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Introduction
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The primary goals of this thesis have been three fold. I have sought to (1) develop a

better understanding of the oceanographic information recorded by planktonic foraminifera

in the modern ocean, (2) to understand the relationship between modern faunas and their

fossil counterparts, and (3) to use these insights to reconstruct the paleoceanography of the

California Current at 42°N during the Last Glacial Maximum. The results of this research

are detailed in Chapters 2-6 of this thesis. Chapters 2 and 3 deal with living assemblages

of planktonic forarninifera collected in plankton tows during a time span of several days.

Chapters 4 and 5 deal with death assemblages of planktonic foraminifera collected with

sediment traps on seasonal and annual time scales. Chapter 6 considers the fossil

assemblage of planktonic foraminifera from of the Last Glacial Maximum (ca. 18-20 kyrs

B.P.) and the oceanographic condition under which this assemblage may have been

generated. This approach has provided quite a complete picture of the modem ecology of

these organisms in the California Current.

Traditional geologic applications which use planktonic foraminifera as climatic

indicators begin with the calibration of modern fossil faunas obtained from Holocene

coretop sediments with environmental data, followed by comparison to ancient fossil

faunas from selected or continuous downcore records. Such an approach is suited to

oceanographic contexts where surface sediments are generally well preserved. However,

this traditional approach is not well suited to the California Current and much of the North

Pacific sediments. It is necessary to compare well preserved glacial sediments from these

regions with sediment trap and plankton tow faunas at similar locations (rather than core

top sediments) because the highly corrosive bottom waters of the North Pacific have

radically altered Holocene sediment assemblages.

This fundamental challenge to working with planktonic foraminiferal faunas in the

California Current has prompted the necessity of studying living foraminifera of the region.

I have utilized two complementary sampling methods to conduct this study. In Chapters 2

and 3, I use data from multiple net MOCNESS plankton tows to study the shallow and

deep dwelling species of planktonic foraminifera found in the modern California Current.

Plankton tows of this design are ideal for such an application: they allow one to determine

the species depth habitat and to make detailed comparisons between hydrographic forcing

and observed foraminiferal response on short time scales. This is an advantageous

approach because its provides greater confidence that the relationship between bio-physical

forcing and foraminiferal response observed are primary ones rather than simple statistical

observations. By comparison, coretop data sets are generally calibrated against an arbitrary
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environmental field of interest, usually SST. The potential problem with this approach is

well know; planktonic organisms are associated with various water masses which exhibit

seasonal variations. The danger is that the environmental variable to which the

forarniniferal data is calibrated may not exhibit a causal relationship with the foraminiferal

faunas.

While plankton tows are effective tools for determining the primary relationship

between living forarniniferal assemblages and the environment, long term sampling

methods are need to obtain integrated faunas for direct comparison to the fossil record. The

geological record at any given location is generated from the complex admixture of living

foraminiferal assemblages from various oceanic depths and seasons of occurrence.

Sediment traps which can be deployed for extended periods of time are thus more suitable

instruments for sampling plankton communities on seasonal and longer time scales. Death

assemblages of planktonic foraminifera obtained from sediment traps represent the

sedimentary flux that generates the fossil record. These data sets provide the fundamental

link between the living assemblages observed with plankton tows, and the fossil

assemblages preserved in sediments. In Chapter 4 we use sediment trap time series to

explore the seasonal variation of foraminiferal faunas across the California Current. These

seasonal faunas are contrasted with potential biological and physical forcing on similar time

scales as a means of determining which environmental factors exhibit the greatest similarity

to the foraminiferal data. In Chapter 5, we compare annual average forarniniferal flux

assemblages from a number of published sediment traps with fossil counterparts from

Holocene sediments. We conduct this comparison using standard micropaleontogical

statistical methods including: Q-mode factor analysis, Imbrie-Kipp transfer functions and

the Modern Analog Method. Imbrie and Kipp [1971] suggested the need for studies such

as this in their classic paper.

In the final sections of this thesis, I use insights gained from the previous Chapters to

evaluate the conditions of the California Current during the Last Glacial Maximum. In

Chapter 6,1 explore the potential magnitude of the temperature and ecological changes that

may have occurred at 42°N in the California Current. The temperature changes are

assessed with the use of modern analog temperature estimates based on the glacial

foraniiniferal faunas and oxygen isotopic measurements of G. bulloides. A reconstruction

of heterotrophic prey densities (and by inference oceanic biomass) is presented, based on

the accumulation rates of G. bulloides and left-coiling N. pachyderma shells from the

LGM. These foraminiferal data along with carbon isotopes from G. bulloides. are



compared with simulations of the glacial wind field to place constraints on changes in

atmospheric forcing, surface nutrient content, and oceanic circulation in the NE Pacific

during the Last Glacial Maximum.
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of the California Current.
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American Geophysical Union, Washington D.C.

July 1995, 25 pages, in press.



2.1 ABSTRACT

Plankton tows from the northern California Current constrain biological and physical

influences on living planktonic foraminifera. In this region, the dominant factors

controlling the size and distribution of symbiotic and asymbiotic species are light and food.

Food decreases offshore. Light, needed for symbiont photosynthesis, increases offshore

as water turbidity lessens. Asymbiotic foraminifera (e.g., right-coiling N. pachyderma, G.

quinqueloba, and G. bulloides) which survive by grazing, dominate the coastal fauna. The

most abundant of these species, right-coiling N. pachyderma, did not change in size in

response to increasing food. Species that benefit from symbiont photosynthesis (0.

universa, N. dutertrei, G. ruber, and G. glutinata) dominate the offshore fauna.

Individuals of these species are rare and have smaller shells in turbid waters where light is

limited. G. ruber, which is near its thermal tolerance limit of 14°C, is the only species to

demonstrate a clear temperature response. Although temperature may control a

forarniniferal species' distribution near the limits of its thermal tolerance, food and light

appear to provide the primary control under more favorable thermal conditions. We infer

that gradients in food and light can result in quantifiable sedimentary patterns related to

oceanic productivity through changes in plankton biomass and turbidity.

2.2 INTRODUCTION

Approaches used to calibrate the relationship between environmental conditions and

planktonic foraniiniferal distributions include: sediment, laboratory and field studies. This

field study assesses the relationships between living planktonic foraminifera and

environmental conditions in the California Current. Specifically, we investigate the

relationships among (1) total foraminiferal standing stock and plankton biomass; (2)

species standing stock and hydrographic variability; and (3) shell size and environment.

Sediment calibration studies compare modern environmental data to core top

measurements of foraminiferal percent abundance, size and/or isotopic composition. These

studies include statistical estimates of a species' "optimum environment" [Hecht and

Savin, 1972; Hecht, 1976; Molfino, 1992] and statistical relationships between the
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environment and planktonic foranijniferal faunas [Imbrie and Kipp, 1976; Loubere, 1981;

Molfino, 1982; Ravelo et al., 1990; Dowsett, 1991]. Transfer functions derived in this

manner usually assume SST is an ecological variable significant to foraminiferal

assemblages, or is linearly related to some unspecified variable of ecological significance.

However, It is difficult to determine a species' growth environment (depth and season)

from its sediment distribution [see Welling et al., 1992 for a radiolarian example]. It is

thus difficult to determine objectively the environmental field(s) that control the distribution

of living foraminifera. Dissolution also removes information from the sediments and

obscures the primary relationship between a species and its environment.

Laboratory studies culture individual foraminifera under controlled environmental

conditions. Their goal is to determine effects of individual variables on the growth and

reproductive potential of planktonic foraminifera [e.g., Be etal., 1981; Caron et al., 1987;

Bijma etal., 1990b]. However, it can be difficult to apply results from these studies

outside the laboratory where suites of variables may produce synergistic effects, and

conditions encountered by the organism change on a variety of time scales. For this

reason, it remains necessary to augment laboratory studies with carefully conducted field

programs [e.g., Be etal., 1977]. Sampling tools used in field studies include sediment

traps, plankton tow and pumps. Sediment traps measure integrated faunal flux, the link

between living populations and the fossil foraminiferal record. Tow and pump studies

relate foraminiferal standing stock to environmental parameters.

Using 200 p.m mesh nets, systematic plankton tow surveys of the Atlantic and Indian

Oceans were conducted from the 1950's to the 1970's [e.g., Be, 1959b; Be and

Tolderlund, 1971]. A primary goal of these studies was to determine the role of

temperature on foraminiferal species distribution. These tows lack good vertical resolution

(generally 0-200 m integrated samples), but demonstrate that: (1) most species of

planktonic forarninifera live within the euphotic zone {Bé, 1960], and (2) the dominant

species can be separated into zoogeographic assemblages [Be and Hamlin, 1967]. Similar

data from the Pacific and Indian oceans were obtained using nets with meshes ranging

from 119 to 505 p.m in size [Bradshaw, 1959; Smith, 1963, 1964; Berger, 1969, 1971;

Miles, 1973]. Although inter comparisons of the Atlantic, Indian and Pacific data sets are

complicated by mesh size variation, the large-scale geographic patterns in each data set

appear similar [Bradshaw, 1959].



Plankton tow studies using complex samplers like the Multiple Opening Closing Net

Environmental Sensing System (MOCNESS) provide concurrent hydrographic

measurements and enhanced vertical resolution. These improvements are critical to

assessing growth habitats in the field [Wiebe et al., 1976, 1985]. Studies of low-latitude

planktonic foraminifera using multiple net plankton tows show that many foraminifera live

below the sea surface at the Deep Chlorophyll Maximum (DCM), perhaps in search of food

[Fairbanks etal., 1979; Fairbanks and Wiebe, 1980; Be et al., 1985; Ravelo eta!, 1990;

Oberhänsli et al., 1992]. Less work has been done on higher latitude faunas using multiple

net towing systems. Here, we analyze a zonal transect of MOCNESS plankton tows

across the California Current to assess the controls on mid-latitude foraminifera. Standing

stocks from these tows are accompanied by supporting hydrographic data including:

temperature, salinity and measures of small and large plankton biomass.

Because phytoplankton and zooplankton provide the bulk of the nutritional

requirements for adult heterotrophic planktonic foraminifera [Hemleben et al., 1988], we

hypothesize that changes in plankton biomass are minored by changes in asymbiotic

foraminiferal standing stock. Likewise, it has been suggested that photo-symbionts

provide much of the nutritional needs of symbiotic planktonic foraminifera [Be et al.,

198 1,1982; Spero and Parker, 1985; Jørgensen etal., 1985]. This implies that light

availability should play an important role in the distribution of symbiotic planktonic

foraminifera. Determining the spatial and temporal variability of the foraminiferal-plankton

relationship provides an important step toward ultimately calibrating the foraniiniferal

sedimentary record against changes in plankton biomass and biological productivity [Mix,

1989a,b]. To achieve this goal, we address two questions. (1) What are the relative

contributions of biological factors (e.g., food and symbiont photosynthesis); and physical

factors (e.g., temperature, salinity and advection) on the distribution of planktonic

foraminiferal species and total foraminiferal standing stock? (2) Do mid-latitude planktonic

foraminifera exhibit the same affinity with the Deep Chlorophyll Maximum (DCM) as their

low-latitude counterparts?
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2.3 MATERIALS AND METHODS

2.3.1 Experimental Design and Field Methods

The study sites are part of the "Multitracers" program, a study of the California Current

System at approximately 42°N. These locations are excellent test sites due to strong

hydrographic gradients over a relatively small geographic region. Field work was

conducted during cruises of the R/V Wecoma on September 13-27, 1989 (cruise

W8909A), and September 17-30, 1990 (cruise W9009A). A cruise of the R/VSacajawea

(cruise NH5-19) on July 23, 1991 provided the opportunity to collect a plankton tow

sample during an active upwelling event at 44°N. Data from a total of 11 plankton tows

using 63 pm mesh nets axe presented (Figure 2.1). To emphasize the spatial relationship

between the tows we refer to them by their distance from the coast. Six single-net plankton

tows were collected during cruise W8909A using a Puget Sound net. Four MOCNESS

plankton tows were collected during cruise W9009A. One single-net tow was collected

during NH5-19 using the Puget Sound net. Deep CTD stations (>1000 m) were sampled

across the transect in September, 1989 (n=14) and 1990 (n=1 1) respectively (Table 2.1).

CTh measurements of temperature and salinity were collected during all three cruises.

Light transmission was measured only during the W8909A and W9009A cruises.

Advanced Very High Resolution Radiometry (AVHRR) Sea Surface Temperature (SST)

images document the surface thermal structure during cruise W9009A.

The four MOCNESS tows were collected west of the shelf break, which occurs 95

km offshore. Six or seven MOCNESS samples were collected within the depth interval

from 0-1000 m at each site. The depth interval for each MOCNESS net was selected while

towing by monitoring CTD temperature, salinity and density observations to sample

mixed layer, seasonal thennocline and sub-themiocline regions. This chapter discusses

samples from 0-200 m only. Deep-dwelling planktonic foraminifera observed in the

samples >200 mare discussed in Chapter 3. The locations of three of the MOCNESS

tows correspond roughly with the sites of the Multitracers sediment-trap moorings referred

to as "Nearshore" (120 km), "Midway" (280 km), and "Gyre" (650 km) [e.g., Dymond et

al., 1992; Lyle et al., 1992; Ortiz and Mix, 1992; Sancetta et al., 1992;
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Table 2.1

W9009A and W8909A deep CTD stations.

Station (m (°N) (ow) from Coast (PST)

W9009A Stations
90-05 2652 42.375 126.375 184 00:05
90-06 1502 42.082 126.001 149 22:53
90-07 2952 42.080 126.997 231 04:26
90-08 2751 42.188 127.615 282 09:49
90-14 3400 41.592 131.982 646 13:36
90-17 2502 41.666 131.233 583 07:11
90-18 2951 41.751 130.002 481 13:36
90-19 1500 41.832 128.964 394 21:50
90-20 1500 41.831 128.200 331 03:29
90-23 1002 42.084 125.365 97 22:34

W8909A Stations
89-04 976 42.160 124.559 67 00:25
89-14 1000 42.006 125.457 129 23:49
89-23 2601 42.086 125.450 129 00:30
89-32 2700 42.091 127.345 279 00:09
89-39 3600 41.331 131.596 648 23:58
89-49 3750 41.151 133.202 763 23:57
89-56 3450 41 .349 130.561 560 23:50
89-58 3100 41.420 130.003 482 00:19
89-59 3300 41.549 128.595 396 00:35
89-60 2870 42.049 128.001 314 23:5 1
89-65 3222 42.202 127.032 238 00:37
89-74 1000 42.072 126.297 190 23:48
89-75 2693 42.059 125.599 149 23:55
89-76 3072 42.047 125.298 107 00:05
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and Welling and Pisias, 1992]. The Gyre mooring (650 km offshore) is farther west than

the location of the 572 km tow, however hydrographic conditions at the two sites are

similar.

The seven Puget Sound net tows were collected with a simple towing system

consisting of a conical, 63 jim mesh net (4:1 net mesh to mouth area) mounted on a 70 cm
ring (mouth area 0.3 85 m2). The W8909A tows were collected along the Multitracers

transect at sites 67, 97, 129, 298, 649, and 763 km offshore (Figure 2.1). These tows

were collected over depth intervals ranging from 0-70 m to 0-200 m. The NH5-19 tow (0-

20 m) was taken 10 km offshore in 50 m of water. Sample processing for these seven

single net tows was identical to the MOCNESS tows, with the exception that standing

stock and plankton displacement volume (see below) was not estimated from these samples

due to the variable depth intervals. The foraminiferal results from these tows are presented

as percent abundance data.

To calculate a comparable percent abundance for the MOCNESS data, we integrated the

>125 jim standing stocks for each species over the 0-200 m depth interval and normalized

by the total foraminiferal standing stock at each site over the same interval. This depth

interval includes all of the living individuals of the species discussed here based on the

September 1990 MONESS data. Calculation of the September, 1990 percent abundance

for the intervals 0-70, 0-100 and 0-200 m are essentially the same. Comparison of the

single net tows to the MOCNESS tows is appropriate assuming both sets of tows sampled

the water column down to the depth of the deepest species maxima. This depth was

approximately 70 m based on the MOCNESS data.

2.3.2 MOCNESS Samvle Processing

The MOCNESS samples were preserved at sea in 10% solutions of formalin (buffered

to pH 7.5 using NaBO4) and placed in cold storage for processing on land. The samples

were later split to within ±5% by volume using a four-way, OSU sediment-trap splitter

[Fischer, 1984]. Quarter splits from each sample were used to determine the number of

planktonic foraminifera (125-150 and >150 jim) and the wet volume plankton catch (>63
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pm) collected by each MOCNESS net. The wet volume plankton catch was measured in a

graduated cylinder after allowing the plankton to settle.

We distinguished visually between "living" (protoplasm-full) and "dead" (protoplasm-

empty) foraminiferal shells. Most samples were analyzed without protoplasm staining.

However, Rose Bengal was added to several samples in lgIl concentration prior to

plankton catch determination and density separation, then allowed to soak for 24 hours

[Walton, 1952; Bernhard, 1988]. All forarniniferal data reported here are from

protoplasm-full individuals.

Foraniinifera were separated from the less dense, non-shelly plankton catch by density

separation [Be, 1959a}. We prefer this method of separating foraminifera from plankton

over the use of hot bleach, peroxide [Sautter and Thunell, 1991], or low temperature

ashing [Oberhänsli et al., 1992]. Methods other than density separation preclude the

possibility of counting protoplasm-full shells, may damage the more fragile foraminifera,

and can alter shell isotopic composition if partial dissolution occurs [Ganssen, 1981].

