 
Druffel (1993) argue some winter outcropping of the NPIW must 
occur in the Gulf of Alaska, although Talley (1993) attributes the 
oxygen and tritium changes to diapycnal mixing. 

3. METHODS 

3.1. Plankton Tow Distributions and Hydrographic  
Measurements  

These study sites are part of the Multitracers program, a study of 
the California Current System. The MOCNESS plankton tow sam- 
ples were collected during September 17-30, 1990 during cruise 
W9009A of the R /V  Wecoma at four sites 121,220, 289, and 572 
km offshore, roughly at 42°N. All of the tows were located west of 
the shelf break, which occurs at ~95 km offshore. In order of in- 
creasing distance offshore, they were collected in waters of 2800, 
2500, 3000, and 3700 m depth. Methods for plankton tow sample 
preparation and calculations of precision are in Ortiz et al. (1995). 
Standing stocks reported here are accurate to _+20% due to the sum 
of towing, sample splitting, and counting errors. 

Temperature and salinity were measured by CTD and used to 
calculate or0, the potential density of a water parcel. Light transmis- 
sion at 670 nm wavelength, measured with a SeaTech T M  transmis- 
someter, is presented as the particle attenuation coefficient (Cp), a 
derived quantity which is linearly proportional to concentration of 
small ( < 2 0  /.tm) particles in the water column (Zaneveld et al., 
1979; Pak et al., 1988). Cp in this area is also linearly related to 

large (>63  #m) particle concentrations (Ortiz et al., 1995). The 
hydrographic station locations are listed in Table 1. 

3.2. Planktonic Foraminiferal  ~lSOs and ~13C s 

Micro-sample isotopic measurement of foraminiferal shell 6J80~ 
and 613Cs, and carbon isotopic measurements of ZCO2 in the water 
column (613Cw), were made at Oregon State University using a 
Finnigan/MAT-251 mass-spectrometer. This instrument is equipped 
with an online Autoprep Systems automated carbonate sample prepa- 
ration device for the foraminferal samples, and an online tube- 
cracker use to analyze gas extracted from water samples. Isotopic 
results are presented in permil (%o) using the standard isotopic delta 
notation (6) relative to the Pee Dee Belemnite (PDB) scale. Calibra- 
tion to PDB was done through the NBS-19 and NBS-20 standards 
made available by the U.S. National Institute of Standards and Tech- 
nology. 

Typical precision of isotopic measurements of calcite at the OSU 
laboratory are _+0.06%o for 6180 and _+0.03%0 for 613C. In the present 
study, isotopic measurements were conducted on smaller sample 
sizes ( 5 - 5 0  #g calcite) than typical microfossil carbonate analyses 
( > 5 0  #g calcite), which decreased machine precision somewhat 
relative to larger size runs. To enhance machine sensitivity and 
precision for very small samples, (1) the source current was in- 
creased from 1.3-1.5 mA, (2) reference gas pressure was decreased 
to maintain proper adjustment between the sample and reference 
inlets at low pressures, and (3) vacuum pumping was increased to 
30 min between sample runs. Resulting external precision for 6 ~80 
and 6 ~3C measured on micro-samples of calcite standards ranging 
in mass from 5-50/.zg was _+0.2%0 and _+0.1%~, respectively. 

We chose to analyze small samples to assess intraspecific isotopic 
variation and because the deep-dwelling species were rare in our 
plankton tows relative to shallow-dwelling species. Running small 
numbers of individuals allows us to better assess the natural isotopic 
variability exhibited by each species. Individual shells may exhibit 
variable disequilibrium effects or calcify over a range of depths. 
Generally two to ten shells were grouped in each isotopic analysis. 
For G. scitula, shells from the 150-212, 212-250, and 250-300 
#m size fractions were analyzed separately. For G. hexagona and 
G. calida, individuals in the 125-150, 150-212, 250-300, and 300-  
355 #m size fractions were analyzed. For left-coiling N. pachy- 
derma, (the smallest and rarest of the four species) individuals in 
the 125-212 #m size fraction were run. 

Isotopic analysis of G. scitula were conducted on shells collected 
from the 200-400 m deep sample at each of the four tow sites. 
Isotopic measurements for the three remaining species were con- 
ducted only at the location of the maximum species occurrence, due 
to limited sample availability. These samples were 400-600 m at 
the 572 km site for G. hexagona and G. calida, and 200-400 m 
and 400-600 m at the 121 km site for left-coiling N. pachyderma. 

3.3. Water  Column ~18Oe and ~13C e 

To assess foraminiferal calcification depth ranges we predicted 
the oxygen isotopic composition of inorganic calcite in equilibrium 
with the water column (6~8Oe), using temperatures and salinities 

Table 1 
W9009a deep CTD stations. 

C"ID Depth Range Lati tude Longitude km 
Station (m) ~ (~W) from Coast 

2 1-2751 42.063 125.905 141 
5 3-2652 42.375 126.375 184 
6 4-1502 42.082 126.001 149 
7 2-2952 42.080 126.997 231 
8 0-2751 42.188 127.615 282 

14 0-3400 41.592 131.982 646 
17 2-2502 41.666 131.233 583 
18 0-2951 41.751 130.002 481 
19 1-1500 41.832 128.964 394 
20 2-1500 41.831 128.200 331 
23 3-1002 42.084 125.365 97 
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obtained from concurrent CTD casts. Salinity was converted to water 
column oxygen isotopic composition (6~8Ow, in %~ SMOW) using 
the Northeast Pacific relationship of Zahn et al. (1991): 

6 ~8Ow = 0.405 (Salinity) - 14.01%o. (1) 

Although direct measurements of 6~8Ow were not conducted as 
part of this study, the data for Eqn. 1 were obtained from California 
Current and Northeast Pacific environments similar to those studied 
here. Values of 6 ~8Oo were predicted by inverting the paleo-tempera- 
ture equation of Epstein et al. (1953). 

To assess the depth of calcification independently of the tow 
collection depth, we assume initially that the four species calcified 
in oxygen isotopic equilibrium with respect to the water column. 
The is a standard procedure used in many studies, such as Williams 
et al. (1981), Deuser (1987), and Ravelo and Fairbanks (1992). 
We relax this constraint later when we consider possible kinetic 
fractionations. Calcification depth ranges for each species are then 
obtained by comparison of the mean and standard deviation of mea- 
sured 6 ~sO~ to predicted 6 ~80~ for the corresponding tow site. 

Measurements of water column nutrients (nitrate, phosphate, and 
silicate) and the carbon isotopic composition of dissolved inorganic 
carbon (6~3Cw) were made on water samples collected during Sep- 
tember 1991 along the same transect as the September 1990 tow 
sites. Water samples come from CTD casts using 5 L Niskin bottles. 
Here we report on the nitrate data only. A more detailed analysis 
of the nutrient data can be found in Ortiz et al. (1996). Samples 
for nutrients were stored in acid washed 125 cc polyethylene bottles 
that were rinsed first with sample water. Frozen samples were thawed 
overnight prior to analysis on an Alpkem RFA autoanalyzer with 
standard wet chemistry techniques (Gordon et al., 1994). NO3 con- 
centrations reported here are accurate to 0.8% based on triplicate 
analysis of surface samples. 

Water samples for carbon isotopic analysis were stored in 50 
cc, brown reagent grade, pre-baked septum-sealed vials, that were 
poisoned immediately after filling with mercuric chloride (HgC14). 
They were stored under refrigeration in the dark and returned to the 
OSU laboratory by surface freight immediately after the cruise. In 
the OSU laboratory, water samples were analyzed using a procedure 
similar to that of Kroopnick (1974). 20 cc of each water sample 
was injected into a glass stripping line and acidified with 95% 
H3PO4. ZCO2 was evolved as CO2 gas by stripping with high-purity 
He flowing through a glass flit. Water vapor and trace volatiles were 
condensed on a three-loop glass trap filled with clean 2-mm glass 
balls (to maximize surface area). COz was condensed on a one-loop 
cold trap containing similar glass balls at liquid nitrogen tempera- 
tures. Following stripping and trapping, the He flow was turned off, 
the CO2 trap and an additional cold finger was evacuated, isolated, 
and warmed, and the clean CO2 was transferred to a 6-mm glass 
cold finger using liquid nitrogen. The 6-mm glass finger was then 
torch sealed, and the isolated CO2 gas sample was transferred to 
the Oregon State University Finnigan/MAT-251 mass-spectrometer 
using a multiport/tube cracker system. External precision for the 
b ~3Cw measurements based on replicate CO2 gas samples extracted 
from an internal laboratory water standard following these methods 
was _+0.04%c. 

We compare the carbon isotopic composition of the foraminiferal 
shells (6 ~3C~) to the predicted carbon isotopic composition of inor- 
ganic calcite in equilibrium with the dissolved inorganic carbon pool 
(6 ~3C~). Romanek et al. (1992) demonstrated that 613Ce is enriched 
relative to ~5 ~3C~ by 1%~ (within experimental errors of _+0.2%~): 

613Ce = 613Cw -}- 1,0%c. (2) 

We compare shell composition, 6~3C~, to ~13C e to estimate each 
species' apparent carbon isotopic disequilibrium. This method yields 
upper limits on the true 6~3C disequilibrium (thus the term apparent) 
because at this stage we assume 6 ~80 equilibrium. Deviations from 
6t80 equilibrium that covary with 6~3C disequilibrium would be 
expressed as an increase in the apparent 6 ~3C disequilibrium. While 
this approach introduces some error, numerous studies demonstrate 
that planktonic foraminifera calcify much closer to 6 ~80 equilibrium 
than 6~3C equilibrium (e.g., Erez and Luz, 1983; Deuser, 1987). 
We assess the magnitude of this error by relaxing the constraint of 
oxygen isotopic equilibrium later in the paper. 

4. RESULTS 

4.1. The Local Relationship between Nutrients and 
~13Cw 

Oceanic 6 ~3Cw varies inversely with nutrient concentra- 
tions due to the concurrent uptake of  nutrients and preferen- 
tial uptake of  Jzc (relative to 13C) during photosynthesis. 
The slope of the relationship between phosphate (PO4) and 
6 ~3Cw depends on the average fractionation of 6~3C during 
photosynthesis (about -20%~).  Given the C:P Redfield ratio 
for marine organic matter (105) ,  and the mean ocean inor- 
ganic carbon concentration (2250 #mol /kg )  (Broecker and 
Peng, 1982), the predicted slope of  ~ ~3Cw:PO4 is - 0 . 9 3 % d  
#mol /kg  (Broecker and Peng, 1982). This can be scaled 
relative to nitrogen using the N:P Redfield ratio (16) ,  yield- 
ing a predicted 613Cw:PO4 slope of - 0 . 0 6 % d # m o l / k g .  

At the Multitracers study sites, the direct measurements 
of 6 ~3Cw and [NO3 ] collected in September 1991 are well 
correlated (Fig. 2, Table 2).  However,  surface 6 J3Cw values 
( 0 - 2 0 0  m) are offset from deeper values (200 -2500  m). 
Measured 613Cw correlates better to [NO~]  than [PO] ] at 

these sites because residual [PO~ ] remains in the water 
column after [NO3]  has been stripped to limiting levels by 
phytoplankton growth (Ortiz et al., 1996). We use shallow 
and deep relationships obtained from the September 1991 
Multitracers 6~3Cw and [NO3]  data to determine water col- 
umn 613Cw for the September 1990 tows based on concurrent 
[NO~ ] measurements. The relationship for the shallow data 
( 0 - 2 0 0  m) is 

6~3Cw = - 0 . 0 6  [NO3]  + 1.6. (3a) 

In contrast, measurements from >200  m follow a consider- 
ably smaller slope: 

6~3Cw = - 0 . 0 2  [NO3]  + 0.6. (3b) 

The RMS errors of  individual analyses associated with these 
regressions are similar, _+0.12%c (n = 28) for the shallow 
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FIG. 2. Relationships between (5 ~3C w and [NO; ] at 42°N. Shallow 
waters (<200 m, squares) follow 6~3Cw = -0.06 [NO3] + 1.6 @2 
= 0.95). Deep waters (>200 m, circles) follow 6~3Cw = -0.02 
[ N O 3 ]  q- 0.6 ( r  2 = 0 .45) .  Surface to deep offset in 6~3C arises 
from anthropogenic invasion along isopycnal surfaces during winter 
ventilation as discussed in the text. 
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Table 2 

Dissolved inorganic carbon 813C and [NO3"] during September, 1991 
at four sites along the Multitraeers transect. 

Site 

45 kmb 

121 km c 

Depth 813C [NO3-]a Site Depth 
(m) (%o PDB) (gM kgq) (m) 

0 1.52 1.61 289 km c 0 
10 1.33 2.14 10 
20 1.34 7.07 75 
32 1.23 10.78 100 
50 0.93 14.06 200 
75 0.58 19.06 400 

100 0.17 24.12 500 
600 

0 0.67 14.36 800 
20 0.56 16.37 1000 
40 0.53 18.42 1500 
50 0.43 19.45 2000 
75 0.27 21.93 2500 
75 0.27 21.93 2500 

100 0.13 24.18 
200 -0.21 30.35 572 km c 0 
300 -0.23 34.11 20 
400 -0.24 37.42 50 
500 -0.29 39.72 95 
600 -0.37 41.45 100 

1000 -0.43 43.06 120 
1500 -0.42 42.46 150 

200 
300 
500 
800 

1000 
1500 
1500 
2000 

813C [NO3-]a 
(%~ PDB) (/aM kg-l) 

1.52 2.48 
1.56 4.00 
0.72 13.98 
0.57 17.54 

-0.15 28.48 
-0.41 39.11 
-0.36 41.59 
-0.30 42.90 
-0.40 44.01 
-0.63 44.40 
-0.21 43.94 
-0.29 41.55 
-0.20 40.52 
-0.18 40.52 

1.74 0.74 
1.45 0.76 
1.47 0.80 
1.34 0.84 
1.31 0.85 
1.19 4.39 
0.90 9.83 
0.53 18.10 

-0.02 28.30 
-0.21 39.06 
-0.35 44.10 
-0.33 44.62 
-0.33 43.48 
-0.34 43.48 
-0.23 40.26 

aSampling location: 42.105°N. 125.83WW. 
bNitrate bottle measurements from the same CTD cast were interpolated to the depths of the 613 C 
bottle mmsurcmts. 
Cfdeatical depths at the same site indicate duplicate 513 C measurements, the same nitrate measurement 
is listed for each 813(2 replicate. 

(<200  m) samples and _0.09%0 (n = 22) for the deep 
(>200  m) samples. The inflection point in this relationship 
occurs at about 200 m (a0 = 26.5), i.e., near the limit of 
well-ventilated waters (Fig. 2). We infer that well-ventilated 
shallow waters are offset in 613Cw relative to deeper waters 
by -0 .6  ___ 0.2%0, due to input of ~3C-depleted anthropogenic 
CO2. The low slope of the 6 ~3Cw :NO3 below the 26.5 isopyc- 
nal reflects diffusive mixing of recently ventilated waters 
with poorly-ventilated subsurface waters (Ortiz et al., 1996). 