Settling in a saturated solution of NaC1 (310 g/l, specific gravity 1.20) separates the

dense shelly plankters from less dense, non-shelly plankters. The procedure entails

pouring aliquots of sample (5O ml at a time) into a clear 1 liter beaker of saturated NaC1

solution. Small sample aliquots help prevent the foraminifera from becoming entangled in

the floating plankton. After the forarninifera settle, the floating material is removed by

suction and the procedure is repeated until the entire sample has been processed.

Separation of the planktonic foraminifera from the floating organic matter was not

significantly size dependent. Seven randomly selected sample pairs indicate only 19±14%

of the 125-150 jim size class and 10±6% of the >150 jim size class became entangled. We

inspected the residual floating material under magnification and wet-picked any remaining

foraminifera. The separated foraminifera were then transferred to glass petri dishes, the

remaining saline solution was carefully removed by pipette, and the sample was allowed to

air dry overnight.

The foraminifera were then dry sieved at 125 and 150 jim. We select these size

fractions to facilitate comparison with (1) Chapter 4, our 1987-88 sediment trap study

[Ortiz and Mix, 1992]; (2) the >125 jim work from the Gulf of Alaska [Sautter and

Thunell, 1989]; and (3) the >150 jim sediment studies such as CLIMAP [1976].

Foraminifera in both size classes were identified to species level using the taxonomy of
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Parker [1962] and Be [1977]. The only difference between the taxonomy used here and

that used in our 1987-88 sediment trap study [Ortiz and Mix, 1992] is with the

classification of the N pachyderma - N. dutertrei intergrade category of Kipp [1976].

After careful analysis of the distribution of Neogloboquadrinid planktonic foraminifera in

the Multitracers sediment trap and plankton tows, we consider the P-D intergrade category

to be a morphologic subgroup of N dutertrei. We have grouped these two categories in

this paper. This grouping did not affect the results presented here; similar results were

obtained when N dutertrei was analyzed without the addition of individuals that some

studies have referred to as P-D intergrade.

2.3.3 Foraminiferal Standing Stock {f) and Plankton Displacement Volume (P,2

Calculations

Using estimates of the water volume filtered by the MOCNESS, we convert raw

planktonic foraminiferal shell counts (Nf) and wet volume plankton catch (Vp) to

foraminiferal standing stock (F) and plankton displacement volume (Pdv). Pdv is a

measure of the >63 .tm plankton biomass at each site. Because the MOCNESS flow meter

failed in September 1990, we estimated volume filtered from tow duration using a linear

regression (n=45, r2 = 0.97, pO.Ol) based on flow meter data from MOCNESS tows

[Welling et al., 1991] collected at the same locations in September, 1987:

Vf= 16.2(t) -4.7 (in m3). (1)

In the above relationship, t is the tow duration in decimal minutes. Residual errors

associated with equation (1) amount to 12% of the estimated volume filtered.

Foraminiferal standing stock (F) in shells m3, and plankton displacement volume (Pdv)

in ml m3, were calculated by dividing Nf and VP respectively by the sample split size (S)

and volume filtered (Vf'). The sample split size (S) was 1/4 in all cases. Counting errors

based on the species maximum percent abundance at each site ranged from less <1% to 3%

using the method of Dryden [1931]. Splitting, counting, and towing errors produce a total

measurement error of 20% for the foraminiferal standing stock estimates (F). Total

errors in Pdy are comparable.
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2.3.4 MOCNESS Tow Data Analysis

We present the species' standing stocks as vertical profiles across the transect. Q-mode

factor analysis [Kiovan and Imbrie, 1971] based on all MOCNESS samples from 0-200 m

objectively grouped thirteen foraminiferal taxa with similar distributions. Prior to the factor

analysis, a percent-maximum transformation normalized the standing stock of each species

in each sample by its maximum standing stock in the entire data set. This preserves the

spatial structure of the data set during the factor analysis, but ranks all species equally. A

varimax rotation optimized the factor solution to give assemblages with mostly positive

factor scores.

In the absence of predation and others sources of mortality, a species optimum

environment is identified by the location of its maximum growth rate. Our poisoned

plankton tow samples preclude the direct measurement of growth rates. Therefore, to test

the relationship between a species' standing stock and environmental forcing (e.g., light

and food requirements, temperature and salinity tolerances, etc.) we assume that: (1) the

preferred habitat of each species at each site occurs at the depth of its maximum

concentration; and (2) the magnitude of each species' maximum reflects environmental

conditions at that site averaged over the towing interval. In cases where a species is

equally abundant within error bars in two samples from the same site (G. glutinata at 220

km and G. quinqueloba 121 km offshore) we plot both samples. By focusing on the

species' maxima at each site we improve the signal-to-noise ratio and decrease the effects

of extraneous factors which might otherwise mask relationships between species

distribution and environmental factors. The strength of the observed relationships are

assessed using the squared correlation coefficient (r2) which determines the fraction of

variance explained [Snedecor and Cochran, 1989]. Statistical significance is assessed by

the associated "p-value" which is reported only for relationships significant at the 5% or

l% levels.
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2.3.5 Foraminiferal Size Measurements

We supplement the standing stock estimates with shell length measurements to obtain a

second, independent measure of foraminiferal success. Shell length was measured using

an ocular reticule at lOOx magnification (±6 p.m precision). On short time scales shell size

variations should be correlated with a species' growth rate. We selected three abundant

species on which to conduct this size analysis, one which harbors obligate endosymbionts

(0. universa), one which harbors facultative endosymbionts (N dutertrez) and one which

does not harbor endosymbionts (right-coiling N. pachyderma) [Hemleben et al., 1988].

Our objectives here are (1) to test whether changes in size can be linked to the degree of

dependence of the host on its symbionts; and (2) to determine if changes in size are

correlated with changes in standing stock. The size measurements presented here are from

shells collected at the depth of the species' standing stock maxima.

2.3.6 Hvdro graphic Data Analysis

AVHRR images of September 20, 1990(22:13:30 GMT) and September 29, 1990

(22:14:40 GMT), from the Scripps Satellite Oceanography Center, were converted to sea

surface temperature using the commercially available X-Image software program. The

SST values at 42.5°N across the two images were then extracted for intercomparison and

cloud masked visually and with a simple threshold test [Stewart, 1985].

The CTD used during W8909A and W9009A was equipped with Seabird pressure,

temperature, and conductivity sensors. Conductivity was converted to salinity as defined

by the 1978 Practical Salinity Scale (PSS-78). Temperature and salinity were used to

calculate (1) density as defined by the 1980 International Equation of State (IES-80); and

(2) geostrophic velocity relative to an assumed level of no motion at 500 m [Pond and

Pickard, 19831.

The CTD was also equipped with the same Sea-Tech transmissometer during both

cruises. This instrument measures the attenuation of monochromatic light at 670 nm along

a path length of 25 cm [Spinrad, 1986; Spinrad et al., 1989]. This light attenuation is
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linearly proportional to the particle concentration volume in the water [Zaneveld et al.,

1979]. Following standard practice, we present the transmissometer data as Cp, the

particle attenuation coefficient. Cp values are influenced most heavily by <20 im

microplankton biomass [Pak et al., 1988; Gardner et al., 1993]. Cp thus provides a

biomass measure weighted toward phytoplankters and small heterotrophs, which

complements the dv estimates of larger (>63 jim) plankton volume.

The attenuation of ambient light in water is proportional to the vertically integrated

concentration of particles in the water. To emphasize the spatial pattern of turbidity that

attenuates ambient light with depth, we calculate the relative particle load along the transect

in September, 1989 and 1990. This was done by summing the Cp data from 200 meters to

the surface at each CTD site and dividing these values by the maximum integrated value

obtained in September, 1990. This allows for direct comparison of the integrated particle

standing stocks from the two years by referencing changes to the maximum value in

September, 1990. Higher surface values imply greater vertically-integrated standing stocks

of particles and greater light attenuation.

2.4 RESULTS

2.4.1 The Physical Environment

The Multitracers transect ranges from cool upwelling-influenced waters near the coast,

to waters influenced by the oligotrophic subtropical gyre offshore (Figure 2.2). The

prominent cool-water filament situated off Cape Blanco (sampled by the 120 km tow) and

its associated anticyclonic eddy to the north are persistent features during the upwelling

season [Laurs, 1967; Ikeda and Emery, 1984; Strub et al., 1991]. These mesoscale

features (Figure 2.2) carry the influence of coastally-upwelled water farther offshore than

the 50 km zone of active upwelling [Huyer, 1983; Strub et al., 1991]. AVHRR SSTs

from September, 20 and 29 1990 are similar, suggesting the surface thermal structure was

essentially unchanged throughout cruise W9009A (Figure 2.2, inset).
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The W9009A and W8909A deep CTD stations provide transects of temperature,

salinity, density (at), geostrophic velocity (relative to 500 m) and Cp (Figure 2.3 and

Figure 2.4). We discuss the September, 1990 hydrography first because it accompanies

the higher resolution MOCNESS plankton tows.

During the upwelling season, in response to wind-induced coastal upwelling and

intense southward flow, the temperature, salinity and density isolines outcrop near the

coast (Figure 2.2 and 2.3). Accordingly, the surface mixed layer is shallowest near the

coast and increases in depth to the west. The Columbia River plume, a lens of buoyant,

low salinity water situated 250-450 km from the coast, is evident in the salinity and a

transects (Figure 2.3B and 2.3C).

The meridional component of geostrophic velocity (relative to 500 m) indicates

southward flow throughout most of the transect, with strongest southward flow near the

coast and weaker southward transport in the Columbia River plume (Figure 2.3D). The

only significant northward flow occurs between 160-220 km offshore in an eddy between

the coastal upwelling front and the Columbia River plume. Similar flow patterns are

obtained for assumed reference depths of 750, 800 and 1000 meters. This northward flow

appears to be the extension of the Cape Blanco filament which traverses the 220 km site

(Figure 2.2). Velocities 450-550 km offshore indicate slack water or weak northward

transports.

Highest particle attenuation coefficients occur in surface waters near the coast and sub-

surface waters offshore. Particle attenuation rapidly decreases offshore and with

increasing depth (Figure 2.3E). This pattern indicates turbid, particle-rich water near the

coast and less turbid, particle-poor water further offshore. Inshore of 250 krn, the particle

maximum is largely a surface feature, extending down to 50 m. Offshore of 250 1cm, the

particle maximum becomes a subsurface feature between 20 and 60 m.

The vertically integrated particle load (Figure 2.3F) closest to the coast (100 km) is

roughly twice as high as that farthest offshore (600 kin). Assuming that the light

scattering properties of the particles along the transect are similar, the high particle load

near the coast should result in a factor of two greater attenuation of light near the coast than

farther offshore. Measurements of the diffuse attenuation coefficient (lCd) of ambient

photosynthetically active radiation (PAR) at these same sites in September 1991 under

similar particle loads demonstrate that the 1% PAR level is achieved at 35 m near the coast
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Figure 2.4 Hydrographic properties (0-200 m) across the Multitracers transect in
September 1989, based on 12 deep CTD stations located 107-648 km offshore. Plotting
conventions as in Figure 2.3.
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(1O0 km), and twice as deep, at 70 m farther offshore (600 1cm) [C. Roesler, OSU,

personal communication 1994].

Hydrographic conditions during September, 1989 were qualitatively similar to those of

September 1990. Offshore mixed layer temperatures during September, 1989 (Figure

2.4A) were 2°C cooler than during September, 1990 (Figure 2.3A). The Columbia River

plume (32.3 PSU) was closer to the coast in September 1989 and was much narrower

than in September, 1990. As a result, offshore waters were saltier in September, 1989

(Figure 2.4B) than in September, 1990 (Figure 2.3B). The changes in temperature and

salinity resulted in stronger density gradients near the coast (Figure 2.4C) and more intense

geostrophic flow during September, 1989 (Figure 2.4D). The locations of the high

velocity regions did not change appreciably from their September, 1990 locations.

Offshore values of Cp were twice as great during September, 1989 (Figure 2.4E) than

September, 1990 (Figure 2.3E). The integrated offshore relative particle load in September

1989 (Figure 2.4F) was 30-40% higher than in September 1990 (Figure 2.3F). In

September 1989, the 80% contour extends across the entire transect. In September 1990,

the 80% contour extends less than 250 km offshore.

Environmental data collected at the time of the NH5- 19 tow in July, 1991 indicate

extremely high biomass and active upwelling [Dickson, 1994]. Temperature over the 0-20

m towing interval ranged from 8 to 10°C and salinity ranged from 33.8 to 34.2 PSU.

These values are colder and saltier than surface conditions along the Multitracers transect,

and thus provide a reasonable estimate of "end member" seasonal upwelling conditions in

the northern California Current.

2.4.2 Comparisons of P,q and C

In these samples, Pdv is dominated by various life stages of small calanoid copepods,

euphausids and chaetognaths. C is predominantly influenced by smaller phytoplankton

and microheterotrophs (<20 .tm). For each MOCNESS plankton tow sample, Table 2.2

lists estimates of the water volume filtered, environmental variables averaged at tow

resolution, and total forarniniferal standing stocks. The tow resolution at the Columbia

River plume site 289 km offshore is coarser (0-60 m) than at the other three sites (0-30 m



Table 2.2

MOCNESS Plankton tow environmental and Foraminifera data for
small (125-150 pm) and large (>150 lIm) size classes.

Tow site, Depth Volume Temp Salt Density Cp dy Small Large Small Large
date and (m) (m3) (°C) (psu) (kg rn3) (m-1) (ml rn-3) count count (shells m3) (shells m3)timea
121 km 0-30 33 14.8 32.8 24.3 0.307 8.5 153 105 18.8 12.9

42.060°N 30-70 39 10.9 33.0 25.2 0.119 2.3 84 40 8.5 4.1
125.665°W 70-100 114 8.9 33.3 25.8 0.061 0.4 14 20 0.5 0.7

9/21/90 100-200 147 8.0 33.8 26.3 0.054 0.5 25 21 0.7 0.6
00:23:00

220 kin 0-30 34 16.3 32.6 23.8 0.230 6.3 105 361 12.4 42.8
42.167°N 30-70 20 12.2 32.9 24.9 0.128 3.3 37 81 7.4 16.1

126.858 ow 70-100 19 8.9 33.2 25.7 0.058 0.8 2 14 0.4 2.9
9/28/90 100-200 113 8.1 33.8 26.3 0.064 0.3 10 34 0.3 1.2

18:27:00
289 km 060b,c 57 14.0 32.4 24.1 0.186 5.3 12 205 0.8 14.4

42.169°N 60-100 40 8.4 32.8 25.5 0.054 1.1 3 26 0.3 2.6
127.694°w 100-200 99 7.7 33.8 26.4 0.044 0.5 9 14 0.4 0.6

9/23/90
19:24:00

572 km 0-30 46 17.9 32.6 23.5 0.070 1.1 38 101 3.3 8.9
41.493 °N 30-70 72 11.9 32.7 24.8 0.084 1.7 56 805 3.1 44.7

131.070°W 70-100 32 8.9 32.6 25.3 0.055 1.1 18 93 2.2 11.6
9/26/90 100-200 125 7.5 33.0 25.8 0.031 0.5 44 87 1.4 2.8

23:30:00
apacific Standard Time at start of the 200-100 m tow interval.
bAverage temperature, salinity, density and C for 0-30 m are: 16.8°C, 32.3 PSU, 23.5 kg/m3, and 0.200 m1

CAverage temperature, salinity, density and Cp for 30-70 m are: 10.4°C, 32.5 PSU, 25.0 kg/m3, and 0.143 m4



and 30-70 m). We assess the potential bias associated with this sampling problem at the

averaging the 1 m resolution C data into 0-60 m and then 0-30 m and 30-70 m bins. The

0-60 m C average at the 289 km site (0.186 rn-1) is 7% smaller than the 0-30 m average

(0.200 rn1), and 38% larger than the 30-70 m average of 0.054 rn-1 (Table 2.2). Because

C is highly correlated with dv and at all sites, we infer that the 0-60 m plankton tow

at the 289 km site underestimated 0-30 mPd and by 10% at most and overestimated

the 30-70 m values by 40% at most. The potential bias of +10% from 0-30 m and -40%

from 30-70 m are similar to the measurement error of 20% for Pdv and Such errors

would not greatly affect the maximum values of Cp, Pdv and we report for the 289 km

site. Because our subsequent analyses are based on comparisons of maximal values, we

conclude the loss of resolution at the 289 km site is not a serious hindrance.

During cruise W9009A, three of the MOCNESS tows were collected more than one

hour after sunset at sites 121,289 and 572 km offshore. The fourth MOCNESS tow,

220 km offshore was collected 13 minutes after sunset. This tow may still show the

influence of daytime phytoplankton growth. Zooplankton and phytoplankton often

undergo diel variations in abundance [Longhurst, 1976; Dam etal., 1993; Cullen et al.,

1992; Gardner et al., 1993]. Unless these diel variations in zooplankton depth

distributions and net phytoplankton growth are accounted for, day and night Pdv and Cp

data cannot be compared directly.

To determine if diel variations were evident in either the Pdv or Cp data, we plotted the

maximum Pdv or Cp concentration from each site versus distance from the coast. The

exponential fits in Figure 2.5A and 2.5B demonstrate that data from the tow 220 km

offshore do not fit the nighttime trend described by the other three tow site. This tow

was collected before the majority of zooplankters had completed their nighttime

migration, and prior to significant nighttime grazing of the daily phytoplankton growth.