4.2. Water Mass Properties along Isopycnal Surfaces 

Associated with southward flow and upwelling in the Cali- 
fornia Current, isopycnal surfaces are shallowest near the 
coast, and increase in depth offshore (Fig. 3a). Waters 
equivalent in density to the SSM (or0 25.1-26.7 kg/m 3) 
range in temperature from 7-10°C (Fig. 3b) and in salinity 
from 32.8-33.9 psu (Fig. 3c). NPIW (00 26.7-26.9 kg/ 
m 3) is less variable, with temperatures of 5.9-6.1°C, and 
salinities of 33.9-34.1 psu. These ranges are consistent with 
the temperature and salinity range of the SSM and the NPIW 
measured elsewhere in the North Pacific (Kenyon, 1978; 
Yuan and Talley, 1992). 

Measurements of Cp within the SSM decrease from 0.10 
m -~ at the base of the thermocline, to <0.05 m -t offshore 
and with increasing depth (Fig. 3d). Values of Cp in the 
NPIW are less variable, ranging from 0.03-0.05 m -j . These 
Cp values indicate a greater concentration of small particles 
in the SSM than in the NPIW. 

Temperature and salinity across the transect produce esti- 

mates of O]8Oe that are relatively constant along isopycnal 
surfaces (Fig. 3e). Estimates of 618Oo range from 0.5-2.0%o 
PDB consistent with its broadly defined densities. The 6 ~sOe 
of NPIW are more narrowly defined, from 2.0 and 2.5%o 
PDB. 

4.3. Species Distribution Patterns 

In our plankton tows, depths of about 200 m (cro ~ 26.5) 
coincide with a transition in foraminiferal faunas, with high 
standing stocks dominated by shallow-dwelling species 
above and low standing stocks with potentially deep-dwell- 
ing species below. Shallow dwelling species are discussed 
in Ortiz et al. (1995). Here we investigate the four species 
observed at greater depths: G. scitula, G. hexagona, G. cal- 
ida, and left-coiling N. pachyderma. Algal symbionts have 
not been reported in any of these species, although data 
to support this statement is rare for all but left-coiling N. 
pachyderma (Hemleben et al., 1988). We define these spe- 
cies as potentially deep dwelling because they were collected 
at depths >200 m and contained obvious protoplasm in their 
shells. Although some shallow dwelling species were also 
found at similar depths, their shells generally lacked proto- 
plasm below 200 m, and thus represented a settling flux of 
dead shells. 

For each MOCNESS plankton tow sample, Table 3 lists 
estimates of the volume of water filtered, environmental vari- 
ables averaged at tow resolution, and foraminiferal standing 
stocks. G. scitula was the most abundant of the four poten- 
tially deep-dwelling species. It reached standing stocks of 
1.5 shells/m 3. G. hexagona and G. calida had maximum 
standing stocks of 0.5 shells/m 3 . Left-coiling N. pachyderma 
was more rare, with a maximum of only 0.25 shells/m 3. 

When plotted on isopycnal surfaces, the species standing 
stock distributions fall into two groups. The first group is 
composed of G. scitula and G. hexagona (Fig. 4).  G. scitula 
was common at all of the sites across the transect, but espe- 
cially at the site 121 km offshore. With the exception of an 
isolated occurrence in the surface waters 121 km offshore, 
G. scitula was most abundant within the density range of 
the SSM or at slightly greater density; i.e., between or0 26.4 
and 26.8 at the sites 121, 289, and 572 km offshore, and 
between ae 25.5 and 25.9 at the site 220 km offshore. G. 
hexagona decreased in abundance toward the coast and was 
most common between ere 26.8 and 27.2 at all four of the 
tow sites; i.e., along an isopycnal surface consistent with or 
of slightly greater density than NPIW. 

The second group of species was composed of G. calida 
and left-coiling N. pachyderma (Fig. 5 ). G. calida was found 
in waters of ere <25.4 at the sites 280 and 572 km offshore. 
It was also found between or0 26.2 and 27.3, at this density 
horizon it decreased in abundance toward the coast. Left- 
coiling N. pachyderma generally decreased in abundance 
away from the coast and was not closely associated with 
any particular isopycnal surface. 

4.4. Isotopic Results 

The 6 ISOs of G. scitula collected from the water column 
between 200 and 400 m (or0 26.5-26.7),  did not vary sys- 
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FIG. 3. Deep hydrography on isopycnal surfaces along the Multitracers transect at 42°N. (a) isopycnal depth (in 
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tematically with shell size or location (Fig. 6, Table 4). The 
mean 6~80, value, 1.7 _+ 0.2%o PDB (n = 10), was within 
the range of values predicted for the SSM waters (Fig. 6), 
and consistent with 6 ~8Oe from 150-290 m where or0 ranges 
from 26.2-26.7 (Table 5, Fig. 7a). The variability for b JsO~ 
is close to the external analytical precision for small size 
samples, suggesting that much of the measured 61sO~ vari- 
ance could be random. 

The mean b ~80~ ofG. hexagona at the site 572 km offshore 
is 2.1 _+ 0.1%c PDB (Table 5). This is within the range of 
618Oe values found within NPIW (Fig. 6), and consistent 
with equilibrium calcification at depths of 330-390 m (Fig. 
7b) or cT0 26.7-26.8. Values of 61SOs varied little in G. 
hexagona as a function of shell mass (Fig. 6, Table 4). 

Left-coiling N. pachyderma and G. calida have 6180~ val- 
ues much lower than G. scitula and G. hexagona (Tables 4, 
5), similar to 6 ]80~ from depths much shallower than those 

of the SSM or NPIW (Figs. 6, 7). The observed 6 ~80 values 
suggest that at the 121 km site left-coiling N, pachyderma 
calcified near the base of the mixed layer (5 -35  m) in waters 
of c~0 23.3-24.3. The small sample size (n = 2) and large 
size fraction for left-coiling N. pachyderma prevents us from 
fully assessing size dependent variations in this species. 
Variations in 6 ~80~ from G. calida were similar to those of 
left coiling N. pachyderma (Fig. 6). At the site 572 km 
offshore, the 6Jso~ of G. calida is consistent with equilibrium 
calcification at depths of 35-55 m (Fig. 7d), or a0 24.3-  
24.9, which is shallower and less dense than either SSM or 
NPIW. 

In contrast to ~5180 measurements that appear to record 
equilibrium or near-equilibrium calcification, 6 ]3C measure- 
ments require disequilibrium. 6 ~3C in three of the species 
clearly varies as a function of shell mass (Fig. 6). Average 
<5 ]3C values of each species plotted in Fig. 6 is lower than 
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Table  3 

MOCNESS plankton tow environmental and foraminiferal data for 
the potentially deep dwelling species (>125 gm).  

(Values of  Zero  omitted for clarity) 

Depth Density Volume Mean Mesa Mean Mean Mean G. G. G. Left coiling 
Tow site Range R a n g e  Filtered Temp Salt Density Cp Pdv scitula hexagona calida N. 
and date (m) (kg m -3) (m 3) (*C) (psu) 0tg m "3) (m "l) (ml m "3) (m -3) (m -3) (m-3) pachyderma 

Im'3~ 
121 km 0-30 24.2- 24.5 33 14.8 32.8 24.3 0.307 8.5 0.12 0.12 
42.060 °N 30-70 24.5-25.6 39 10.9 33.0 25.2 0.119 2.3 
125.665 °W 70-100 25.6 - 26.0 114 8.9 33.3 25.8 0.061 0.4 0.07 0.07 
9/21/90 100-200 26.0 - 26.5 147 8.0 33.8 26.3 0.054 0.5 0.30 0.05 

200-400 26.5 - 26.8 342 6.7 34.0 26.7 0.042 0.6 1.30 0.07 
400-600 26.8 - 27.1 154 5.2 34.1 27.0 0.030 0.4 0.65 0.05 0.24 
600-800 27.1 - 27.2 134 4.4 34.3 27.2 0.031 0.3 0.24 0.06 0.18 

220 km 0-30 23.8-23.8 34 16.3 32.6 23.8 0.230 6.3 0.12 
42.167"N 30-70 23.8-25.5 20 12.2 32.9 24.9 0.128 3.3 
126.858°W 70-100 25.5 - 25.9 19 8.9 33.2 25.7 0.058 0.8 0.63 0.21 
9/28/90 100-200 25.9 - 26.5 113 8.1 33.8 26.3 0.064 0.3 0.14 0.04 

200-400 26.5 - 26.8 293 6.6 34.0 26.7 0.042 0.4 0.37 0.03 0.06 
400-600 26.8 - 27.1 257 5.2 34.1 27.0 0.029 0.4 0.34 0.03 0.02 
600-800 27.1 ° 27.2 268 4.4 34.3 27.2 0.030 0.2 0.45 0.10 0.07 

289 km 0-60 23.0- 25.2 57 14.0 32.4 24.1 0.186 5.3 0.35 
42.169 °N 60-100 25.2 ° 26.0 40 8.4 32.8 25.5 0.054 1.1 
127.694 °W 100-200 26.0 - 26.6 99 7.7 33.8 26.4 0.044 0.5 0.08 0.04 
9/23/90 200-400 26.6 - 26.9 159 6.2 34.0 26.7 0.031 0.7 0.28 0.03 

400-600 26.9 - 27.1 264 4.8 34.1 27.0 0.024 0.5 0.09 0.03 
600-800 27.1 - 27.3 329 4.3 34.3 27.2 0.027 0.2 0.01 0.01 0.01 

572 km 0-30 23.3 - 24.1 46 17.9 32.6 23.5 0.070 1.1 0.09 
41.493 °N 30-70 24.1 - 25.2 72 11.9 32.7 24.8 0.084 1.7 0.11 0.06 
131.070°W 70-100 25.2 - 25.3 32 8.9 32.6 25.3 0.055 1.1 0.12 
9/26/90 100-200 25.3 - 26.3 125 7.5 33.0 25.8 0.031 0.5 0.45 0.03 

200-400 26.3 - 26.8 229 6.6 33.9 26.6 0.028 0.3 0.62 0.05 0.15 
400-600 26.8-27.0 458 5.0 34.1 26.9 0.024 0.2 0.06 0.47 0.38 0.02 
600-800 27.0-27.2 258 4.2 34.2 27.1 0.023 0.2 0.68 0.26 0.28 0.02 

predictions of equilibrium with NPIW or any water mass of  
the upper 1000 m of the water column, in contrast with their 
collection depths. Using the calcification depths estimated 
from 6180, we explore the magnitude of  the apparent carbon 
isotopic disequilibrium for each species, and seek a common 
cause for its occurrence. 

The mean 613C value for G. scitula was -0 .1  + 0.2%o 
PDB (n = 10), lower by 1.1 + 0.5%o than 6J3Ce predicted 
from its 6180-derived calcification depth (Fig. 8a). The 
mean 613C value for G. hexagona is -0 .1  _+ 0.1, lower by 
1.0 + 0.2%o than 613Ce at this species inferred calcification 
depth (Fig. 8b). We refer to these offsets from equilibrium 
as the apparent carbon isotopic disequilibrium. 

The apparent carbon isotopic disequilibria in left-coiling 
N. pachyderma and G. calida are larger than for the deeper 
dwelling species. If  left-coiling N. pachyderma calcified over 
the depth range 5 - 3 5  m, as inferred from 6~80, its 613C 
composition is 2.4 _ 0.2%o lower than 613Ce (Fig. 8c). The 
6 ~3C of G. calida increased systematically with increasing 
shell mass, even thought no such trend was evident in its 
6180 (Fig. 6) .  In comparison to the predicted 6 ~3Ce for wa- 
ters from 3 5 - 5 5  m, G. calida is lower in 613C by 1.9 
_+ 0.6%° (Fig. 8d). 

5. DISCUSSION 

5.1. Species Habitats within Water Masses 

The plankton tow distributions and isotopic results allow 
us to distinguish between direct and indirect associations 

with subsurface water masses for each species studied. The 
recovery of living foraminifera from subsurface water 
masses could reflect: ( 1 ) sinking of a population from shal- 
lower habitats, (2)  entrainment into a subsurface water mass 
where it outcrops in the euphotic zone (source water entrain- 
ment) ,  or (3)  adaptation to special subsurface conditions. 

The sinking hypothesis implies the individuals of  a species 
grew and calcified at shallow depths, then sank with little 
or no further calcification into subsurface water masses 
where they were collected by the plankton tows. Left-coiling 
N. pachyderma and G. calida fit this hypothesis. The 6180 
data also suggests that they only calcified in shallow waters, 
then descended to depth. These two species are not found 
exclusively on subsurface isopycnals (Fig. 5). This suggests 
that (1)  only part of their life cycle is spent in subsurface 
waters, or (2) their occurrence in the deep samples was the 
result of  a sinking event. Left-coiling N. pachyderma and 
G. calida thus appear to live relatively near the surface and 
record these isotopic conditions rather than intermediate wa- 
ter conditions at these sites. 

Source water entrainment implies that a seed population 
of  foraminifera enters a water mass close to its site of forma- 
tion. The entrained population may reproduce and calcify at 
depth until it eventually dies out. This mechanism could 
explain the presence of G. seitula in the SSM. The SSM is 
formed by wintertime subduction of southward flowing low 
salinity waters below the more saline waters of  the subtropi- 
cal gyre. The source region for the SSM lies between 3 5 -  
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50°N Latitude, and 140°E-140°W Longitude (Yuan and 
Talley, 1992). G. scitula is a subarctic species found in 
greater abundance to the north of our sites at locations such 
as Station P in the Gulf  of Alaska (50°N, 145°W; Sautter 
and Thunell, 1989; Miles, 1973). Near-surface water mass 
transport from Station P to the Multitracers transect would 
require on the order of  a few months, assuming average 
current velocities of  10 -20  cm s ~ (Thompson and Papa- 
dakis, 1987). This transit time would enable the production 
of  three to six generations of  G. scitula, assuming a one 
month life span (Hemleben et al., 1988). 