We thus refer to the 220 km offshore tow as the "daytime" tow. Based on the

exponential fits, the expected nighttime Pdv at 220 km is 1.8 times the measured daytime

value, while the expected nighttime Cp is 0.7 times the measured daytime value. We

apply these scaling factors to the 0-30 and 30-70 m daytime Pdv and Cp data at 220 km

for use in comparison to date from the other sites. and Cp data below 70 m were not

significantly different between day and night tows so no corrections were made.

Pdv and Cp averaged over the tow intervals are significantly correlated both at night

(21 ml m2, r2=0.97, n=1 1, pO.Ol) and in the day (9 ml rn2, r2=0.98, n=4, pO.Ol)
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(Figure 2.5C). The similarities between Cp (predominately small phytoplankton) and Pdv

(predominately large micro-zooplankton) imply a tight coupling between trophic levels at

these sites. Similar correlations between Cp and large size fraction biomass have been

observed in the JGOFS North Atlantic Bloom Experiment [Gardner et al., 1993]. Because

Pdv and Cp are so tightly correlated at the Multitracers sites, we plot the foraminiferal data

against Pdv only. Plots of foraminifera versus Cp would convey the same information.

2.4.3 Total Planktonic Foraminiferal Distributions and Bioinass

Shells of "living" individuals are easily identified as having protoplasm with or without

the aid of Rose Bengal staining. Virtually all foraminiferal shells collected in tows

shallower than 200 m are protoplasm-full. The protoplasm of planktonic foraniinifera

collected in the day tow is generally green-brown. In the night tows, it is yellow to

golden-brown, presumably due to nightly degradation of chlorophyll "a" in their

symbionts or prey [see Be and Hamlin, 1967]. The color of N. dutertrei, G. ruber and G.

hexagona is particularly striking. Their protoplasm in the day tow is bright green in color,

presumably from the presence of symbionts or the ingestion of phytoplankters and/or

phyto-detritus. Dead specimens of all species are clearly identified by their bone-white,

protoplasm empty, appearance. All standing stocks reported here are based on living

specimens.

Pdv and Cp all indicate highest particle concentrations in the cool, sub-surface

seasonal thermocline (30-70 m) at the site 572 km offshore, and in the productive surface

water (<30 m) at the other sites (Figure 2.6). With the exception of the Columbia River

plume site (289 km offshore) standing stocks of 125-150 jim foraminifera decrease while

>150 jim foraminifera increase monotonically offshore. The Columbia River plume site

has very few foraminifera relative to the other three sites, particularly in the smaller size

fraction. At each station, the depth of the foraminiferal maximum coincides (within the

limits of depth averaging) with the depth of the Pdv and Cp maxima (Figure 2.6).

However, the ratio of foraminifera to Pdv or Cp varies at each site (Figure 2.7). Relative to

Pdv, the 121 and 289 km "green" water sites have 4 foraminifera shells m11 plankton (r2=

0.97, n = 7, p 0.01). In contrast, farther offshore, the 572 km "blue" water site
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has 36 foraminifera shells mi-1 plankton, almost an order of magnitude greater (r2 = 0.84,

n = 4). The 220 km site falls between these extremes with 9 foraminifera shells ml

plankton (r2 = 0.99, n 4, p 0.01).

2.4.4 Species Standing Stock Distributions

We observe a total of 13 foraminiferal taxa in the <200 m samples at the four

MOCNESS tow stations (Table 2.3). We limit our discussion to seven relatively abundant

species with clear distribution patterns: N. dutertrei, 0. universa, G. ruber, C. glutinata,

right-coiling N. pachyderma, G. quinqueloba, and G. bulloides. The seven species

discussed here account for 93±9% of the >125 jim and 95±8% of the >150 p.m

foraminiferal standing stock at the four sites. Total planktonic foraminiferal standing stock

>125 jim ranges from 15-55 shells rn-3 (Table 2.2). Species diversity at the four tow sites

is typical of mid-latitude sites near oceanic margins [Be, 1977].

A varimax rotated, Q-mode factor model (Table 2.4) based on thirteen species in all of

the MOCNESS samples from 0-200 m grouped species with similar distributions. These

four factors account for 82% of the information in the >125 pm percent maximum

normalized data set. Because of the percent maximum normalization, all species are

equally weighted in this analysis. The resulting factors are useful for grouping species

with similar distribution patterns, but the information explained by each factor (Table 2.4)

is not proportional to the species' maximum standing stocks (Table 2.2). Thus comparison

of the information explained by each factor is not relevant to a discussion of standing stock

distributions.

The seven species listed above group into three of the four faunal factors. The fourth

factor is composed of deep-dwelling asymbiotic species. Individuals of these species are

sometimes present in the 0-200 m samples but are more common in the >200 m samples

[see Chapter 3]. We refer to the species associated with these three factors as the

"subsurface symbiotic" species (Figure 2.8), the "shallow symbiotic" species (Figure 2.9)

and the "shallow asymbiotic" species (Figure 2.10). The terms "shallow", "subsurface",

and "deep" derive from the relative depth of the species standing stock maxima at these



Table 2.3

Foraminiferal species shells rn-3 for the 125-150 p.m size class, and >150 p.m size class, from September
1990, 63 p.m mesh MOCNESS samples. Values in bold are speciesa discussed in the text.

Site Deyth(m) O.un. G.ru. G.ag. G.ca. G.bu. G.di. G.gu. N.pa.L N.pa.R N.du. G.sc. G.me. G.gI.
125-150 tm Size Class

121 km 0-30 0.0 0.1 0.0 0.0 0.9 0.0 6.3 0.0 9.8 1.6 0.1 0.0 0.0
30-70 0.0 0.1 0.0 0.0 0.3 0.0 6.3 0.0 1.4 0.4 0.0 0.0 0.0
70-100 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0
100-200 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.1 0.0 0.2 0.0 0.0

220km 0-30 0.0 0.0 0.0 0.0 0.0 0.0 9.0 0.0 3.2 0.2 0.0 0.0 0.0
30-70 0.0 0.0 0.0 0.0 0.0 0.0 3.0 0.0 4.4 0.0 0.0 0.0 0.0
70-100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.2 0.0 0.0
100-200 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0

289 km 0-60 0.0 0.2 0.0 0.1 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.0
60-100 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.2 0.0 0.0 0.0 0.0
100-200 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.1 0.0 0.0

572 km 0-30 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.3 1.9 0.0 0.0 0.3
30-70 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.2 2.6 0.0 0.0 0.2
70-100 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.4 1.6 0.0 0.0 0.1
100-200 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.7 0.3 0.0 0.0

>150 jim Size Class
121 km 0-30 1.1 0.1 0.0 0.0 1.2 0.0 0.7 0.1 6.6 2.9 0.0 0.0 0.0

30-70 0.4 0.0 0.0 0.0 0.0 0.0 1.8 0.0 1.4 0.4 0.0 0.0 0.0
70-100 0.1 0.0 0.0 0.0 0.1 0.0 0.2 0.1 0.1 0.0 0.1 0.0 0.0
100-200 0.1 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.0 0.0

220km 0-30 13.5 1.8 0.0 0.0 0.1 0.0 1.3 0.1 10.6 14.9 0.0 0.0 0.5
30-70 1.8 0.8 0.0 0.0 0.2 0.0 4.0 0.0 4.6 4.2 0.0 0.0 0.6
70-100 0.8 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.6 0.6 0.4 0.0 0.2
100-200 0.1 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.1 0.1 0.1 0.0 0.0

289 km 0-60 7.7 0.1 0.0 0.3 0.0 0.0 0.0 0.0 0.3 6.0 0.0 0.1 0.1
60-100 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.8 0.0 0.0 0.0
100-200 0.4 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

572km 0.30 1.0 3.3 0.1 0.0 0.2 0.1 0.0 0.1 0.4 3.4 0.0 0.0 0.3
30-70 15.3 1.7 0.0 0.1 0.0 0.3 0.5 0.1 1.3 25.3 0.0 0.0 0.2
70-100 1.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0 3.5 6.7 0.0 0.0 0.0
100-200 0.2 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.8 1.5 0.1 0.0 0.1

50.un. = Orbulina universa, G. ru. = Globigerinoides tuber (White), C. aq. Globigerinella aequilaseralis, G. bu. = Globigerina bulb ides, G. di.= Gbobigerinella
digirata, C. qu. = Gbobigerina quinqueboba,N. pa. L = Neogboboquadrina pachyderma (Left);N. pa. R. = N. pachyderma (Right), N. du. N. dutertrei,
G. sc. = Gbobororalia scitula, G. me. = Globororalia menardii, andG. gI. = Globigerinira glutinala.

I'
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Table 2.4

Q-mode factor scores for percent maximum transformed MOCNESS tow
data (0-200 m). Species in bold, which dominate the factor scores,

are discussed in the text. The four factor model accounts for
82.3% of the transformed information.

Taxonomic Grouping Subsurface Shallow Shallow Deep
Symbiotic Symbiotic Asymbiotic Asymbiotic

Species Species Species Species

N. dutertrei 0.61 0.04 0.03 -0.01
0. universa 0.53 -0.02 0.05 0.02
G. calida 0.47 -0.14 -0.10 0.00
G. menardii 0.25 -0.17 -0.06 0.01
G. ruber 0.12 0.67 0.11 0.06
G. glutinata 0.03 0.50 -0.00 -0.00
G. aequilateralis -0.07 0.42 -0.07 -0.01
G. digitata 0.11 0.23 -0.08 -0.00
G. quinqueloba -0.07 -0.06 0.80 0.02
N. pachyderma (Right) 0.17 0.02 0.45 -0.01
G. bulloides -0.04 -0.09 0.30 0.03
G.scitula 0.01 -0.11 -0.11 0.75
N. pachyderma (Left) -0.03 0.09 0.09 065
InformationExplained 17.9% 18.6% 10.3% 35.5%
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locations. Use of the terms "symbiotic" and "asymbiotic" derive from the designations of

Hemleben et al. [1988]. We assume that these groups define assemblages of ecologically

similar species.

The "subsurface symbiotic" species (N. dutertrei and 0. universa) both have offshore

subsurface maximum at the 572 km site and surface maxima at the other locations (Figure

2.8). Together, these two species account for most of the foraminiferal fauna at the four

tow sites and the majority of the >150 jim foraminifera (Table 2.3). The maximum

abundance of these species decreases monotonically toward the coast, with the exception of

the Columbia River plume site (289 km offshore) which has too few individuals of either

species to fit this general trend. N. dutertrei is the most abundant species collected at these

sites, 0. universa was the third most abundant.

The "shallow symbiotic" species consist of G. ruber and G. glutinata. Although both

species are relatively rare in these samples, their distributions are similar (Figure 2.9).

G. ruber reaches maximum abundance in the 0-30 m sample at the 572 and 220 km sites.

G. glutinata is most abundant in the 30-70 m sample at 220 km and in the 0-30 m sample

572 km offshore. The two sites with lowest abundance for these species (121 and 289

km) experience southward flow of relatively cool, plankton rich waters (Figure 2.3) which

may have excluded these subtropical species.

The "shallow asymbiotic" species (right-coiling N. pachyderma, G. quinqueloba, and

G. bulloides) are most common in the cool surface waters of the coastal sites where total

biomass is highest (Figure 2.10). These species are rare in the low-salinity waters of the

Columbia River plume (289 km). At the 572 km site they are found from 30-100 m in the

seasonal and permanent thermocline. The species right-coiling N. pachyderma and G.

quinqueloba were the second and fourth most common species in these samples. They

accounted for the majority of the 125-150 jim forarninifera.
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Figure 2.8 Cumulative histograms of the subsurface symbiotic planktonic foraminifera
N. dutertrei and 0. universa at the four MOCNESS tow sites. Dark shading denotes
small planktonic foraminifera (125-150 tm) while light shading indicates larger
foraminifera (>150 pm). These species are most common in the offshore thermocline
and exhibit surface maxima at the other sites.
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Figure 2.9 Cumulative histograms of the shallow symbiotic planktonic foraminifera G.
ruber and G. glutinata at the four MOCNESS tow sites. Shading as in Figure 2.6.
These species are most common in the warm surface waters 572 km offshore and in the
northward flowing waters 220 km offshore.
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Figure 2.10 Cumulative histograms of the shallow asymbiotic planktonic foraminifera
right-coiling N. pachyderina, G. quinqueloba and G. bulloides at the four MOCNESS
tow sites. Shading as in Figure 2.6. Asymbiotic species are most common in high
biomass waters near the coast and decrease offshore.



2.4.5 Percent Abundance Comparison Between MOCNESS and SinRie Net Tows

Species percent abundance data from the September, 1989 and July, 1991 single net

tows extend the temporal and geographic range of our study (Figure 2.11 A, C, E, Table

2.5). These tows show patterns similar to the September 1990 tows (Figure 2.11 B, D, F).

Shallow asymbiotic species are abundant near the coast while shallow and subsurface

symbiotic species are more abundant offshore. The offshore transition from asymbiotic to

symbiotic dominance appeared sharper in September 1989 than in September 1990. Right-

coiling N. pachyderma and G. quinqueloba each accounted for 20% of the offshore fauna

in September 1989 (Figure 2.1 1A), and =40% of the fauna during September 1990 (Figure

2.1 1B). In the high-biomass coastal upwelling zone within 100 km of the coast, G.

bulloides was the dominant planktonic foraminifera (Figure 2.1 1A). The subsurface

symbiotic species (0. universa and N. dutertrei) were less abundant offshore in September

1989 (Figure 2.1 1C) than in September 1990 (Figure 2.11D). The shallow symbiotic

species (G. ruber and G. glutinata) reflected similar distribution patterns in the two years

(Figure 2.1 1E,F), but the relative dominance of the two species switched between years.

2.4.6 Species Maxima. Environmental Variability and Size Changes

G. ruber was the only species to demonstrate a clear distribution trend as a function

of temperature. This species decreased in abundance with decreasing temperature and is

very rare in waters of less that 15°C (Figure 2.12 B). None of the other species

demonstrated any statistically significant or physiologically meaningful standing stock

variations with respect to temperature or salinity in these samples (Tables 2.2 and 2.3,

Figure 2.12 A, B, C). 0. universa, N. dutertrei (Figure 2.12 A), and G. glutinata

(Figure 2.13 B) have minimum standing stock near 15°C and higher standing stocks

toward both temperature extremes. Right-coiling N. pachyderma, G. quinqueloba and

G. bulloides (Figure 2.12 C) had patterns which were equally complex. The coarse

resolution (0-60 m) sample at the site 289 km offshore does not greatly affect these

results. The average temperature from 0-60 at this site is 14.0°C. The average

temperature from 0-30 m is 16.8°C. Assuming foraminiferal standing stock is

proportional to Cp, the 0-60 m average underestimates 0-30 m foraminiferal standing
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Figure 2.11 Species percent abundance (>125 j.tm) across the Multitracers transect
during the upwelling season in 1989, 1990 and 1991. The 1989 and 1991 data (A, C, B)
are from single net plankton tows: all sites >67 km offshore were collected in September
1989. The tow data 10 km offshore (solid symbols in A, C, E) were collected in July,
1991. Note high abundance of G. bulloides within 100 km of coast. The 1990 data (B,
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groupings are: shallow asymbiotic species, (A and B) subsurface symbiotic species,
(C and D) and shallow symbiotic species (B and F).



Table 2.5

Foraminiferal speciesa percent abundance for the >125 .tm size class from seven 1989 and 1991 63 .tm mesh
single-net tows. Percentages may add to greater than 100 due to rounding. Values in bold

correspond to species discussed in the text.

Distance Latitude Depth (m) % % % % % % % % % % % % % %
andDate Longitude andTimeb O.un. G.ru, G.aq. G.ca. G.bu. G.di. G.qu. N.pa.L N.pa.R N.du. G.sc. G.me. G.gl. Other
10km 44.652°N 0-20m 0.0 0.6 0.0 0.0 68.5 0.0 28.0 0.6 0.0 1.2 0.0 0.0 1.2 0.0
7/23/91 124.177°W 10:00

67km 42.283°N 0-lOOm 0.0 0.0 0.0 0.0 47.3 0.0 35.7 13.7 2.2 0.0 1.1 0.0 0.0 0.0
9/15/89 124.931°W 00:50

97km 42.103°N O-200m 16.7 0.4 0.0 0.0 10.6 0.0 38.2 7.3 12.6 4.9 4.9 0.0 1.6 2.8
9117189 125.363°W 02:26

129 km 42.033°N O-7Om 52.0 0.0 0.0 0.0 5.4 0.0 12.8 0.0 15.0 14.3 0.0 0.0 0.5 0.0
9/16/89 125.754°W 01:28

289 km 42.174°N 0-200 m 9.9 0.2 0.0 0.0 6.6 0.0 16.3 1.7 21.8 38.4 0.7 0.0 3.5 1.1
9/24/89 127.611°W 03:18

649km 41.555°N 0-160m 28.5 0.0 0.0 0.2 0.0 0.0 17.3 1.6 8.1 35.0 0.0 0.0 9.3 0.0
9/20/89 132.012°W 00:00

763km 41.268°N 0-160m 10.3 0.0 0.0 0.4 0.0 0.0 17.6 0.1 16.7 43.3 0.0 0.0 10.9 0.7
9/21/89 133.341°W 03:46
a 0. un. = Orbulina universa, G. ru. = Globigerinoides rUber, G. aq. = Globigerinella aequilateralis, G. bu. = Globigerina bulloides, G. di. Globigerinella digitata,

G. qu. = Globigerina quinqueloba, N. pa. L. = left-coiling Neogloboquadrina pachyderma, N. pa. R. = right-coiling N. pachyderma, N. du. = N. dutertrei,
G. sc. = Globorotalia scitula, G. me. = Globorotalia menardii, and G. gL = Globigerinita glutinata.