The adaptation hypothesis implies that a species found at 
depth is well adapted to its habitat and spends much of  its 
life cycle at depth. This hypothesis seems most applicable to 
G. hexagona. Live individuals of  this species were collected 
below 400 m at each of  the four tow sites but were not 
present in shallow samples. Based on the 6180 data, this 
species occupies the deepest habitat of  the four species of  
planktonic foraminifera studied, and has very little 6 ~80 vari- 

ation, suggesting calcification exclusively within NPIW. 
This water mass occupies the shallowest density surface (or0 
26.8) that does not outcrop during the wintertime (Qiu, 
1995). Thus, it provides a unique, relatively stable environ- 
ment for organisms adapted to a subsurface existence. NPIW 
is closest to the surface during the wintertime in the western 
Pacific mixed water region, and in the Gulf  of Alaska. Both 
areas are north of  40°N. North Pacific plankton tow (Brad- 
shaw, 1959) and sediment studies (Coulbourn et al., 1980), 
however, demonstrate that G. hexagona is most abundant 
south of  40°N, and is not common where the NPIW is closest 
to the surface• We conclude that G. hexagona is well adapted 
to life in subsurface waters such as NPIW, that are not rap- 
idly exchanged with surface waters. 

G. hexagona may enter NPIW at subtropical latitudes 
where this waters mass is deep and relatively old. Geo- 
strophic velocities in the core of  the NPIW (relative to 2000 
m) range from 1 - 5  cm s -1 (Talley et al., 1991; Roemmich 
and McCallister, 1989; Qiu, 1995). If G• hexagona entered 
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NPIW in the western Pacific south of 40°N, 5 - 3 0  years 
would elapse before these waters reached the Multitracers 
t ransect-- too long for an expatriate population with a life 
span on the order of months (Hemleben et al., 1988) to 
survive unless it was well adapted to an intermediate water 
environment. 

Summarizing these findings, two of the four species stud- 
ied seem to be directly associated with the intermediate wa- 
ters of the northeast Pacific: G. scitula with the SSM and 
G. hexagona with the NPIW. G. scitula, a subarctic species, 
is likely to enter the SSM by entrainment during water mass 
formation and need not be highly adapted to a subsurface 
habitat, although an adaptation to a subsurface habitat is not 
entirely ruled out by our data. G. hexagona, a subtropical 
species adapted to a subsurface environment, is likely to be 
associated with the NPIW (or equivalent water masses that 
are relatively isolated from the sea surface) during much or 
all of its life cycle. The remaining species we examined here, 
left-coiling N. pachyderma and G. calida, calcified in near 
surface waters and sank to intermediate waters with little or 
no additional calcification. 

In the next section we explore the apparent carbon isotopic 
disequilibrium recorded in the shells of these species and 
attempt to model the signal in all four species as the response 
to likely environmental forcing functions. 

5.2. Apparent  Carbon Isotopic  Disequil ibria 

We inferred the apparent calcification depths for the four 
species based on an assumption of equilibrium calcification 
with respect to 6180. Using these depth ranges for each 
species, we quantify the magnitude of the apparent carbon 
isotopic disequilibrium (A613Ce_s), defined as 

A613Ce_s = 613Ce - 613Cs, (4) 

where 6 ]3Cs is the mean carbon isotopic composition of each 
species shells, and 613Co is the isotopic composition of inor- 
ganic calcite formed in equilibrium with 6t3Cw, as defined 
in Eqn. 2. Each of the species studied has a lower 613Cs than 
the predicted equilibrium value, 613Co, at its calcification 
depth. Values of A613Ce_ s for each species range from 1.0%o 
in G. hexagona to 2.4%0 in left-coiling N. pachyderma. The 
magnitude of A6 ]3Ce_ s thus decreases with increasing depth 
of calcification (Fig. 8). 

Several depth dependent processes could drive the ob- 
served A613Ce_s signal. Some possibilities include: (1) 
changes in the 613C of the food source on which the foramini- 
fera feed, (2) changes in isotopic fractionation as a function 
of temperature, or (3)  as a function of food availability. The 
change in metabolic rate dependent isotopic fractionation 
postulated in (2) or (3)  could result from kinetic fraction, 
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or from the incorporation of variable amounts of metabolic 
CO2 into the shell. These two effects, if operating indepen- 
dently could be distinguished because kinetic fractionation 
results in a correlated isotopic shift of both 61so and 613C, 
while the direct effect of metabolic COz incorporation shifts 
only the ~5~3C of the shell (McConnaughey, 1989a,b). 

The first process listed above implies metabolic CO2 of 
varying isotopic composition is incorporated into the shell 
during the calcification process, and that deep dwelling fora- 
minifera feed on organisms from a higher trophic level than 
shallow dwelling foraminifera because of ~3C enrichment 
with increasing trophic level. Body tissue for organisms 
feeding at progressively higher trophic levels rise in 6 t3C by 
roughly 1%o per trophic step (DeNiro and Epstein, 1978; 
Rau et al., 1983). 

However, experimental evidence demonstrates the carbon 
isotopic shift incorporated into the calcareous shells of 
planktonic foraminifera in response to changes in dietary 
6 ~3C is much smaller than 1%o for each trophic step. The 
laboratory study of Spero and Lea (1993) detected no change 
in the 6~3C~ of the symbiotic foraminifera O. universa in 
response to an 8%0 613C offset in its food. In a second labora- 
tory study, Spero and Lea (1996) observed a -0.54%0 shift 
in the 6 J3C of the asymbiotic species G. bulloides in response 
to a -6.8%0 shift in 6~3C of its diet. Based on these data, 
the shell 613C response of planktonic foraminifers varies 
from 0-0.08%0 for each 1%o change in dietary 6~3C. Thus 
for diet to account for the 1.4%o disequilibrium gradient 
observed in the asymbiotic foraminifera of the California 

Current, the deep dwelling species would have to be feeding 
on a dietary source that was 17-18%0 higher in cellular 6 ~3C 
than the shallow dwelling species. This range is not observed 
in typical marine organic matter. We conclude variations in 
dietary 6 ~3C is not the cause of the carbon isotopic disequilib- 
rium observed. 

In contrast, both temperature and food directly influence 
foraminiferal metabolic rate, which should exert an effect 
on the calcite formation process, and thus vary the magnitude 
of carbon isotopic fractionation. Under this hypothesis, we 
construct two models based on simple physiological con- 
cepts in an attempt to simulate the carbon isotopic disequilib- 
rium. We begin with a model describing the carbon isotopic 
disequilibrium solely as a function of temperature, then de- 
velop a similar model based solely on food concentration. 

Over a small range of values the effect of temperature on 
a metabolic process typically follows an exponential rela- 
tionship of the form 

Ri : RoQ~ T°)/)(), (5) 

where R~ and Ro are metabolic rates measured at two temper- 
atures T~ and To (e.g., Schmidt-Nielsen, 1985 ). The exponen- 
tial base, referred to as Q~0, defines the rate of change of 
the metabolic process for each 10°C change in temperature. 
A metabolic rate which doubles over a 10°C temperature 
increase has Q~o = 2, one that triples has Q~0 = 3, and so 
on. The value of Qlo is not constant over large temperature 
ranges and varies when animals are physiologically stressed. 
Protists typically exhibit Q~0 values in the range from 1-4  
(Bijma et al., 1990; references therein). Working with a 
variety of planktonic foraminifera over a large range of tem- 
perature (10-35°C),  Bijma et al. (1990) measured Q]0 val- 
ues ranging from 1-9.  Near a foraminiferal species' temper- 
ature optimum Q~0 ranged from 2-5 .  Assuming the isotopic 
contrast A613Ce_~ is a proportional to the carbon isotopic 
fractionation during calcification, we develop a specific func- 
tion based on Eqn. 5, 

m r l s f i  = A~13Coa]0Ti  ro) / l° ,  (6) 

where A613C i and A613Co are abbreviated notations for the 

Table 4 

Oxygen and carbon isotopic composition of the planktonic Foraminifera. 

Species Site 
depth Shell Shell 8180, 813C, 
range, length, mass, %0 %0 

m gra I.tg PDB PDB 

N. pachyderma (L) 121kin 200-400 177 I.I -0.63 -0.06 
N. pachyderma (L) 121 fan 400-600 180 1.3 -0.02 -0.02 
G. ca//da 572 km 400-600 271 1.7 0.09 0.07 
G. ca/ida 572 km 400-600 362 2.8 -0.70 0.35 
G. ca//da 572km 400-600 393 3.8 0.13 1.00 
G. scitula 121 Ima 200--400 203 1.2 1.53 -0.28 
G. seimla 121 km 200-400 300 3.4 2.04 0.07 
G. scitula 121 km 2.00-400 290 3.4 1.84 -0.06 
G.scitula 121 km 200-400 395 6.4 1.83 -0.12 
G. scitula 289 km 200-400 300 3.4 2.00 0.08 
G. scitula 572 km 200-400 223 1.6 1.56 -0.33 
G.scitula 572km 200-400 240 3.4 1.83 -0.11 
G. scitula 572 k~  200-400 295 4.4 1.30 -0.33 
G. scimla 572 km 200-400 450 6.9 1.75 0.23 
G. scimla 572 km 200-400 345 6.4 1.54 0.01 
G. hexagona 572 km 400-600 224 1.7 2.05 -0.25 
G. hexagona 572 kra 400-600 255 2.8 2.08 -0.24 
G. hexagona 572 km 400-600 358 7.8 2.25 -0.06 
G. hexagona 572 km 400-600 415 11.8 2.07 0.02 
G. hexagona 572km 400-600 400 17.7 2.14 -0.01 
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Table 5 
Average oxygen and carbon isotopic composition for the four planktonic Foraminiferal species. 

T o w  

site 

121 km 

572 km 
121 km 
289 kin 
572 km 
Av~ '~  
572 Iqn, 

Species and 
Number of 

analysis 

Le~-coLling 
N. pachyderma (2) 
G. ca//da (3) 
G. sdnda (4) 
G. scimla (l) 
G. scimla (5) 
O. sc#ula (I0) 
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and STD and STD Range* Rangc b T Cp ASI3Co.s 
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a,b Ctlcificttion depth end dontity r tnses  were calculated by comparison of  the Fonminiferal shell oxygen isotope values with the 818 O of calcite ill equlibrium 
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• The appere~t carbon d i ~ i f i b r i a r n  is dermed as :  ~13Ce, .  s : ~13C e- ~13C$ ' where fil 3C. s is the a v e r a g e  s h e l l  carbon isotope composition, and 513Ce is the 
average equilibdmn calcite carbe~ isotopic colnpc~ition. 

apparent carbon isotopic disequilibrium as defined in Eqn. 
4 at two temperatures, Ti and To. Using this relationship, a 
least squares regression determines the A6 ~3C~_s and temper- 
ature data are best fit by Qm = 2.75, yielding an r 2 = 0.99 
(Fig. 9a). We used the data from G. hexagona to specify 
To = 6.2°C and A613Co = 1.0%e. The best fit value of Qlo 
is well within the range of typical values observed for protists 
but may exhibit some bias due to the assumption of oxygen 
isotopic equilibrium. 

The relationship in Eqn. 6 is potentially useful as a pa- 
leoceanographic tool. An expression for 6 ~C~ based on 613C s 

and calcification temperature (a specific value of T~ which 
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7. Average 6~80 as a function of water depth for: (a) G. 
scitula, (b)  G. hexagona, (c) left-coiling N. pachyderma, and (d)  
G. calida. Vertical bars on species data denote tow depth interval. 
Horizontal bars on the average 6180 denote the 6180 standard devia- 
tion. Predictions of 6~8Oo at the 121 km site (heavy solid curve),  
289 km site (thin solid curve),  and 572 km site (dashed curve) are 
plotted for comparison to the foraminiferal data. Dashed vertical 
arrows and open squares mark each species' calcification depth in- 
ferred from the 6~sO data. 

we denote, To) is easily obtained by substituting the right- 
hand side of Eqn. 6 (with appropriate change of notation) 
into the left-hand sided of Eqn. 4, then solving for 613C,: 

613Ce = 613Cs + Arl3CoQ]0r c r,)/m. ( 7 )  

Note that because Qm is not constant over very broad 
temperature ranges, it would be dangerous to extrapolate 
Eqn. 7 beyond the range of its calibration data. Based on 
the limits of our field data, this expression appears to hold 
for asymbiotic planktonic foraminifera when Tc ranges from 
6-15°C using Q10 = 2.75, To = 6.2°C, and A613Co = l%e 
(Fig. 9a). Translation of 6~3C, to 6~3Cw merely requires 
the subtraction of 1%o following Romanek et al. (1992). A 
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yield the species apparent carbon isotopic disequilibria (A613C e ~) 
inferred from the 6180 calcification depths. 



Environmental control of O and C isotopes in forams 4519 

70 

70 
,el 

3.0 

2.5- 

2.0- 

1.5- 

1.0" 

0 . 5 -  

a ...++" 
0 . 0  • 

4 
• B , i . - - 

8 10 i'2 I'4 16 
T e m p e r a t u r e  (*C) 

3.0 
.b 

2 . 5 -  

2.0- 

1.5- 

1.0- 

0.5- 

0.0 - , - • 

o 2 ~ ; 

[] Left-coifing 
N. pachyderma 

0 G. calida 

o G. scitula 

,t G. hexagona 

. . . . .  QIo= 2.75 
(best fit, r2='0.99) 

[] L e f t - c o i l i n g  

N. pachyderma 

0 G. calida 

0 G. scitula 

A G. hexagona 

..... b = 0.39 

(best fit, r2--'0.96) 

• ~ ':o ~2 

Relative Biomass [Cp(i)/C~o)] 
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species as a function of (a) calcification temperature, and (b) relative 
biomass based on Cp. Error bars represent standard deviations for 
carbon isotopes, temperature, and Cp as appropriate. 

relationship of this form could be used to determine 6 laCe 
and thus 6 ~3Cw in paleoceanographic applications if T~ can 
be specified independently. 

Temperature is not the only factor that varies with depth 
at these sites which could cause a change in the foraminiferal 
metabolic rate. An increase in available food could also drive 
a change in metabolic rate and thus result in large changes 
in the carbon isotopic fractionation. Changes in Cp across 
the transect provide a crude measure of the food available 
to planktonic foraminifera at the time of collection. While 
food concentration must affect the metabolic rate of the fora- 
minifera, its relationship to the isotopic composition of their 
shell is less certain. Spero and Lea ( 1993 ) reported no effect 
on shell 613C in symbiotic O. universa fed daily and every 
other day. Because these two feeding regimes may not reflect 
the full range of natural foraminiferal feeding rates, we at- 
tempt to model A6 ~3C as a function of the observed food 
concentration estimated from C o at our sample locations. 