B
Local Time



stock by 10% which is less than the 20% measurement error (see section 2.4.2). Plotting

the foraminiferal data at 16.8°C, rather than 14.0°C, would not alter the basic structure of

these results.

The shape of the observed distribution patterns with respect to temperature are unlike

the gaussian distribution patterns expected based on each species' optimum temperature as

defined by large scale plankton tow studies [Be, 1977; Be and Hutson, 1977], and

laboratory culture experiments [Bijma, et al., 1990b]. It thus seems likely that factors

other than temperature are heavily influencing the distributions of these species at these

sites.

In contrast, the relationships between the standing stock maxima for each species at

each site and zooplankton biomass (Pdv) are physiologically plausible (Figure 2.12 D, E,

F). The shallow symbiotic species (Figure 2.12 D, 2.12 E) have highest concentration in

low biornass, less turbid offshore waters. These species decrease in abundance as biomass

and water turbidity increase. In contrast, the shallow asymbiotic species (Figure 2.12 F)

are most abundant in the high biomass, high turbidity water near the coast. G. bulloides

was the least cormnon of the three shallow asymbiotic species. This species decreases

rapidly between 9 and 5 ml rn3, and is essentially absent below Pdv values of 5 ml m3.

Right-coiling N. pachydenna decreased rapidly below Pdv values of 6 ml nr3. G.

quinqueloba had roughly constant standing stock over a large range of Pdv values, then

dropped rapidly in standing stock when Pdv fell below 2 ml rn-3.

Shell size in 0. universa and N. dutertrei increases offshore (Table 2.6). Increasing

mean shell size is positively correlated with standing stock (Figure 2.13A) for 0. universa

(r2= 0.65, n=4) and N. dutertrei (r2=0.44, n=4). Size changes in these species (Figure

2.13B) are inversely correlated with increasing plankton biomass as measured by Pdv (A

0.96, n=4, pO.O5 and r2=O.86, n=4). In contrast, right-coiling N. pachyderma shells do

not vary significantly in size across the transect (Table 2.6). Changes in the size of right-

coiling N. pachyderma are uncorrelated with either changes in its standing stock (Figure

2.13A) or changes in Pdy (Figure 2.13B).
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Table 2.6

Mean individual size (in jim) of selected species
from the MOCNESS tows.

Plankton tow 0. universa N. dutertrei N. pachydenna (R)
Distance from Mean±1 S.D.(N) Mean±1 S.D.(N) Mean±1 S.D.(N)

Coast (krn) (pm) (jim) (jim)
121 343 ±83 (12) 236 ±31 (41) 202±26 (168)
220 441 ±53 (107) 342±79(121) 218±30(121)
289 493±89 (110) 403 ±78 (79) 213 ±38 (12)
572 576±53 (153) 434±63 (201) 231±30 (32)
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2.5 DISCUSSION

We have tested for relationships between living foraminiferal standing stock and size

against light availability, planktonic biomass (Pdv and Cp), temperature, and salinity.

These data suggest that while temperature is the dominant control on a species distribution

near the limits of its thermal tolerance, food and light may provide the primary control

under favorable thermal conditions. Because the MOCNESS plankton tows used for this

purpose were collected at different sites over a span of only seven days, we cannot address

the possible role of lunar cyclicity on the standing stock and size changes we observe

{Hemleben et al., 1988; Bijma et al., 1990a; Erez et al., 19911. However, minimum and

maximum standing stock and size in these samples are not correlated with the timing of the

full or new moon at our sites. Longer records from mid-latitude sites with better temporal

resolution are necessary to address this topic.

With the exception of G. ruber, temperature does not play a dominant role in

determining the mesoscale distribution of planktonic foraminifera at the sites we studied.

During September 1990 G. ruber decreases in abundance with decreasing temperature and

is essentially absent from waters of less that 15°C. G. ruber was absent in September 1989

when mixed layer temperatures averaged 2°C cooler. The 14° isotherm marks the

northern limit of its distribution in plankton tows [Be and Tolderlund, 1971; and Be and

Hamlin, 1967] and its lower thermal limit in the laboratory [Bijma etal., 1990a]. Our field

results agree that G. ruber does not succeed at temperatures <14°C.

2.5.1 Effect of Food and Light on Species Distributions

Comparison of total foraminiferal standing stock to the dv data (Figure 2.6) indicate

two biological provinces in the waters we study, coastal upwelling influenced "green"

waters that have low foraminifera to biomass ratios, and offshore "blue" waters that have

higher forarninifera to biomass ratios. The foraminiferal faunas in the "green" sites are

dominated by asymbiotic foraminifera, while foraminifera with algal symbionts flourish in

the "blue" waters offshore. These two faunal provinces reflect the physical and biological

changes that occur as one traverses the coastal transition zone (CTZ). During the



upwelling season, increasing particle load toward the coast is associated with a factor of

two decrease in the depth of the 1% PAR light level from 70 m offshore to 35 m near

the coast. As a result, shallow dwelling foraininifera near the coast can experience lower

light levels than deeper dwelling individuals in the offshore thermocline.

The depth of the maximum in foraminiferal standing stock, and plankton biomass

dv and C, Figure 2.6) also depends on the bio-physical environment. At the 121 km

site, where the Cape Blanco filament supplies nutrient-rich turbid waters from coastal

upwelling sites, plankton biomass and foraminiferal standing stock is concentrated near the

surface (0-30 m net, Figure 2.6). In contrast, plankton biomass and foraminiferal standing

stock at the relatively clear water, oligotrophic site 572 km offshore is concentrated in the

thermocline (3 0-70 m net), near the major source of new nutrients at this location.

We infer that the foraminiferal concentrations and size changes in these waters arise

from the different responses of asymbiotic and symbiotic foraminifera to changes in food

and light. At these study sites, asymbiotic foraminiferal standing stock is positively

correlated with increasing biomass, a measure of greater potential food. This implies

asymbiotic foraminifera become increasingly food-limited as biomass decreases.

In the laboratory, all species of planktonic foraminifera will accept prey of various

types [Hemleben et al., 1988; references therein]. However, prey ingestion alone cannot

explain the standing stock and size distribution of the symbiotic species. If food were

limiting their standing stocks and size at these sites, we would observe increasing standing

stock and size with increasing plankton biomass. In fact, their standing stocks decrease

with increasing plankton biomass, and increase with increasing ambient light. We thus

infer these symbiotic species gain additional nutrition from their symbionts as light levels

increase offshore into lower biomass waters. Consistent with our field observations,

published culture work demonstrate that endosymbionts can provide an important source of

nutrition to foraminiferal hosts [Be et al., 198 1,1982; Spero and Parker, 1985; JØrgensen

etal. 1985].

Our findings suggest a physiological explanation for why asymbiotic species can out-

compete symbiotic species in high biomass waters and vice versa. Berger [1969] observed

that planktonic foraminifera are less abundant in high biomass coastal sites than in the

open-ocean. Because our study demonstrates asymbiotic species increase in abundance

with increasing coastal biomass, we infer light-limitation of symbiotic species may be the
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cause of the lower total foraminiferal standing stocks in coastal waters. Where light is

abundant, at lower latitude and where waters are less turbid, symbiotic foraminiferal

standing stock and size increases, while asymbiotic foraminiferal standing stock decreases.

At plankton biomass levels below those measured at the 572 km site in this study,

symbiotic foraminifers may become limited by some variable other than light. If food were

the limiting agent, this would result in a decrease in symbiotic species size and standing

stocks at very low biomass, high light sites. This seems to be the case in the central

equatorial Pacific along 140°W at sites that are more oligotrophic than the Multitracers sites

[Watkins et al., in press]. During sampling, temperature at these sites was nearly constant,

the forarniniferal community was dominated by symbiotic species, and both symbiotic and

asymbiotic foraniinifera were associated with increasing plankton biomass. Another recent

foraminiferal study in the eastern equatorial Atlantic linked high foraminiferal standing

stocks to intermediate levels of phytoplankton biomass [Oberhänsli et al., 1992]. These

researchers found foraniiniferal concentration decreased both toward high-biomass, coastal

upwelling sites and toward lower biomass, open-ocean, oligotrophic sites. We suggest

that the offshore decrease toward oligotrophic conditions observed by Oberhänsli et al.

[1992] arises from food-limitation of both symbiotic and asymbiotic species, while the

onshore decrease toward high biomass coastal sites arises from light-limitation of

symbiotic species. If this interpretation is correct, our inference of light limitation at the

mid-latitude Multitracers sites may extend to turbid continental margins in the tropics as

well.

Accounting for differences between symbiotic and asymbiotic species may resolve the

apparent conflict discussed by Thunell and Sautter [1992] as to whether N. dutertrei should

reach maximum seasonal abundance in upwelling zones earlier or later than G. bulloides.

Kroon and Ganssen [1989], working on pump samples from the northern Indian Ocean,

suggest that the standing stock maximum of N. dutertrei should lead that of G. bulloides,

because N dutertrei feeds primarily on phytoplankters that peak in abundance before the

zooplankters on which G. bulloides feeds. Thunell and Sautter [1992] observed the

opposite pattern in the San Pedro Basin off California. They explain this apparent conflict

in terms of hydrographic variability between the two regions, and suggest that N. dutertrei

prefers a thermally stratified water column with a pronounced chlorophyll maximum. We

argue that asymbiotic G. bulloides reaches maximum abundance in turbid waters at times

of greatest food availability, while symbiotic N. dutertrei can only reach high standing

stocks and largest size in lower turbidity, lower biomass waters. Our explanation of this



pattern differs from that of Thunell and Sautter [1992] or Kroon and Ganssen [1989] who

stress the importance of herbivory on the distribution of N. dutertrei rather than the light

needs of its endosymbionts as we suggest.

Our conceptual model of food and light limitation expands upon the current paradigm

of planktonic foraininiferal dietary needs by synthesizing field and laboratory results.

Much of the nutritional needs of these species are met through omnivorous feeding habits

[Hemleben et al., 1988]. Previous MOCNESS studies from open-ocean sites using 333

I.Im mesh nets stress the linkage between species distribution and food, demonstrated by

the presence of foraininifera at the DCM [Fairbanks et al., 1979; Fairbanks and Wiebe,

1980; Ravelo et al., 1990; Be et al., 1985]. Our added contribution is to evaluate the

interaction of food and light as factors contributing to the nutrition of forarniniferal species

and to asses their impact on species distribution patterns in the mid-latitudes.

2.5.2 Food Threshold for Asvmbiotic Species

The low concentrations of G. bulloides 121 km offshore in the California Current are

somewhat surprising given the affinity of this species for cold, productive coastal

upwefling zones [e.g., Cullen and Prell, 1984; Curry et al. 1992; Thunell and Sautter,

1992; and Thiede and Junger, 1992]. Low concentrations in the MOCNESS plankton

tows >121 km offshore are consistent with this species' rarity in a year-long sediment trap

time series from the same sites [Ortiz and Mix, 1992]. However, in the September 1989

and 1991 tows, G. bulloides are encountered in high percent abundance inshore of 100 km

at the high biomass sites closest to the zone of active upwelling (Figure 2.11a). What

prevents G. bulloides from thriving farther offshore? We suggest that the low offshore

concentrations of G. bulloides arise from food-limitation. The distribution of this species

serves as an extreme example of a process common to all three of the asymbiotic species

we studied.

We propose that asymbiotic species have different critical food thresholds below which

each is absent. Based on the MOCNESS standing stock data (Figure 2.13), these

presumed food needs were greatest for G. bulloides (the least abundant of the three

asymbiotic species), followed by right-coiling N. pachyderma, and finally G. quinqueloba.



47

Hemleben et al. [1988] report that G. quinqueloba harbors crysophycophyte symbionts.

These symbionts are similar to those of G. aequilateralis and do not appear to contribute as

much to host nutrition as do dinoflagellate symbionts [Faber et al., 1988; 1989]. This

explains why the distribution of G. quinqueloba in this study bears greatest resemblance to

asymbiotic species. The small contribution to host nutrition provided by the

crysophycophyte symbionts could however, explain why G. quinqueloba survives at

lower food concentrations than right-coiling N. pachydenna and G. bulloides.

2.5.3 Effects of Food and Light on Shell Size

The observed correlations between shell size, standing stock, and Pdv for 0. universa

and N. dutertrei (Figure 2.12) is consistent with laboratory culture work on symbiont

photosynthesis [Spero, 1992; Bijma et al., 1992]. These laboratory studies demonstrate

that symbiotic foraminifera grown under high light conditions reach larger size than

individuals grown under low light conditions. Additional laboratory studies show that the

symbiotic foraminifer G. sacullfer reaches larger adult size when well fed and under high

light conditions [Be et al., 1981; 1982; Caron et al., 1981; Caron and Be, 1984]. Our field

data imply that larger individuals of the subsurface symbiotic species are associated with

higher light conditions (as inferred from lower Pdv) and with abundant, thriving

populations as measured by their species' standing stock.

In contrast, the standing stock and species percentages of asymbiotic species increase

with food availability. Despite this positive correlation, right-coiling N. pachyderina, the

most abundant of the asymbiotic species, maintains a constant size as food increases

(Figure 2.12). This suggests feeding rate does not provide a strong control on calcification

rate in asymbiotic foraminifera. Similarly, other asymbiotic calcifying organisms (e.g.,

mollusca, benthic forarninifera, and cnidaria) generally calcify more slowly than related,

symbiotic counterparts [Jones et al., 1988; references therein]. Comparing symbiotic and

asymbiotic species, we infer that food availability does not radically alter calcification rate,

but that symbiont activity does through modification of the carbonate chemistry at the site

of calcite deposition.



2.5.4 Asvmbjotic Species at the Low-Salinity Site: Salinity Limits orAdvection?

Despite the lack of a clear pattern between asymbiotic species standing stock and

salinity, their conspicuous absence from the low salinity Columbia River plume site 289

km offshore (Figure 2.10) suggests either: (1) secondary control by alow salinity

threshold; or (2) physical exclusion from the plume by the hydrographic front associated

with the Cape Blanco filament (Figure 2.2 A, 2.3 D). We compare the observed salinity of

the plume (32.3 PSU, Figure 2.3) with low salinity thresholds for each species. The low

salinity threshold was determined from the species' salinity optimum and standard

deviation reported by Be [1977]. Be [1977] defined the salinity optimum for each species

based on the mean sea surface salinity at the location of the species' maximum standing

stock using data from over 150 plankton tows (0-200 m). We assume that a species low

salinity tolerance is one standard deviation below its optimum. All three species have

salinity thresholds lower than the salinity of the Columbia River plume: N. pachyderma

(34.1 ± 2.9 PSU, -icy = 31.2 PSU), G. quinqueloba (34.5 ± 3.6 PSU, -icy = 30.9 PSU),

and G. bulloides (34.8 ± 5.1 PSU, -icy = 29.7 PSU). This suggests that low salinity was

not responsible for their absence from the plume

Lagrangian drifter studies of filaments in the California Current demonstrate that these

dense, cold and saline features subduct under less-dense offshore surface waters, or

entrain them, rather than diffuse into warmer, fresher, surface waters [Paduan and Niiler,

1990; Swenson et al., 1992]. Our plankton tows suggest that the asymbiotic planktonic

foraminifera inhabiting these filaments record much the same pattern, with exclusion from

the less-dense Columbia River plume, and a deep (70-100 m), potentially subducted

distribution 572 km offshore than at sites inshore of 220 km. Another California Current

plankton tow study found similar species distribution patterns among a doliodid, a calanid,

and juvenile euphausids [Mackas et al., 1991]. They attribute the offshore deepening of

these species' maxima to filament subductjon [Hofmann et al., 1991].

While the physical exclusion argument may explain both the low abundance of

asymbiotic foraminifera in the high biomass waters of the Columbia River plume and their

deeper distribution at the 572 km site, we cannot entirely exclude the direct affects of low

salinity on the foraminiferal distributions in the plume. This is because the abundant and

shallow symbiotic species which presumably become entrained into the plume from the

offshore side and the south also decrease in abundance within it. 0. universa and N.



dutertrei either are not as adversely affected by low salinity as other species of planktonic

foraminifera, or are not excluded as effectively, because the dense, cold and salty filaments

associated with the upwelling front are not found on the offshore side of the plume.

2.5.5 Implications for Paleoceanorraphic Studies

Mix [1989a,b] suggested that temperature and oceanic productivity (through their

influence on respiration rate and available food) were the dominant variables recorded in

the foraminiferal fossil record. Re further suggested that because these two processes

were uncorrelated at large spatial scales, it was possible to reconstruct the basin-scale

features of both environmental factors through statistical transfer functions using the same

foraminiferal calibration data set. We have not compared our foraminiferal data directly to

primary productivity rate measurements, but the Multitracers sites are located in a region

where changes in biomass and ambient light are often tightly linked to variations in oceanic

primary productivity. The results of our study indicate physiological linkages between

foraminiferal species composition and variations in ambient light and available food driven

by changes in oceanic productivity. While the statistical model employed by Mix

[1989a,b] did not specifically incorporate any biological processes, our study supports its

basic assumptions, and suggest ways to improve such models by considering symbiotic

and asymbiotic foraminifera separately and by including shell size information.

It is useful to consider the MOCNESS plankton tow data in terms of percent abundance

because this is the form of data most easily accessible from the sediments (Figure 2.11).

Comparison of the 1989 and 1991 data with the 1990 percent data yields essentially the

same foraminiferal distributions: shallow asymbiotic species are most abundant near the

coast, while symbiotic species are most common offshore. We argue that the same

environmental factors (food and light) are responsible for the structure of the foraminiferal

community during the 1989 and 1990 upwelling seasons. The increase in percent

abundance of asymbiotic species (and thus decrease of symbiotic species) in the offshore

fauna during 1989 (Figure 2.1 1A) was accompanied by a doubling of the offshore particle

standing stock as measured by C (Figure 2.4). The increase in particle concentration was

also associated with a 2°C cooling. This cooling was sufficient to eliminate G. ruber from

the 1989 fauna because this species is near the limit of its thermal tolerance at these sites.
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Based on the MOCNESS results from September, 1990 (Figure 2.13), it is unlikely the

2°C cooling wa(responsible for the asymbiotic species increase and symbiotic species

decrease during September, 1989. If these distribution patterns are recurrent features of

the high-flux upwelling season, the factors that give rise to them should leave traces in the

sedimentary record. We would expect to see these patterns in shell accumulation rates,

community shifts as measured by percent abundance, and size changes within a species.

To explore how size information might be applied in this context, we reconsider the

results of sediment studies of shell size variations in 0. universa. Be et al. [1973] assumed

temperature controlled 0. universa shell size and were able to correlated shell size from

Indian Ocean core top sediments with SST as a paleo-SST proxy. Be and Duplessy [1976]

assumed this correlation applied through time and studied down-core shell size variations at

two sites near the present-day Subtropical Convergence (SIC): RC17-69, 500 km off the

SE African coast (31.50 °S 32.60°E) and RC9-150, -125 km off the SW Australian coast

(31.28°S 1 14.5°E). They found 0. universa shells were -200 j.tm larger during warm

interglacial than colder glacial stages. They suggested that 450 m sized shells track the

location of the STC, and concluded the STC moved as far north as 31°S (from its modem

location of 38-40°S) during glacial stages.

Hutson [1980] disagreed. He concluded the location of the STC was best described by

(1) a transition from a dominant subtropical to a subantarctic foraniiniferal fauna and that

the STC remained south of the location of RC 17-69 during glacial stages; and (2) size in 0.

universa was not diagnostic of the STC location. Hutson [1980] provided no explanation

of what might be driving the observed glacial-interglacial size changes in 0. universa.

Our results suggest an alternative interpretation for these size changes of 0. universa in

Indian Ocean sediments. Given the near-coastal environments of these two cores, the

observed size differences are consistent with changes in ambient light of the waters in

which 0. universa grew. Smaller 0. universa shells during glacial periods could imply

either higher biomass (due to higher productivity) or cloudier conditions in the glacial

Indian Ocean margin than today. Our study argues that productivity driven variations in

water turbidity are more important than small changes in temperature as a control on the

size of 0. universa and other symbiotic species at mid- and high-latitude sites.
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2.6 CONCLUSIONS

Temperature does not provide the sole or even dominant control on local foraniiniferal

size and distribution patterns in the California Current off southern Oregon. Temperature

changes aie uncorrelated with changes in standing stock or size of foraminiferal species in

this study region except for G. ruber which was near its thermal tolerance limit. Although

temperature controls a foraminiferal species' distribution near the limits of its thermal

tolerance, food and light appear to provide the primary control under more favorable

temperatures.

Shallow-dwelling asymbiotic species (e.g., right-coiling N. pachyderina, G.

qumnqueloba, and G. bulloides) which survive by grazing, were most common off Oregon

in high biomass waters with abundant food. These species exhibit a range of critical food

thresholds below which each was absent. For example, G. bulloides, which has the

greatest apparent food need of these species, is largely confined to the very high-biomass

upwelling waters within 100 km of the coast in the study area.

In contrast, ambient light levels seemed to determine the distribution of symbiont-

bearing species, which increased in abundance as water turbidity decreased. Meager

standing stocks and small shell sizes of symbiotic species such as 0. universa and N.

dutertrei are associated high biomass waters while large individuals with greater standing

stocks occur in low-biomass waters. These results suggest that the small individuals of

symbiotic species preserved in sediments of high biomass (high turbidity) regions reflect

stressed growth under light-limitation, and that larger specimens reflect less turbid waters

and high symbiont activity. These field observations are consistent with laboratory studies

of the forarniniferal host-symbiont complex.

This plankton tow study indicates mechanistic links between foraminiferal species

composition and variations in light availability and food concentration driven by changes in

oceanic productivity. Accordingly, these findings identify biological processes that

support the reconstruction of oceanic productivity using multivariate transfer functions and

foraminiferal faunal data [Mix, 1989a,b]. We suggest strategies for reconstructing paleo-

productivity from shell size and the relative abundance of symbiotic and asymbiotic

foraminifera. Future research on the reconstruction of oceanic paleo-temperature and
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paleo-productivity should focus on developing strategies to determine when foraminiferal

faunas are biologically (e.g., food and light) as opposed to thermally controlled.
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3.1 ABSTRACT

We assess the utility of four species of living planktonic foraminifera as tracers of

North Pacific intermediate waters based on their depth distribution and shell oxygen

isotopic composition (18O). In the California Current, left-coiling Neogloboquadrina

pachyderma and Globigerina calida calcify in the upper thermocline rather than intermediate

waters. However, Globorotalia scitula resides within the Shallow Salinity Minima (S SM:

e 25.1-26.7), while Globoquadrina hexagona is associated with the deeper, North Pacific

Intermediate Water (NP1W: N 26.7 - 26.9). Using 18O we establish equilibrium

calcification depth ranges for each species and estimate carbon isotopic disequiibria relative

to equilibrium carbonate (defined as A613Ce..s = 813Ce 613Cc). Values of 613Ces increase

with decreasing calcification depth as follows: G. hexagona (1.0 ± 0.2%), G. scitula (1.1

± 0.5%o), G. calida (1.9 ± 0.6%), and finally left-coiling N. pachyderma (2.4 ± 0.2%).

These ö13Ce..s values can be modeled as an exponential function of temperature or a

logarithmic function of potential food supply. We thus infer 'that the carbon isotopic

disequilibria in these asymbiotic species increases with increasing metabolic rate as a

function of increasing temperature and/or food supply. Increased metabolic rate in

response to warmer temperature provides the most plausible explanation for the increase in

carbon isotopic disequilibrium at shallower depths. If temperature determines (or

consistently covaries with) the control on A613Ce..s in these species, then estimates of

calcification temperature and öl3C can be calibrated to yield paleoceanographic records of

613CD1C

3.2 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 caveats arise from changes in a

species' depth habitat during ontogeny and isotopic disequilibrium during calcification.



55

Here we assess the utility of four species of planktonic foraminifera as tracers of upper

intermediate water masses: Globorotalia scitula, Globoquadrina hexagona, Globigerina

calida, and left-coiling Neogloboquadrina pachydenna.

Studies of living planktonic foraminifera collected with plankton tows determine if a

direct association exists between a species and a particular subsurface water mass. We

assess this possibility by comparing the distributions of several species observed in

plankton tows collected with a multiple opening/closing environmental net sensing system

(MOCNESS) [Wiebe et al., 1985]. We seek to determine if the foraniinifera collected

between specific isopycnal surfaces are true inhabitants of those density regions, rather

than settling populations by: (1) determining whether the individuals possess protoplasm

and thus were living or recently living at the time of capture, (2) assessing the distribution

of each species along isopycnal surfaces at four tows sites across the California Current,

and (3) examining the oxygen isotopic composition of their shell (18O). Using &8Oto

determine calcification depth habitat, we then examine patterns of 1C disequilibrium and

evaluate potential causes.

3.3 HYDROGRAPHIC SET1NG

The central North Pacific contains a series of salinity minima between 200 and 1000

m which constitute its intermediate waters. These water masses are shallowest in the

north and to the east in the California Current; They deepen to the south and west. The

most important of these features are the Shallow Salinity Minima (SSM: 25.1-26.7 )

and the North Pacific Intermediate Water (NPIW: 26.7 26.9 [e.g., Kenyon, 1978;

Yuan and Talley, 1992]. In the California Current, the Shallow Salinity Minima (salinity

32.8-33.9 psu) sits directly above the NP1W (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 in meridional salinity

sections from Levitus [1982] (Figure 3.1) or bydrographic data sets such as that of

Kenyon [1978].
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Figure 3.1 Winter salinity along 42°N. Mean values for combined February, March and
April data from Levitus [1982]. SSM denotes the location of the Shallow Salinity
Minimum (32.7-33.9 psu), NPIW denotes the North Pacific Intermediate Water (34.0-
34.1 psu).



Each winter, ventilation of the thermocline along isopycnal surfaces forms the Shallow

Salinity Minima as cold, fresh, southward-flowing waters subduct below the warmer,

more saline (but less dense) waters of the California Current and subtropical gyre [Reid,

1973; Talley, 1985]. 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. The origin of the NP1W
is more complex, because waters of g 26.8 do not outcrop in the North Pacific, except in

the Sea of Okhotsk [Talley, 1991]. NP1W appears to form as the result of the mixing of

waters from the Oyashio and Kuroshio currents with water from the Sea of Okhotsk in the

western Pacific mixed water region [Talley, 1991; 1993]. Using a simple advection

diffusion model, Qiu [1995] demonstrated that the NPIW salinity minimum is concentrated
on the 26.8 isopyncal because this is the least dense surface which does not outcrop

during the winter. The shallower, outcropping density surfaces become saltier because

winter-time evaporation exceeds precipitation in the northwestern Pacific. Once formed,

the low salinity waters of the NP1W spread out along c 26.8, flow north and east into the

Gulf of Alaska, and eventually southward into the California Current. Oxygen and tritium

concentrations indicate that the properties of the NP1W 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 Tally [1993]

attributes the oxygen and tritium changes to diapycnal mixing.

3.4 METHODS

3.4.1 Plankton Tow Distributions and Hvdro graphic Measurements

These study sites are part of the "Multitracers" program, a study of the California

Current System at approximately 42°N. The MOCNESS plankton tow samples were

collected during September 17-30, 1990 during a cruise of the R./V Wecoma (cruise

W9009A) at four sites 121, 220, 289 and 572 kin offshore. All of the tows were located

west of the shelf break, which occurs at 95 km. In order of increasing distance offshore,

they were collected in waters of 2800, 2500, 3000 and 3700 m depth. A detailed

description of the MOCNESS sample preparation methods can be found in Chapter 2. The

standing stocks reported here are accurate to ±20% due to towing, sample splitting, and



counting errors. CTD measurements of temperature, salinity, and monochromatic light

transmission at 670 nm were also collected during the cruise. The light transmission data is

presented as the particle attenuation coefficient (Cr) which is proportional to water column

particle concentration volume [Zaneveld et al., 1979; Pak et al., 1988]. Values of C, are

dominated by the small (<20 jim) particle concentration of the water and linearly related

large (>63 jim) particle concentration across the transect [Chapter 2]. The locations of the

deep CTD (>1000 m) stations occupied during the cruise are listed in Table 3.1.

3.4.2 Isotopic Measurements

Micro-sample isotopic measurement of 18O and 613C for each of the four potentially

deep dwelling species were made at Oregon State University using a FinniganlMAT-25 1

mass-spectrometer. This instrument is equipped with an Autoprep Systems automated

carbonate sample preparation device and a common sample acid bath. Isotopic

measurements were conducted on smaller sample sizes (5-50 jig calcite) than typical

microfossil carbonate runs for this laboratory (>50 jig calcite). Accordingly, to enhance

machine sensitivity, the intensity of the source was increased from 1.3 to 1.5 mA, and the

amount of reference gas used was decreased to maintain proper pressure adjust between the

sample and reference inlets. Memory effects due to the common acid bath were eliminated

by vacuum pumping for 30 minutes between sample runs. We chose to run small sample

sizes to assess intraspecific isotopic variation. This is an important concern for this study

since individuals may exhibit variable disequilibrium effects or calcify over a range of

depths. Running small numbers of individuals thus allows us to better assess the natural

isotopic variability exhibited by each species.

Generally 2-10 shells were run in each isotopic analysis. For G. scitula., individuals

from the 150-2 12, 2 12-250 and 250-300 jim size fractions were run. For G. hexagona,

and G. calida, individuals in the 125-150, 150-212, 250-300 and 300-355 jim size

fractions were analyzed. For left-coiling N. pachyderma, (the smallest and rarest of the

four species) individuals in the 125-212 jim size fraction were run. Isotopic analysis of G.

scitula were conducted on individuals collected from the 200-400 m sample at each of the

four tow sites. Isotopic measurements for the three remaining species were conducted only

at the location of the maximum species occurrence. These samples were 400-600 m at the



Table 3.1

W9009a deep CTD stations.

CII) Depth Range Latitude Longitude km
Station (m) (°N) (°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



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.

Isotopic results axe presented in per mu (%c) using the standard isotopic delta notation

() relative to the Pee Dee Belemnite (PDB) scale. Calibration to PDB was done through

the NBS-19 and NBS-20 standards of the National Institute of Standards and Technology.

External precision for 18O and 13C measured on calcite standards ranging in mass from 5
to 100 ig was ±0.2 and ±0.1%o respectively. To assess foraminiferal calcification depth,

we calculated the oxygen isotopic composition of equilibrium calcite (180e) using water

column temperature and salinity obtained from concurrent CTD casts. Salinity was

converted to water column oxygen isotopic composition (6'8O, in % SMOW) using the

Northeast Pacific relationship of Zahn et al. [1991 a]. Values of 80e were predicted by

inverting the paleo-temperature equation of Epstein et al. [1953]. We assume the four

species calcified in oxygen isotopic equilibrium with respect to the water column.

Calcification depth ranges for each species were then obtained by comparison of the mean

and standard deviation of measured &18O to predicted 8180e for the corresponding tow

site. This is a standard procedure used by Williams et al. [1981], Deuser [1987], and

Ravelo and Fairbanks [1992]. In addition to the 318O data, the species' depth distribution

from the plankton tows provides a second constraint on its' potential calcification depth

range.

We compare the carbon isotopic composition of the foraminiferal shells (613Cc) to the

carbon isotopic composition of equilibrium inorganic calcite (613Ce). Recent experimental

evidence indicates 613Ce is higher than total dissolved inorganic carbon 13C by 1.0±

0.2% [Romanek et al., 1992]. At these study sites, direct measurements of a13CDIC and

nutrients collected in September 1991 are well correlated (Figure 3.2, Table 3.2). The

RMS errors associated with linear regressions to predict 813CDIC from [NO3-] are ±0. 12%c

(n=28) for shallow data (<200 m) and ±0.09% (n=22) for deep data (>200 m). The

difference in the regressions for the surface and deep values (Figure 3.2) is a function of

the anthropogenic 813C shift, which we estimate to be -0.6 ± 0.24% using these data [see

Appendix]. Measured 13CDIC correlates better to [NO3] than [P043-] at these sites

because residual [P043-] remains in the water column after [NO3] has been stripped to

limiting levels by phytoplankton growth. We use the September 1991 13CDIC to [NO3-]

relationships described in Figure 3.2 to determine water column 13CDIC for September

1990 from concurrent [NO3] measurements at each tow sites.
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Figure 3.2 Relationships between 13CDIC and [N031 at 42°N, based on September
1991 data collected at the locations of the September 1990 plankton tows. Shallow waters
(<200 m, squares) follow 613CD1C = -0.06 [NO3-] + 1.6 (r2=0.95). Deep waters (>200
m, circles) follow ö13CDIC = -0.02 [NO3-] + 0.6 (r2=0.45).
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Table 3.2

Dissolved inorganic carbon 613C and [N031 during September, 1991
at four sites along the Multitracers transect.

Site Depth 13C [NO3-]a Site Depth a'3c [NO3-Ja
(m) (%o PDB) (lM kg-i) (m) (%c PDB) (pf kg)

45 b

10 1.33 2.14
20 1.34 7.07
32 1.23 10.78
50 0.93 14.06
75 0.58 19.06

100 0.17 24.12

121 kmc 0 0.67 14.36
20 0.56 16.37
40 0.53 18.42
50 0.43 19.45
75 0.27 21.93
75 0.27 21.93

100 0.13 24.18
200 -0.21 30.35
300 -0.23 34.11
400 -0.24 37.42
500 -0.29 39.72
600 -0.37 41.45

1000 -0.43 43.06
1500 -0.42 42.46

289 c

10 1.56 4.00
75 0.72 13.98

100 0.57 17.54
200 -0.15 28.48
400 -0.41 39.11
500 -0.36 41.59
600 -0.30 42.90
800 -0.40 44.01

1000 -0.63 44.40
1500 -0.21 43.94
2000 -0.29 41.55
2500 -0.20 40.52
2500 -0.18 40.52

572 kmc 0 1.74 0.74
20 1.45 0.76
50 1.47 0.80
95 1.34 0.84

100 1.31 0.85
120 1.19 4.39
150 0.90 9.83
200 0.53 18.10
300 -0.02 28.30
500 -0.21 39.06
800 -0.35 44.10

1000 -0.33 44.62
1500 -0.33 43.48
1500 -0.34 43.48
2000 -0.23 40.26

asampling location: 42. 105°N, 125.837°W.
bNitrate bottle measurements from the same CTD cast were interpolated to the depths of the 313C
bottle measuremts.
Cldenucni depths at the same site indicate duplicate 3C measurements, the same nitrate measurement
is listed for each '3C replicate.
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The 6180 derived calcification depth ranges allow us to estimate each species' carbon

isotopic disequilibrium by comparing the mean and standard deviation of 613C with the

predicted 613Ce for the calcification depth range. This method yields upper limits on the

613C disequilibrium because we assume 6180 equilibrium. Any deviations from6180

equilibrium will be expressed as an increase in the apparent 613C disequilibrium. While

this procedure potentially introduces some error, numerous studies demonstrate that

planktonic foraminifera calcify much closer to 6180 equilibrium than 613C equilibrium

[e.g., Erez and Luz, 1983; Deuser, 1987].