We begin with the observation that a metabolic rate 
change in response to an increasing biological substrate such 
as food concentration generally follows a logarithmic rela- 
tionship (e.g., Schmidt-Nielsen, 1985). This suggests a 
model of the form 

Ri = R o [ F i / F o ]  b ( 8 )  

According to this relationship, the initial metabolic rate Ro 
increases to R~ as determined by the exponent b when the 
food concentration Fo increases to Fi. Note that when F~ 
= Fo, R~ = Ro. To develop a more specific function, we 
assume once more that the isotopic contrast Arl3Ce_s is 

proportional to the carbon isotopic fractionation during calci- 
fication, and use values of Cp from different depths to obtain 
Eqn. 9: 

A r I 3 C i  = A r l 3 C o [  Cp(i)/Cp(o)] b. (9) 

Here Cp(~) and Cv(o ), which are substituted for F~ and Fo 
represent the relative change in food as a function of depth. 
The variables A613C i and A613C o are abbreviated notations 
for the apparent carbon isotopic disequilibrium as defined in 
Eqn. 4, resulting from the food concentrations defined by 
Cp(i) and Cp(o). Once again, we use data from G. hexagona 
and its depth habitat for the initial conditions (C0(o) = 0.027 
m -1 and A6 ~3Co = 1.0%~). The logarithmic relationship can 
be solved by least squares regression which yields b = 0.39 
with an associated r 2 = 0.96 (Fig. 9b). 

As with temperature, it is also possible to derive an expres- 
sion for 613Ce based on 6~3C~ and relative biomass using 
Eqns. 4 and 9: 

613Ce = 613Cs + Ar l3Co[Cp( i ) /Cp(o ) ]  b. ( 1 0 )  

Again, we note the danger of extrapolation. This expression 
should be valid for asymbiotic planktonic foraminifera only 
when [Cp(i)/Cp(o)] ranges from 1-12, using b = 0.39, Cp(o) 
= 0.027 m -l, and A613Co = 1%o. 

These modeling exercises demonstrate that variations in 
either temperature or food concentration may be associated 
with the depth-related changes in A613Ce_~, suggesting a 
link between A613Ce_s and variations in metabolic rate. 
While both models fit variation in A613Ce_~, the temperature 
based model has better potential for practical application. It 
seems plausible that food and temperature should produce 
additive effects on the magnitude of Ar~3Ce_~ in the field 
data. However, our estimate of Q~o is typical of protistan 
values, suggesting that temperature changes may be adequate 
to describe the depth-related variation in A6 ~3Ce_ ~. 

Laboratory studies of protistan growth rates as a function 
of food concentration at controlled temperatures estimate 
that b is ~0.04 at 12°C, and ranges from 0.2-0.6 at 20°C 
(Heinbokel, 1978; Sherr et al., 1983; Strom, 1991; Verity, 
1991). Our estimate of b = 0.39 is within this range, but 
rather high considering the low temperatures of our study 
(6-15°C).  We speculate that the large apparent value of b 
in our model results from the systematic change in prey 
density as a function of temperature (near surface waters 
have more biomass). 

The data thus seem to imply that temperature has a greater 
affect on the magnitude of A6 ~3Ce_ s than food concentration. 
Spero (1988) and Hemleben et al. (1988) demonstrated that 
calcification in Orbulina universa is a discrete process that 
requires very large energy reserves. A greater lapse of time 
between chamber formation thus passes in waters with low 
food concentration than in waters with high food concentra- 
tion. While the time between calcification events (i.e., cham- 
ber formation rate) may be controlled by food concentration 
and energy storage, the calcification rate, and thus the magni- 
tude of A6 ~3C e ~ during a chamber formation event may be 
more sensitive to other factors. 
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5.3. Evaluating Kinetic Disequilibrium in 8~sO 

We have so far assumed oxygen isotopic equilibrium. Is 
it possible there is an oxygen isotopic disequilibrium that we 
have not accounted for? Perhaps. A kinetic disequilibrium in 
both the 6180 and 613C of biogenic carbonates may arise 
from the inorganic dehydration and hydroxylation reactions 
between CO2 and HCO3 during the calcification process 
McConnaughey (1989a,b). If CO2 is the primary substrate 
for calcification as postulated by McConnaughey (1989a,b), 
and it is incorporated into the calcite shell faster than it can 
equilibrate with the ambient water, then disequilibrium in 
6180 and 6J3C should covary. The time for oxygen and car- 
bon isotopic equilibration is on the order of minutes, similar 
to the time for calcite precipitation in foraminifera. Thus, the 
extent of disequilibrium may be a function of the organism's 
calcification rate, which is in turn controlled by cross-mem- 
brane flux and adsorption of CO2 in a solution enriched in 
Ca 2+ by ATP-driven Ca2+/2H + exchange. 

The energy intensive, ATP-driven, Ca2+/2H + pump is 
likely to be sensitive to the organism's metabolic rate. For 
example, McConnaughey and Whelan (1996) provides esti- 
mates for the activation energy of calcium ATP-ase that 
range from 50-60  kJ/mol. Using an average estimate of 55 
kJ/mol and solving the thermodynamic rate constant equa- 
tion of Arrehenius at two temperatures separated by 10°C, 
we can obtain a crude estimate of the Q~0 temperature depen- 
dency of this active transport process. Averaged over the 
temperature range from 10-20°C, this calculation yields Q J0 
= 2.2, which is slightly lower than our estimate of Qlo = 2.75 
given above. One possible explanation for this discrepancy 
is bias associated with our assumption of oxygen isotopic 
equilibrium. 

If kinetic disequilibrium effects are present in the 
Multitracers data, their results could be seen graphically in 
two ways. First, plots of 6180 or 6~3C as a function of calci- 
fication rate would trend away from equilibrium toward 
lower values with increasing calcification rate. Second, be- 
cause of a linear correlation between the carbon and oxygen 
disequilibrium effects, a scatter plot of 6180 vs. 613C will 
follow a positive slope which trends away from the equilib- 
rium point. As the calcification rate increases, 6180 and 6 ]3C 
become progressively lower, shifting the skeleton's isotopic 
composition further from equilibrium. 

Based on coral data and abiotic laboratory studies, 
McConnaughey (1989a,b) argued that disequilibrium calci- 
fication of this kind occurs in most calcifying organisms, 
assuming basic calcification methods do not vary greatly 
with taxonomy. He cited published isotopic data for benthic 
and planktonic foraminifera as well as several other taxo- 
nomic groups to support this statement (e.g., Vergnaud Graz- 
zini, 1976; Vinot-Bertouille and Duplessy, 1973). The slope 
of the 6~80 to 6t3C disequilibrium relationship appears some- 
what variable. McConnaughey (1989a) reported 6'80:613C 
slopes that ranged from 20.3-1 .0 .  Controlled laboratory 
culture experiments with the asymbiotic foraminifer G. bul- 
loides found slopes of 0.32 and 0.37 at 16°C and 22°C (Spero 
and Lea, 1996). McConnaughey et al. (1996) also suggests 
a value near 0.33 for the 6 ~80:6 ~3C slope of corals. Reasons 
for variations in the slope are not well constrained at this 

time, though ontogenetic effects and environmental factors 
such as temperature are possible causes. Because some of the 
CO2 utilized during the calcification process is of metabolic 
origin, its isotopic composition may affect the slope. For 
example, hermatypic corals exhibited steeper slopes than 
ahermatypic corals, because the presence of photosymbionts 
shifts the isotopic composition of the carbon pool from 
which the coral skeleton is built to higher 613C values. 

Our first test for 6180 kinetic disequilibrium effects is to 
plot the isotopic data against shell mass, which we assume 
is proportional to calcification rate within each species (Fig. 
6). A conclusive result would indicate systematic trends in 
both 6~3C and 6180 vs. shell mass. While the 613C data 
demonstrates clear trends in three of the four species studied 
(Fig. 6b), we observed no systematic 6180 variation within 
each species as a function of shell mass (within the measure- 
ment error of _+0.2%0). Based on the field and laboratory 
studies noted above, the 6 ~80 trend could be as small as ~/~ 
the magnitude of the 6 ~3C trend. This first test is thus incon- 
clusive, since the smaller 6 J80 trend could be obscured by 
our measurement error of _+0.2%~. 