3.5 RESULTS

3.5.1 Hydro graphic Changes along Isopcnal Surfaces

Subthermocline hydrographic properties along isopycnal surfaces across the

Multitracers transect assess intermediate water mass variability (Figure 3.3). Waters

equivalent in density to the SSM (ae of 25.1 to 26.7 kg/rn3) exhibit considerable variation

in temperature and salinity, ranging from 7-10°C (Figure 3.3A) and from 32.8 to 33.9 psu

(Figure 3.3B). Waters equivalent in density to the NPIW (e of 26.7 to 26.9 kg/rn3)

exhibit less variation in temperature (5.9 to 6.1°C) and salinity (33.9 to 34.1 psu). These

temperature and salinity ranges are consistent with the temperature and salinity range of the

SSM and the NP1W measured elsewhere in the North Pacific [Kenyon, 1978; Yuan and

Talley, 1992]. Measurements of C within the SSM decrease from 0.10 rn-1 at the base of

the thermocline, to <0.05 m-1 offshore and with increasing depth (Figure 3.3C). Values of

C in the NPIW are less variable, ranging from 0.03 to 0.05 rn-1. These C values indicate

a greater concentration of small particles in the SSM than in the NP1W. Temperature and

salinity across the transect produce estimates of 6180e that are essentially constant along

isopycnal surfaces (Figure 3.3D). Waters in the SSM vary in 6180e from 0.5 to 2.0%o

PDB. Waters in the NPIW vary in 6180e from 2.0 and 2.5%o PDB. Foraminifera

calcifying in oxygen isotopic equilibrium with the SSM or NPJW would record values in

these ranges.
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3.5.2 Species Distribution Patterns

At these locations, 200 m marks a transition in foraminiferal faunas, with shallow

species above and potentially deep dwelling species below. Living individuals of shallow

dwelling species are discussed in Chapter 2. Here we investigate the four species we

observed at depth: G. scitula, G. hexagona, G. calida and left-coiling N.

pachyderina.Symbionts have not been reported in any of these species, although data to

support this statement is rare for all but left-coiling N. pachyderina [1-lemleben et al.,

1988]. We define these species as potentially deep dwelling due to the presence of

protoplasm in their shells collected below 200 m. The shells of shallow dwelling species

generally lacked protoplasm below 200 m, and thus represent a settling flux of dead

individuals. For each MOCNESS plankton tow sample, Table 3.3 lists estimates of the

water volume filtered, environmental variables averaged at tow resolution and foraminiferal

standing stocks. G. scitula was the most abundant of the four potentially deep dwelling

species. This species reached standing stocks of 1.5 shells/rn3. G. hexagona and G.

calida achieved maximum standing stocks of 0.5 shells/rn3, while left-coiling N.

pachydenna exhibited a maximum of only 0.25 shells/rn3. 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 (Figure 3.4). G. scitula

was common at all of the sites across the transect, but most abundant at the site 121 km

offshore. With the exception of an isolated occurrence in the surface waters 121 km

offshore, G. scitula had a standing stock distribution within the density range of the SSM

or at slightly greater density. Within the SSM, maximum standing stock for G. scitula
occurred between y8 26.4 and 26.8 at the sites 121, 289 and 572 km offshore, and

between 25.5 and 25.9 at the site 220 km offshore. G. hexagona decreased in

abundance toward the coast and exhibited maximum standing stocks between Y0 26.8 and

27.2 at all four of the tow sites. G. hexagona had a distribution along isopycnal surfaces

which was consistent with, or at slightly greater density than the NP1W.

The second group of species was composed of G. calida and left-coiling N.

pachyderma (Figure 3.5). At the sites 280 and 572 km offshore G. calida was found in
waters of e <25.4. This species was also found between e 26.2 and 27.3, where it

decreased in abundance toward the coast. Left-coiling N. pachyderma generally decreased



Table 3.3

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

(Values of Zero omitted for clarity)

Depth Density Volume Mean Mean Mean Mean Mean G. G. G. Left coilingTow site Range Range Filtered Temp Salt Density Cp Pdv scitula hexagona calida N.and date (m) (kg rn3) (rn3) (°C) (psu) (kg m3) (rn1) (ml rn3) (rn-3) (nf3) (rn3) pachydenna

(rn-3)121 km 0-30 24.2 - 24.5 33 14.8 32.8 24.3 0.307 8.5 0.12 0.1242.060°N 30-70 24.5-25.6 39 10.9 33.0 25.2 0.119 2.3
125.665 ow 70-100 25.6 - 26.0 114 8.9 33.3 25.8 0.061 0.4 0.07 0.079/21/90 100-200 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 0.24600-800 27.1 - 27.2 134 4.4 34.3 27.2 0,031 0.3 0.24 0.06 0.18220 km 0-30 23.8 - 23.8 34 16.3 32.6 23.8 0.230 6.3 0.1242.167 °N 30-70 23.8 - 25.5 20 12.2 32.9 24.9 0.128 3.3

126.858 ow 70-100 25.5 - 25.9 19 8.9 33.2 25.7 0.058 0.8 0.63 0.219/28/90 100-200 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 0.06400-600 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 0.07289 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 0.049/23/90 200-400 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 0.01572 km 0-30 23.3 - 24.1 46 17.9 32.6 23.5 0.070 1.1 0.0941.493 °N 30-70 24.1 - 25.2 72 11.9 32.7 24.8 0.084 1.7 0.11 0.06131.070°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 0.02600-80027.0-27.2 258 4.2 342 27.1 0.023 0.2 68 26 2802
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Figure 3.4 Standing stock of living G. scitula and G. hexagona at the four tow sites 121-
572 km offshore. Notice vertical axis is density, not depth. Solid horizontal lines
denoted surface make the shallowest isopycnal at each station. Dashed horizontal lines
mark the density range for the SSM (between upper two lines) and NP1W (between the
lower two lines).
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Figure 3.5 Standing stock of living G. calida and left-coiling N. pachyderma at the four
tow sites 12 1-572 km offshore. Plotting conventions as in Figure 3.4.



in abundance away from the coast and was not closely associated with any particular

isopycnal surface.

3.5.3 Isotopic Results

The 3180 of G. scitula shells collected at y 26.5 to 26.7 (200-400 m), did not vary

systematically with size or location (Figure 3.6). There was however a trend toward

increasing 313C as a function of shell mass, indicating the presence of a potential

disequilibrium effect. Mean 6180 and 613C values based on 10 samples were 1.72 ±

0.23% and -0.08 ±0. 19% PDB respectively. The variability for 6180 is close to the

external machine precision for these small size samples, suggesting that much of the 6180

variance arises from random machine error. The variation in 613C is roughly twice the

analytical precision, suggesting that disequilibrium effects are significant.

The mean 3180 for G. scitula matches predictions of 6180e from 150-290 m where cYe

ranges from 26.2 to 26.7 (Table 3.4, Figure 3.7a). The base of the SSM is found at these

depths and densities. The 613C of G. scitula (-0.08 ± 0.19) is lower by 1.10 ± 0.48%

than 313Ce expected from its calcification depth habitat (Figure 3.8a).

The 3180 of G. hexagona at the site 572 km offshore is 2.14 ± 0.08% PDB (Table

3.4). There was very little 3180 variation in G. hexagona as a function of shell mass

(Figure 3.6). The 318Q of G. hexagona matches the predicted &180e from 330-390 m
(Figure 3.7b) at Ge 26.7 to 26.8. The 613C of G. hexagona is -0.11 ± 0.13 (Table 3.4).

This value is lower by 1.0 ± 0.20% than 613Ce for 330-390 m (Figure 3.8b). The613C

variations for G. hexagona were slightly larger than analytical precision and increased

slightly with shell mass.

Left-coiling N. pachyderma and G. calida have 6180 values lower than G. scitula and

G. hexagona (Table 3.4, Figure 3.7). Unlike the isotopic results for G. scitula and G.

hexagona, the 6180 data for these two species are inconsistent with an intermediate water

depth habitat (Figure 3.7). For left-coiling N. pachyderma the small sample size (n=2)

and large size fraction prevents us from fully assessing size dependent variations in this

species. However, the observed 3180 values for this species suggest that at the
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Figure 3.6 Oxygen (a) and carbon (b) isotopic results for the four species as a function of
average shell mass.



Table 3.4
Average oxygen and carbon isotopic composition for the four planktonic Foraminiferal species.

Tow Species and Mean 6180 Mean 613C Depth Density Mean Mean Mean
site Number of and STD and STD Rangea Rangeb T Cp A613Cesanalysis

(%o PDB) (%o PDB) (m) (kg/rn3) and STDc and STD" and STDe(C) (rn-1) (%0PDB'

N. pachyderma (2)
572 km G. calida (3) -0.16±0.47 0.47±0.48 35-55 24.3-24.9 12.7±1.0 0.093±0.005 1.85±0.56
121 km G. scitula (4) 1.81±0.21 -0.10±0.15
289 km G. scitula (1) 2.00 0.08
572 km G. scitula (5) 1.60±0.21 -0.11±0.24
Average G. scitula (10) 1.72±0.23 -0.08±0.19 150-290 26.2-26.7 7.2±0.2 0.039±0.011 1.10±0.48
572 km G. hexagona (5) 2.14±0.08 -0.11±0.13 330-390 26.7-26.8 6.2±0.1 0.027±0.001 1.00±0.20

a,b Calcification depth and density ranges were calculated by comparison of the Foraminiferal shell oxygen isotope values with the 1 8 of calcite in equlibrium
with concurrent CTh measured T and S.
c The CTh measured temperature over the inferred calcification depth range.
d The transmissometer measured particle attenuation coefficient over the inferred calcificationdepth range.
e The apparent carbon disequilibrium is defined as: A613Ce..s = 3Ce 13C5, where 3C5 is the average shell carbon isotope composition, and 3Ce is the
average equilibrium calcite carbon isotopic composition.
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Figure 3.8 Carbon isotopes as a function of water depth for: (a) G. scitula, (b) G.
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represent equilibrium calcite 13C for each station. Species data are plotted at the mean
tow depth interval (filled circles). Carbon isotopic values plotted at mean calcification
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(horizontal arrow). Error bars as in Figure 3.7.
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121km site where the mixed layer was only 10 m deep, left-coiling N. pachyderma

calcified at the base of the mixed layer and in the upper-most thermocline (5-35 m). This
depth range corresponds to 9 of 23.3 to 24.3.

In spite of the relatively large 6180 standard deviation of ±0.43%, left-coiling N.

pachydenna varied little in 613C (±0.04%). This is possibly a measurement artifact due to

small sample size, because the observed variation is much smaller than the external

measurement error. However, an indication of a strong 613C disequilibrium effect for left-

coiling N. pachydenna is the large size of its predicted deviation from 613Ce. If this

species calcified over the range from 5-35 m, its 613C composition is 2.39 ± 0.24% lower

than 613Ce for that depth range (Figure 3.8c). We explore potential causes for this 813C

deviation in section 3.6.2.

G. calida exhibited large variations in both oxygen and carbon isotopic composition.

The 613C of G. calida increased systematically with increasing shell mass; no such trend

was evident in its 6180 (Figure 3.6). At the site 572 km offshore, the 6180 for G. calida

suggests that this species calcified in waters of 35-55 m (Figure 3.7d). This depth range

matches the density range a 24.3 to 24.9. In comparison to the predicted 613Ce for waters

from 35-55 m, G. calida is lower in 613C by 1.85 ± O.56% PDB (Figure 3.8d).

3.6 DISCUSSION

3.6.1 Species Distribution Patterns

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

direct and indirect associations with subsurface water masses for each species studied.

Three possibilities are: (1) settling, (2) source water entrainment and (3) subsurface

adaptation.

The settling hypothesis assumes the individuals of a species grew and calcified at

shallow depths, then sank without further calcification to intermediate water depths where

they were collected by the plankton tows. Left-coiling N. pachyderma and G. calida fit this
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hypothesis. These two species are not found exclusively on subsurface isopycnals (Figure

3.5). This suggests that (1) only part of their life cycle is spent in sub-surface waters, or

(2) their occurrence in the deep samples was the result of a settling event. The 6180 data

also imply that they calcified in shallow waters only, then descended to depth. Left-coiling

N. pachydenna and G. calida appear to live near the surface and record near-surface

isotopic conditions rather than intermediate water conditions at these sites.

Source water entrainment assumes a seed population of foraininifera enter into a water

mass close to its formation site. This entrained population then reproduces and calcifies at

depth until sampled in the California Current by the plankton tows. In this hypothesis the

foraminifera are not necessarily adapted to a subsurface habitat, but may be expatriates that

survive a several generations before the population dies out. This mechanism could explain

the presence of G. scitula in the SSM. The SSM is formed by wintertime subduction of

southward flowing low salinity waters below the more saline waters of the subtropical

gyre. The source region for the SSM is believed to be between 35-50°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 Station P (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 3-6 months, assuming average velocities

of 10-20 cm s1 [Thompson and Papadakis, 1987]. This amount of transit time would

enable the production of 3-6 generations of G. scitula, assuming a one month life span

[Hemleben et al., 1988].

The subsurface adaptation hypothesis assumes a species is well adapted to an

intermediate water habitat and spends much of its life cycle at depth. This hypothesis

seems most applicable to G. hexagona. Live specimens 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 oxygen isotope data, this species occupies the deepest habitat of the four species of

foraminifera studied, and has veiy little 6180 variation suggesting calcification exclusively

at depth. This species seemed to be associated with the NPIW.

The NP1W occupies the shallowest density surface which does not outcrop during the
wintertime [Qiu, 1995]. As such, 26.8 may provide a unique and relatively stable

environment for organisms adapted to a subsurface existence. The NP1W is closest to the

surface during the wintertime in the western Pacific mixed water region, and in the Gulf of
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Alaska. These two regions are both north of 40°N. North Pacific plankton tow

[Bradshaw, 1959] and sediment studies [Coulburn et al., 1980] demonstrate that G.

hexagona is most abundant south of 40°N. Since G. hexagona is not present in appreciable

numbers at locations where the NP1W is closest to the surface, we conclude that source

water entrainment is not the cause of the association of G. hexagona with the NPIW.

It follows that G. hexagona enters the NP1W south of 40°N, when this waters mass is

deep and relatively old. Geostrophic velocites relative to 2000 m in the core of the NPIW

range from 1 - 5cm s4 [Talley et al., 1991; Roemmich and McCallister, 1989; Qiu, 1995].

If G. hexagona enters the NPIW in the western Pacific south of 40°N, 5 -30 years would

elapse before these waters reached the Multitracers transect. The presence of living G.

hexagona collected in the Multitracers tows after such as long transit time suggests that this

species is well adapted to an intermediate water environment. While some deep dwelling

forarninifera exhibit life spans of one month (e.g., Hastigerina pelagica) others live as long

as one year (e.g., Globorotalia truncatulinoides) [Hemleben et al., 1988]. If G. hexagona

has a one month life span, a 5 -30 year transit time would allow the production of 50-350

generations. Alternatively, an annual life span would allow the production of 5 to 30

generations. A more definitive estimate cannot be made given the data at hand.

To summarize these findings, two of the four species studied seem to be directly

associated with intermediate waters of the northeast Pacific: G. scitula with the SSM, and

G. hexagona with the NP1W. G. scitula, a subarctic species, is likely to enter the SSM by

sousce water entrainment during water mass formation and need not be highly adapted to a

subsurface habitat. G. hexagona, a subtropical species adapted to a subsurface

environment, is likely to be associated with the NPIW during much or all of its life cycle.

The remaining species, Left-coiling N. pachyderma and G. calida calcified in surface

waters and sank to intermediate waters without additional calcification. In the next section,

we explore the carbon isotopic disequilibrium recorded in the shells of these species.

3.6.2 Apparent Carbon Isotopic Diseguilibria

We determined calcification depth habitats for the four species based on an assumption

of equilibrium calcification with respect to 3180. This assumption seems justified by the
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lack of systematic variations in 6180 as a function of shell mass (Figure 3.6). Using the

inferred calcification depth ranges for each species, we explore the magnitude of the

apparent carbon isotopic disequilibrium which we define as:

= 613Ce 613Cs (1)

Each of the species studied has a lower 613CS than the 813Ce at its calcification depth.

Values of i8'3Ce..s for each species range from 1.O%o in G. hexagona to 2.4% in left-

coiling N. pachyderma. The magnitude of A613Ce.s decreases with increasing depth of

calcification (Figure 3.8).

There are at least two mechanisms which could account for the carbon isotopic

disequilibria recorded by these species: (1) incorporation of small amounts of metabolic

CO2 with low 613C into a calcite lattice built mainly from inorganic carbon; or (2) kinetic

fractionation of carbon during calcification, resulting from variations in calcification rate.

Because values of A61 3Ces for the four species vary as a function of depth, some depth-

dependent factor may operate to vary the amount of metabolic CO2 incorporated into the

shell if (1) is correct, or the calcification rate if (2) is correct.

Depending on which mechanism applies, a variety of depth dependent processes could

drive the S13Ce.s signal. Some possibilities include: (1) changes in the 613C of the food

source on which the foraminifera feed or changes in the kinetic isotope fractionation rate of

carbon as a function of (2) temperature or (3) food availability. The first process implies

metabolic CO2 is incorporated into the shell during the calcification process and that deep

dwelling foraminifera feed on organisms from a higher trophic level than shallow dwelling

foraminifera. Body tissue for organisms feeding at progressively higher trophic levels

become higher in 613C by roughly l% per trophic level [DeNiro and Epstein, 1978; Rau et

al., 1983]. Likewise, community trophic level increases with increasing depth. Effect (1)

could drive the observed signal if G. hexagona and G. scitula were feeding at slightly more

than one trophic level higher than G. calida and left-coiling N. pachyderma. However,

Spero and Lea [1992] detected no change in foraminiferal 613CS when they raised the

symbiotic foraminifera 0. universa on a diet of brine shrimp with body tissue 613C that

varied by 8%. Although there are differences between symbiotic and asymbiotic

foraminifera, given the large size of the dietary signal tested, it seems unlikely that diet is

the cause of the carbon isotopic disequilibrium trend we observe.



An increase in the kinetic fractionation rate due to changes in temperature or food

concentration thus seems a more likely cause for the observed iS.613Ces signal. Both of

these factors directly influence foraniiniferal metabolic rate, which may exert an effect on

the calcite formation process and thus vary the associated isotopic fractionation rate. Over a

small range of values, the effect of temperature on a metabolic process typically follows an

exponential relationship of the form:

= R0Q1O(Ti - T0)/1O (2)

were R1 and R0 are metabolic rates measured at temperatures T and T0 [e.g. Schmidt-

Nielsen, 1985]. The exponential base, referred to as Qio, defines the rate of change of the

metabolic process for each 10°C increase in temperature. A metabolic rate which doubles

over a 10°C temperature range has Qio =2, one that triples has Qio=3, and so on. The

value of Qio is not constant over large temperature ranges. Protists typically exhibit values

of Qio in the range from 1-4 [Bijma et al. 1990b; references therein]. Working with a

variety of planktonic foraminifera over a large range of temperature (10-35°C), Bijma et al.

[1990] measured Qio values ranging from 1-9. Near a species temperature optimum Qio

ranged from 2 to 5. Using A613Ce.s as a measure of the carbon isotopic fractionation rate,

we develop a specific function based on Eq 2:

i&13Cj = i.S13Co Qio
(T -T0)/1O

(3)

Using this relationship, a least squares regression determines the A813Ce..s and temperature

data are best fit by Qio = 2.75, yielding an r2 = 0.995 (Figure 3.9a). We used the data

from G. hexagona to specify T0 = 6.2°C and A613C0 = 1 .0%. The best fit value of Qio is

well within the range of typical values observed for protists.

An expression for the carbon isotopic composition of equilibrium calcite (613Ce) based

on foraininiferal carbon isotopic composition (13C) and calcification temperature(Tc) is

easily obtained from Eq. 3:

13Ce = l3 + sS'3C0Q10
(Tc - T0)/10

(4)

Based on the limits of our field data, this expression should be valid for asymbiotic

planktonic foraminifera when T ranges from 6- 15°C using Qio = 2.75, T0 = 6.2°C and
= 1%. Translation of S13Ce to &13CDIC merely requires the subtraction of l%
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PDB following Romanek et al. [1992]. A relationship of this form could be used to

determine ö13Ce or 313CDIC in paleoceanographic applications if T could be specified

independently.

An increase in available food could also drive a change in metabolic rate and thus result

in variable carbon isotopic fractionation rates. Changes in C 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 foraminifera, its relationship

to the isotopic composition of their shell is less certain. Spero and Lea [1992] reported no

effect on shell 613C in symbiotic 0. universa fed daily and every other day. Because this

feeding regime may not reflect the full range of natural feeding rates, we attempt to model

LS13C as a function of potential food concentration estimated from C.

We begin by assuming a metabolic rate change in response to an increasing biological

substrate such as food concentration follows a logarithmic relationship [e.g., Schmidt-

Nielsen, 1985]. A simple logarithmic relationship which may be appropriate in this case is:

R = R0 [U/U0]b (5)

According to this relationship, the initial biological rate L increases to R1 as determined by

the exponent b when the biological substrate F0 increases to F. Using i3Ce.s as a

measure of the carbon isotopic fractionation rate and C as a measure of biomass,

following Eq. 5, we can write:

= .&l3C0 [C)/C,(0)]1' (6)

Once again, we use data from G. hexagona and its depth habitat for the initial conditions
(Cp(o) = 0.027 rn-1 and i13C0 = 1.0%). The logarithmic relationship can be solved by

least squares regression which yields b=0.39 with an associated r2 = 0.96 (Figure 3.9b).

As with temperature, it is also possible to derive an expression for 3Ce based on

öl3( and relative biomass:

13Ce = 613CS b.'3C0 [Cp(i)/Cp(o)]1 (7)

This expression applies for asymbiotic planktonic foraminifera when [Cp(j)/Cp(0)] ranges
from 1-12, using b = 0.39, C(0) = 0.027 rn-1 and .613C0 = 1%.



These curve fitting exercises demonstrate that variations in either temperature or food

availability may be associated with the depth-related changes in M13Ces, suggestinga link

between A613Ce..s and variations in metabolic rate, rather than changes in the isotopic

composition of the food source. While both models fit variation in b.ö13Ce..s, the

temperature based model has better potential for practical application. It seems plausible

that food and temperature should produce additive effects on the magnitude ofA613Ce..s in

the field data. However, our estimate ofQio is typical of protistan values, suggesting that

temperature may be adequate to describe the depth-related changes in 13Ces.

In contrast, laboratory studies of protistan growth rates as a function of food

concentration at controlled temperatures estimate that b is approximately 0.04 at 12°C, and

ranges from 0.2 to 0.6 at 20°C [Heinbokel, 1978; Sherr et al., 1983; Strom, 1991; Verity,

1991]. We conclude that our estimate of b = 0.4 for temperatures ranging systematically

rom 6 - 15°C, overestimates typical protistian values by an order of magnitude and is thus

not physiologically plausible. The most likely cause for the large value of b we observed is

the systematic change in temperature associated with the variation in prey density. While

food varied with depth (and thus correlates with A13Ces), it appears to exert little direct

effect on calcification rate.

This could occur if calcification in these species is a discrete process which takes place

only after a critical stored energy threshold is reached. Spero [1988] demonstrated that

calcification in Orbulina universa is a discreet process that requires very large energy

reserves. Numerous studies of calcification in planktonic foraminifera have reached similar

conclusions [IHemleben et al., 1988, and references therein]. A greater lapse of time

between chamber formation thus passes in waters with low food concentration than in

waters with high food concentration. While the time between calcification events (i.e.

chamber formation rate) is controlled by food concentration and energy storage, the

calcification rate may be more sensitive to factors other than food concentration.

3.6.3 Eva1uatin Mconnaughev Hypothesis

Throughout this paper we have assumed oxygen isotopic equilibrium. Is it possible

there is an oxygen isotopic disequilibrium effect for which we have not accounted?



McConnaughey [1989a,b} postulates kinetic disequilibrium in the 6180 and 613C of

biogenic carbonates. This kinetic disequilibrium according to McConnaughey [1989a,b]

arises during the inorganic dehydration and hydroxylation reactions between HCO3 and

lattice-bound C032 (an 180 effect), in conjunction with cross-membrane metabolic CO2

fluxes (a 13C effect). The size of the 180 and 13C effects depend on the organism's

calcification rate, which is determined by the magnitude of the pH gradient maintained

across the calcification membrane. The pH gradient across the calcification membrane

supersaturates Ca2+ at the calcification site by active transport of two H+ ions in exchange

for each Ca2+ ion. As the calcification rate increases, 613C and 6180 become progressively

lower, shifting the skeleton's isotopic composition further from equilibrium with a slope of

roughly +1 for asymbiotic organisms.

In this hypothesis, a scatter plot of 613C vs. 6180 follows a positive slope which trends

away from the equilibrium point. The faster the calcification rate, the greater the isotopic

shift from equilibrium. Based on coral data and abiotic laboratoiy studies, McConnaughey

[1989a,b] argued that disequilibrium calcification 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

taxonomic groups to support this statement [e.g., Vergnaud Gra.zzini, 1976; Vinot-

Bertouille and Duplessy, 1973].

We test the McConnaughey hypothesis by plotting the isotopic data against shell mass,

which we assume is proportional to calcification rate within each species (Figure 3.6). As

described previously, there is no systematic 6180 variation within each species as a

function of shell mass (Figure 3.6a). However, the 613C data demonstrate clear trends in

three of the four species studied (Figure 3.6b). These results suggest that the magnitude of

the kinetic disequilibrium which arises between HCO3 in the calcification solute and lattice-

bound C032 in the calcite skeleton is relatively small or non-existent in these four species

of planktonic foraminifera. The result is a minimal kinetic fractionation effect on the 6180

of the shell. The large trends in 613C versus shell size suggest the presence of carbon

isotopic disequilibrium which McConnaughey [1989a,b] attributes to cross membrane

fluxes of metabolic CO2.

As a second test of the "McConnaughey hypothesis" we plot each species' 613C values

against its 6180 values to determine if the data exhibit slopes near +1 which trend away

from realistic equilibrium points (Figure 3.10). The data for G. scitula is sufficiently
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detailed for a direct, quantitative comparison. The slope for G. scitula is +0.8 (r2=O.44,

n=l0). The slope for G. scitula is close to that predicted by the "McConnaughey

hypothesis". However, using a slope of +0.8 to +1 to determine an equilibrium point (and

thus a calcification depth range) implies (1) that G. scitula calcified in waters of 500-600 m,

and (2) that its 6180 is at least l% lower than equilibrium. Because the calcification depth

predicted for G. scitula in this manner is at least 200 m deeper than the actual collection

depth of most of the G. scitula we studied, it seems unlikely that the 6180 effect postulated

by McConnaughey [1 989a,b] operates in this species of foraminifera.

The remaining species do not have sufficient data to calculate a meaningful &0/&13C

slope. If we assume they calcified with disequilibrium slopes near +1 as suggested by

McConnaughey [1989a,b], then G. hexagona would have calcified between 800-1000 m,

while G. calida and left-coiling N. pachydenna would have calcified close to 100 m. All of
these species would thus have calcified in much deeper waters than we predict assuming

oxygen isotopic equilibrium. In the case of G. hexagona, as with G. scitula, the

calcification depth would have to be deeper than its collection depth in our plankton tows.

This seems unlikely. We conclude these species of foraminifera exhibit carbon isotopic

disequilibrium, but calcify in equilibrium with respect to oxygen. The carbon isotopic

disequilibrium appears to be a rate dependent function of metabolism, most likely related to

temperature.

3.7 CONCLUSIONS

G. scitula and G. hexagona reside in, and record the 5180 of the SSM and NPIW

respectively. 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 Pacific on geologic time scales. Two other species collected at depth in our

samples, left-coiling N. pachyderma and G. calida, were not exclusively associated with

sub-surface water masses in the California Current. The 5180 of these two species confirm

they calcified in the upper watercolumn, indicating their occurrence in the deep samples

was the result of a settling event. Carbon isotopic disequilibrium in these four species

appears to increase with decreasing depth habitat. Increased metabolic rate in response to

wanner temperature provides the most plausible explanation for the increase in carbon



isotopic disequilibrium at shallower depths. Independent knowledge of calcification

temperature (Ta) may enable the translation of asymbiotic foraminiferal 13C into

paleoceanographic records of 13CDIC.
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4.1 ABSTRACT

Preliminary results are presented from the September, 1987 to September, 1988

deployment of the Multitracers Project, a moored sediment trap experiment in the California

Current. Three sediment trap moorings were deployed on a transect off Cape Blanco at

130,280 and 650 km offshore. The seasonal distribution of foraminifers in the California

Current at 42°N reflect variations in the temperatures and water masses present at each site.

The winter assemblage of foraniinifers at the sites 130 and 280 km offshore are comprised

mainly of the subarctic/ transitional species: N. pachydenna (right), N. dutertrei, G.

bulloides, G. quinqueloba, and G. glutinata. From late June to September, 1988 at the site

130 km offshore G. bulloides, G. falconensis, N. pachyderma (left) and the P-D

Intergrade category record high fluxes, apparently in response to upwelling conditions.

The subtropical species 0. universa, G. ruber and T. humilis. are most important at the site

650 km offshore. The foraminiferal communities present from September, 1987 to

September, 1988 off Cape Blanco seem to be more diverse, but less productive than

assemblages from the Alaskan Gyre at Station P (45°N 150°W) as described in the

literature.

4.2 INTRODUCTION

The planktonic foraminifera exhibit broad changes in abundance and diversity in

northeast Pacific sediments from the Miocene to present (Ingle, 1973). These changes in

the structure of the planktonic foraminiferal community are generally interpreted as a

response to variations in regional oceanographic and climatic regimes. Yet the exact nature

of these climatic changes is not well understood. It is unknown whether the observed

fauna! variations reflect changes in coastal upwelling driven by local winds, or if they are

linked to large-scale variability in the California Current System. Study of the temporal and

spatial variability in the modern system provides an analog to the long-term fluctuations

seen in the sediments, and will aid in developing more accurate reconstructions of the

region's climatic history.



4.3 ENVIRONMENTAL SEI1I'ING

4.3.1 Circulation and Water Masses

The Multitracers experiment compares various geochemical and micropaleontological

methods that are used to estimate paleoproductivity. One of the goals of the project is to

determine the conditions under which these methods are reliable. The data available for this

analysis include sediment trap samples, hydrographic data, and gravity and piston cores.

In this paper we analyze foraminiferal flux time series from the first year of the study:

September, 1987 to September, 1988. The study sites are located on an east-west transect

off Cape Blanco at 130, 280 and 650 km from the coast (Figure 4.1). We refer to the three

sediment trap moorings as "Nearshore" (42.086°N 125.77 l°W), "Midway" (42.192°N

127.578°W), and "Gyre" (41.542°N 132.016°W). Particulate flux at 1000 m depth is

collected by sediment trap sample cups that are set to rotate at approximately two month

intervals, yielding six samples per year at each of the three sites. The dates and durations

of sampling times are listed in Table 4.1. The entire flux series will eventually span the

four year period from September, 1987 to September, 1991.