As a second test for kinetic disequilibrium, we plot each 
species' 613C values against its 6 ~80 values to determine the 
slope of the data relative to equilibrium points derived from 
water mass properties at the depth interval from which the 
shells were collected (Fig. 10). The results suggest that G. 
scitula and G. hexagona have 6180:6~3C slopes of 0.35 and 
0.40, in agreement with the results of Spero and Lea (1996) 
and McConnaughey et al. (1996). This result implies G. 
scitula and G. hexagona have shell 6 ]80 values lower than 
6 J8Oe by ~ -0.4%~. Disequilibrium 6 JsO effects of this mag- 
nitude would decrease our estimates of ArJ3Ce_ ~ for these 
two species by <0.2%~, which is within the natural variabil- 
ity we report. 

For G. calida and left coiling N. pachyderma our second 
test generates unrealistically high 6~80:6~3C slopes of 10.5 
and 3.3, respectively (Fig. 10). We infer the artificially large 
slopes occur due to the settling of these species through the 
water column without additional calcification. If we use an 
average 6180:6~3C slope of 0.37 determined from the two 
deeper dwelling species to estimate the equilibrium points 
for the shallow species, the results suggest that the 6 M80 of 
G. calida is lower than equilibrium by ~ -0.6%~, and the 
6180 of left coiling N. pachyderma is lower than equilibrium 
by ~ -0.7%~. Disequilibrium 6 ~80 effects of this magnitude 
would decrease our estimates of A613C e s for these two spe- 
cies by -0.3%0 for G. calida and by -0.5%~ for left coiling 
N. pachyderma. This result suggests that our initial estimate 
of Q~0 = 2.75 is slightly exaggerated due to our initial as- 
sumption of oxygen isotopic equilibrium, but does not invali- 
date the concepts behind our model. Correction of the 
A613Ce ~ values by -0.3%0 for G. calida and by -0.5%~ for 
left coiling N. pachyderma yields a Qt0 value closer to the 
thermodynamic estimate of 2.2 (see below). 

As a final test for the affect of 6 ~80 disequilibrium on the 
Q~o model, we apply our model to laboratory measurements 
of the asymbiotic planktonic foraminifera, G. bulloides using 
isotopic data from Spero and Lea (1996). The data of Spero 
and Lea (1996) provide a strict test of our model because 
their foraminifera were cultured under know conditions. 



Environmental control of O and C isotopes in forams 4521 

3.5 

3° l A 2.5 . 0 . 3 S  

,~,  2 .0 ~ l i ~ ' -  ~ 0.40 

N. pachyderma 

1.0 0 G. calida 
" 0.5 t" .~ ~ 0.37 

0.0 ~ N ~  o G. scitula 

"0"5 1 -1.0 3.3"r'a l~-.6 ~ & G. hexagona 
-1.5 

-2.0 , . , , , • , • , 

-0.5 0 0.5 1 1.5 2 2.5 3 

~t3C (%oPDB) 

FIG. 10. Carbon isotopes plotted against oxygen isotopes as a test for kinetic isotopic fraction. Thin dashed curves 
represent the isotopic composition of equilibrium calcite based on water column conditions at the tow sites. The open 
squares on the thin dashed curves denote potential equilibrium points for each species based on the average isotopic 
properties of the plankton tow collection interval. G. hexagona (cross within diamond) and G. scitula (filled square) 
deviate from equilibrium with 6~80:6~3C slopes of 0.35 and 0.4, an indication of kinetic isotope fractionation. Data 
from G. calida. (open triangle), and left-coiling N. pachyderma (open circle) yield unrealistically large slopes of 
10.6 and 3.3, suggesting they could not have calcified at the depth of their collection in the plankton tows. Use of 
an average slope of 0.37 based on the deep species data provides a realistic estimate of the true equilibrium points 
for these species. 

These authors grew G. bulloides under a constant feeding 
regime at temperatures of 16 _+ 0.2°C and 22 + 0.2°C in 
water with known 6 ~3Cw that varied by _+0.2%0. Their results 
based on amputated, pooled, final chambers are plotted in 
Fig. 11 along with the Multitracers A6 ~3C estimates which 
have been corrected for oxygen isotopic disequilibrium as 
described above. The combined datasets are best fit by Eqn. 
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FIG. 11. Comparison of the apparent carbon isotopic disequilib- 
rium estimates for the asymbiotic foraminifera of the California 
Current (filled circles) with laboratory measurements of actual car- 
bon isotopic disequilibrium for the asymbiotic foraminifera G. bul- 
loides (open circles). The data are best fit with Qtu = 2.0 (solid 
curve), confirming the presence of a temperature related disequilib- 
rium effect. The deviation of the estimated A6 ~3Ce_ s for left coiling 
N. pachyderma and G. calida arises largely from oxygen isotopic 
disequilibrium, with a smaller effect due to changes in food concen- 
tration with depth. Laboratory data from Spero and Lea (1996). 

6 when Q~o = 2.0, A613C o = 1.0, and Tc = 6.2. These results 
provide strong support for our concept of  temperature related 
carbon isotopic disequilibrium in asymbiotic planktonic fora- 
minifera. The deviation of  the estimated A613C e ~ for left 
coiling N. pachyderma and G. calida which result in our 
initial over estimate of Q J0 appear to arise largely from oxy- 
gen isotopic disequilibrium as discussed above, with a possi- 
ble smaller effect due to changes in food concentration with 
depth. 

6. CONCLUSIONS 

G. scitula and G. hexagona reside in, and record the 6 ~80 
of the SSM and NPIW, respectively, with deviations from 
equilibrium of < -0.4%0. G. scitula is likely to enter the 
SSM from the north through source water entrainment. G. 
hexagona may be adapted to an intermediate water habitat 
throughout its life span. These findings may be of  use in 
reconstructing the shallow ventilation history of  the NE Pa- 
cific on geologic timescales. Two other species collected at 
depth in our samples, left-coiling N. pachyderma and G. 
calida, were not exclusively associated with subsurface wa- 
ter masses in the California Current. These species appeared 
to calcify in the lower mixed layer and upper thermocline 
at these sites with deviations from 6180 equilibrium of 
-0.6%0 for G. calida and -0.7%0 for left-coiling N. pachy- 
derma. The 6 ~80 of these two species indicates their occur- 
rence in the deep samples was the result of  a settling event. 
Isotopic disequilibrium appears to influence shell 6 ~3C sig- 
nificantly in all four of these species. 

Shell 613C values are ~2%~, lower than water column equi- 
librium 613C for shallow species, but decrease to 1%o lower 
than equilibrium for the deeper dwellers. We propose a phys- 
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iological model  to explain this trend in which either ( 1 )  
contr ibut ions of  metabol ic  CO2 with low 6 ]3C or (2 )  kinetic 

isotope effects increase as temperature or food supply in- 
crease. We  speculate that temperature is the stronger control, 
via its influence on metabol ic  rate. Our observat ion of a 
l inkage between isotopic disequil ibr ium and large-scale en- 
vi ronmental  variables in the open ocean suggests the possi- 
bility that independent  knowledge of  calcification tempera- 

tures (To) a n d / o r  paleoproductivity will enable the transla- 
tion of 613C measurements  f rom asymbiot ic  foraminiferal  
shells into unbiased records of  dissolved inorganic carbon 
(~ 13C. 
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