Recent work addresses separately the temporal (Deuser, 1987; Deuser et al., 1981,

Reynolds and Thunell 1985,1986; Thunell and Honjo, 1987; Sautter and Thunell, 1989) or

spatial (Fairbanks and Wiebe, 1980; Kroon and Ganssen, 1989) distribution of foraminifers

in the modern ocean. The goal of these previous studies is to relate foraminiferal

distributions to changing hydrographic conditions (e.g., Thunell and Honjo, 1987; Be et

at., 1985; Kroon and Ganssen, 1989). A key element of our study is to assess both the

spatial and temporal variability from three sediment traps deployed in the California Current

off Oregon. We compare the foraminiferal flux records to changes in local hydrographic

conditions and bulk organic carbon flux, a measure of export productivity (Eppley and

Peterson, 1979; Eppley, 1989). General descriptions of the hydrographic conditions in

upwelling regions, and specifically off the coast of Oregon and California can be found in

Smith (this volume) and in the section to follow.
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Table 4.1

Multitracers foraminiferal species fluxes, September, 1987 to September, 1988 in units of shells/m2/day

Days per sample:

(a) >150 ism size
fraction
0. wliversa
G. ruber
0. calida
0. bulloides
C. falconensis
C. digrata
T. humilis
G. quinqueloba
N. pachyderma (L.)
N. pachyderma (R)
N. dutertrei
C. hexagona
C. isflara
C. crassafor,nis
P-Dlntergrade
C. scuula
C. glutinata
G. iota
C. bradyi

Nearshore samples Annual Midway samples Annual Gyre samples Annual

25 Oct 24 Dec 22 Feb 22 Apr 21 June 16 Sep 25 Oct 24 Dec 22 Feb 22 Apr 21 June 14 Sept 25 Oct 24 Dec 22 Feb 22 Apr 21 June 23 Sept
33 60 60 60 60 87 27 60 60 60 60 85 30 60 60 60 60 94

4 9 Il 0 4 6 6 38 17 9 0 0 It 13 64 81 5 17 1 27 33
0 4 4 0 0 27 6 10 13 6 0 0 0 5 7 60 1 0 0 1 12
0 2 4 0 16 0 4 0 0 0 2 0 0 0 4 7 2 6 1 13 6
8 30 13 0 5 260 53 0 4 86 41 2 5 23 0 2 8 51 0 5 11
4 0 2 0 2 655 Ill 0 11 IS Il 2 6 8 0 0 1 28 0 3 5
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11 0 3 2
8 0 24 0 25 0 10 14 Ii 9 6 0 14 9 9 9 9 6 9 11 9

43 53 135 2 72 566 145 0 2 21 21 4 17 II 0 0 0 0 1 2 I
47 197 188 6 14 27 80 5 47 77 56 2 t2 33 2 2 4 21 0 7 6
16 47 15 0 1 3 14 0 6 36 6 2 9 10 0 4 1 4 0 10 3
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 I 0 0 0 0 0
0 0 0 0 0 0 0 0 0 2 2 0 0 1 0 0 1 0 0 0 0
0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 I 2 0 0 1

16 0 41 0 3 239 50 0 6 17 17 0 0 7 0 1 0 0 1 2 I
35 0 2 2 6 0 8 10 0 0 47 0 It It 0 0 0 11 1 I 2

4 11 19 0 6 0 6 0 9 19 26 0 0 9 2 4 0 28 0 4 6
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 1

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 I 0

Total t85 353 460 10 154 1783 491 77 26 297 235 12 85 139 79 162 24 185 5 93 91

(b) 125-150 tm size
fraction
O.wliversa 0 0 0 0 I 0 0 0 0 0 0 0 0 0 0 0 1 9 0 0 2
G.ruber 0 2 13 0 0 0 3 0 0 0 0 0 0 0 I 4 0 0 0 0 1
G.calida 0 0 75 0 50 0 21 0 9 IS 38 0 3 Il 0 0 I 9 0 0 2
C. buflojdes 27 9 58 0 5 21 20 0 0 90 II 2 3 t8 0 0 0 0 1 0 0
G.falconensis 0 6 21 0 0 19 8 0 0 tI 26 0 0 6 0 0 0 0 0 0 0
G.rubescens 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0
T.humilis 0 0 2 0 3 0 3 0 0 2 0 2 0 1 9 t 6 26 9 18 12
G.quinqueloba 19 11 4t9 2 53 t 84 0 62 71 165 11 8 53 2 2 0 6 3 20 6
N. pachyderma (L) 35 38 216 2 25 99 69 0 9 41 34 2 5 IS 0 0 0 4 3 0 I
N. pachyderma (li) 19 38 38 0 18 3 19 5 6 77 30 0 3 20 2 2 0 4 1 0 2
N. dutertrei 47 15 88 2 5 0 26 5 0 66 41 4 5 20 1 2 0 0 0 3 1
G.hexagona 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 I 0 0 0 0 0
P-DL'uergrade 12 6 43 0 5 12 13 5 0 0 17 0 3 4 0 0 0 4 0 4 1
C.scieula 16 4 Ii 0 4 0 6 tO 0 4 41 2 2 10 2 0 I 2 2 3 2
C. glutinata 4 It 75 4 6 0 17 0 6 51 49 2 2 18 2 5 2 28 3 18 10
Giota 0 0 0 0 9 0 2 0 0 0 28 0 0 5 0 0 0 0 0 0 0
C.bradyi 0 0 0 0 14 0 2 0 0 0 2 0 0 0 0 0 0 0 0 0 0

Total 179 140 1059 10 198 155 290 25 92 428 482 25 34 177 19 t7 11 94 22 66 38
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1979). A second transition, the Coastal Transition Zone (CTZ) occurs between 100 and

250 km from the coast near our study sites (Lynn and Simpson, 1987; Kosro et aL, 1990;

Strub et al., 1990). West of the CTZ lies North Pacific Central water, while east of the

CTZ is water produced by coastal upwelling. This water is a mixture of subarctic Pacific

water and equatorial Pacific water brought into the region by the poleward flowing

California Undercurrent. Equatorial Pacific water is high in temperature, salinity and

nutrients (Lynn and Simpson, 1987). Water of upwelling origin is characterized by

relatively low temperature, high salinity, and high nutrients.

Our three sediment trap moorings sample a variety of environments. The "Nearshore"

mooring, at 130 km from the coast is near the CTZ boundary. The "Midway" mooring at

280 km from the coast is within the southward flowing California Current, which lies

between 250 and 350 km from the coast (Lynn and Simpson, 1987; Hickey, 1979). The

"Gyre" site, 650 km from the coast, samples both the central and subarctic Pacific water

masses. The east-west nature of our transect provides us with a strong productivity

gradient between sites.

This transitional region is characterized by strong interannual variability in physical

factors such as current strength (Chelton, 1981), sea level pressure (Davis, 1976) and

phytoplankton biomass. Based on satellite measurements, high phytoplankton pigment

concentration associated with the spring transition are sometimes observed as far offshore

as 300 km, while in ENSO years, the spring transition is far less dramatic (Thomas and

Strub, 1989). Roesler and Chelton (1987) find that biomass of large zooplankton in the

Ca1COFI region off southern California is largely dependent on interannual variability in

current strength. Years of strong southward flow bring subarctic species farther south,

while the situation is reversed in ENSO years. The distribution of planktonic organisms in

the California Current is strongly affected by their physical environment.

4.3.2 The Coastal Transition Zone

The CTZ is delineated by a southward flowing geostrophic jet located some 50-100 km

from the coast (Kosro et al., 1990; Strub et al., 1990). Much of the spring and summer

flow in the California Current appears to be associated with this 30-50 km wide jet which



transports between 2 and 3 Sv (Kosro et al., 1990). Inshore of the jet, chlorophyll "a"

concentration is patchy, but generally high (Hood et al., 1990,1991; Abbott and Zion,

1985,1987; Peláez and McGowan, 1986). To the west of the jet, waters are more

oligotrophic, as demonstrated by warmer surface temperatures, and lower chlorophyll "a"

concentrations (Strub et al., 1990; Hood et al., 1990,199 1).

Seasonal variability within the coastal region is strongly linked to fluctuations in wind

forcing (Huyer, 1977). Northerly winds drive coastal upwelling and produce offshore

Ekman transport that is greatest in July (Figure 4.1). Vertical velocities in the surface layer

reach a maximum during September in response to variations in wind stress curl (Huyer,

1983). Summer temperature gradients are generally east-west in response to coastal

upwelling, while those in winter are predominantly north-south (Figure 4.1). Coastal

upwelling causes shoreward shoaling of isolines of salinity, temperature, density and

nutrients, while winter downwelling in response to southerly winds reverses this pattern

(Landry et al., 1989; Huyer, 1977). Seasonal changes in wind forcing are also related to

the winter-time presence of the poleward Davison Current, which flows along the

continental shelf (Hickey, 1979).

Active coastal upwelling is limited by the Rossby radius of deformation to a band 10-20

km from the coast. Yet waters influenced by coastal upwelling can be observedmore than

100 km from the coast, after being carried offshore by advection and eddy diffusion

(Figure 4.1) (Huyer, 1983). Our Nearshore site, while not within the zone of active

coastal upwelling, is located within the range of a prominent, recurring filament off Cape

Blanco and thus is influenced by coastal upwelling processes (Ikeda and Emery, 1984).

4.3.3 Temperatures at the Study Sites

Figure 4.2 illustrates the average seasonal temperature cycle as a function of depth

based on monthly means from the Atlas of the North Pacific Ocean (Robinson, 1976).

Data is binned at 10 latitude and longitude and at five depths: 0,30,61,91 and 122 m to

produce monthly temperature charts. The Nearshore site is the coolest of the three

locations. Monthly mean surface temperatures at Nearshore (130 km from the coast) are

slightly greater than 16°C in September and cool water less than 9°C is present above 91
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m in response to summer upwelling (Figure 4.2a). In contrast, the Midway and Gyre sites

have mean surface temperatures up to two degrees warmer at the same time (Figure

4.2b,c). At the Gyre site water less than 9°C is not present above 122 m in summer

(Figure 4.2c). Monthly mean temperatures at the Nearshore and Midway sites are coldest

from February through April when the 10°C isotherm outcrops. The 10°C isotherm does

not outcrop at Gyre, the warmest site.

To assess the short-term temperature variability at our sites, we compare the Robinson

(1976) monthly averages to SST measured along ship tracks and at CTh stations, during

two week long Multitracers cruises in September, 1987 and March, 1990 (Collier

unpublished data) (Figure 4.3). The Robinson (1976) averages and CTD data from March

are in good agreement, indicating low cross-shelf SST variability in winter. In contrast,

the September, 1987 SST data indicate strong cross-shelf variability during the upwelling

season. The SST values measured along the ship track are consistently cooler than the

Robinson averages (Figure 4.3), and the CTD station data indicate increasing SST

variability toward the coast. At the Nearshore site, CTD temperatures range from

approximately 11.5°C to 17°C over this two week period in September, 1987. The changes

in surface temperature are related to either cold filaments meandering east-west off Cape

Blanco, or the advection of eddies through the study site. The Robinson (1976) average

SST values decrease toward the coast, but sampling bias, in addition to spatial and

temporal averaging smooth out much of the mesoscale variability associated with coastal

upwelling conditions.

4.3.4 Organic Carbon Flux

Figure 4.4 displays the organic carbon flux data in units of j.tglcm2/yr from the first

year of the Multitracers project (Lyle et al., 1991; Collier et al., 1989). These data are

useful for comparison to the foraminiferal flux data because they provide a concurrent

measure of export flux to 1000 m at each location. Given the large interannual variability at

our sites, the temporal patterns observed in this first year of organic carbon flux data are

not necessarily representative of the average organic carbon flux at our locations (Lyle et

al., 1991; Welling et al., this volume).
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A prominent feature in both the first and second year of data is the offshore decrease in

organic carbon flux. During the first year of the Multitracers project the organic carbon

flux maxima shifts later in the year from Nearshore to the offshore sites. Organic carbon

fluxes at Nearshore reach values of almost 700 tgkm2/yr from January to April. At

Midway, high fluxes occur from February through June, with peak fluxes of 400

j.tgIcm2/yr occurring during May and June. At the Gyre site, the period of maximal flux

also occurs from May through June, with peak values of approximately 300 J.tg/cm2/yr.

All three sites show dramatic decreases in flux values from late June to July during the first

year of the project.

4.4 METHODS

4.4.1 Samvle Processing

Six samples at approximately two month intervals were analyzed from three sediment

traps deployed during the first year of the Multitracers experiment (September, 1987

September, 1988). Splits from the same samples were processed for organic carbon

content (Collier, et al., 1989) and planktonic foraminifer counts. For foraminiferal faunal

analysis, sample splits of generally 1/16 or 1/64 size are first cleaned of organic matter

using a solution of H2O2, buffered at pH 7.0-7.5 by the addition of NH4OH and NH4C1.

The samples are then wet sieved into >63 and <63 p.m size fractions. The >63 p.m size

fraction is further wet sieved using ethanol or pH 7.0-7.5 water into 63-125 jim, 125-150

jim, and >150 p.m size fractions.

4.4.2 Taxonomy

Foraminifers in the 125-150 p.m ("small") and >150 p.m ("large") size fractions are

identified to species level using the taxonomies of Parker (1962) and Be (1977). The

number of foraminifers present in each sample split varies from tens of individuals to



several hundred individuals. Foraminiferal data presented here is given in shell flux

(shells/m2/day). We use size fractions of 125-150 j.tm and >150 j.tm to facilitate

comparisons with work in the Gulf of Alaska done by Reynolds and Thunell (1985, 1986)

and Sautter and Thunell (1989) who measure foraminifers >125 jim, and sediment studies

such as CLIMAP (1976), who measure foraminifers >150 p.m. Slight differences between

our taxonomy and the taxonomy used by other workers must be taken into consideration

when comparing results from various projects. We recognize a Pachyderma-Dutertrei

Intergrade category, in keeping with CLIMAP taxonomy (Kipp, 1976). Reynolds and

Thunell (1985, 1986) and Sautter and Thunell (1989), did not use this category. One goal

of our analysis is to evaluate the ecological validity, as opposed to the taxonomic utility, of

the P-D Intergrade category.

4.5 RESULTS

4.5.1 Total Foraminferal Flux

We identify twenty species of planktonic foraminifers at the three Multitracers localities

(Table 4.1). Thirteen of these species account for over 98% of the total flux (Figure 4.5).

Of the three sites, Nearshore has the highest total foraminiferal shell flux (Figure 4.5, 4.6).

The annual average flux at this site is 780 shells/m2/day and reaches peaks of 1,500

shells/m2/day between January and February and 2,000 shells/m2lday between late June

and September (Figure 4.6a). The foraminiferal community at Nearshore is composed

primarily of seven species: Neogloboquadrina pachydenna (left), Globigerinafalconensis,

N. pachyderma (right), Globigerina quinqueloba, Globigerina bulloides, P-D Intergrade,

and Neogloboquadrina dutertrei. These species exhibit decreases in their annual average

shell flux from the Nearshore site at 130 km to the Gyre site 650 km from the coast (Figure

4.5).

The species composition at Midway is similar to that at the Nearshore site (Figure 4.5).

Annual average fluxes at the Midway site reach 318 shells/m2/day, with maximal values of

approximately 1,000 shells/m2/day from January through April (Figure 4.6b). Fluxes

throughout much of the remainder of the year at this site are roughly a factor of four less
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than those observed during the flux maximum. Species with large contributions to the total

shell flux at this site include G. quinqueloba, N. pachyderma (right), G. bulloides, N.

dutertrei, Globigerinita glutinata, and Globorotalia scitula (Figure 4.5).

The total flux at the Gyre site is lower than at the more coastal sites (Figure 4.5, 4.6).

Total fluxes at Gyre do not exceed 500 shells/m2/day in any of the two month samples,

resulting in an annual average flux of 130 shells/m2/day. Maximal flux at Gyre (450

shells/m2/day) occurs in March and April (Figure 4.6c). The foraminifers with highest

fluxes at this site include Orbulina universa, Turborotalita humiis, and Globigerinoides

ruber. Although their fluxes are greater at Nearshore and Midway G. glutinata, N.

pachyderina (right), G. quinqueloba, and G. bulloides also contributed significantly to the

total flux at Gyre.

The two size fractions show differing flux patterns at the three sites (Figure 4.6). The

small size fraction accounts for approximately 60% of the annual flux at Nearshore,

compared to approximately 40% at Midway and 30% at Gyre. Larger shells are most

common at the Nearshore site from July to September whereas flux of the smaller size

fraction peaks in January and February. At the Midway site, foraminifers in both size

fractions reach their maximum fluxes from January through April. Fluxes at the Gyre site

are comprised mostly of large foraminifers.

4.5.2 "Uywelling "fauna

G. bulloides and N. pachyderma (left) exhibit flux patterns with a small peak in the

winter or spring depending on site, and a larger peak (in the >150 j.tm size fraction) from

late June through September, which occurs only at the Nearshore site (Figure 4.7). G.

falconensis and the P-D Intergrade categories have similar seasonal flux patterns (Table

4.1). G. bulloides is present at the Nearshore site from September to February, 1988 and

has fluxes that reach 100 shells/m2/day from January to February (Figure 4.7a). At

Midway, from January to February fluxes of G. bulloides are 200 shells/m2/day, but the

summer flux period that was present at Nearshore is absent (Figure 4.7b). Fluxes of G.

bulloides from late February to April at the Gyre site are comparable to the Nearshore

winter flux period.
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The foraminiferal flux from late June to September at the Nearshore site is coincident

with the timing of maximum coastal upwelling off Cape Blanco (Figure 4.1). SST data

from the September, 1987 Multitracers cruise demonstrate the presence of cold

(presumably upwelled) water at our Nearshore location for at least part of the time, during

the period of maximal upwelling (Figure 4.3). From June through September, 1988,

fluxes of G. bulloides reach 300 shells/m2/day at Nearshore. Specimens of G. bulloides

also exhibit interesting morphologic differences between the winter and summer peaks.

Individuals collected during the winter, and especially those at the Gyre site tend to be

thinly calcified and sometimes have spines, while individuals collected in the summer are

more thickly calcified and lack spines.

Like G. bulloides, N. pachyderma (left) exhibits high fluxes at the Nearshore site, and

has diminishing fluxes at the offshore sites. N. pachyderma (left) exhibits two periods of

maximal flux at Nearshore. A brief flux maximum of over 300 shells/m2/day (Figure 4.7d)

occurs in January and February. This winter flux event is comprised of small individuals.

The second flux peak occurs from late June to September. Flux at this time approaches 700

shells/m2/day and is composed mainly of large individuals. The presence of N.

pachyderma (left) is greatly attenuated at the Midway site, reaching only 75 shells/m2/day

from January through April (Figure 4.7e), and is essentially absent at the Gyre site (Figure

4.70.

4.5.3 Subarctic/Transitional Fauna

N. pachyderma (right) and N. dutertrei, reach flux maxima during the fall and winter at

Nearshore and decrease in flux offshore (Figure 4.8). The species G. quinqueloba, G.

glutinata, and Globorotalia scitula (Table 4.1) also exhibit flux maxima that occur in the fall

or winter at the Nearshore site and later in the year at Midway and Gyre, showing some

similarity to the flux patterns of N. pachyderma (right) and N. dutertrei.

Flux of N. pachyderma (right) is highest at Nearshore, around 250 shells/m2/day,

from November through February (Figure 4.8 a). At the Midway site, the occurrence of

N. pachydenna (right) is shifted later in the year and extends from November to late April

(Figure 4.8b). Peak flux at Midway is approximately 150 shells/m2/day and occurs from
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January to February. At the Gyre site, fluxes of N. pachyderma (right) decrease to less

than 30 shells/m2/day. Maximum flux occurs later in the year at Gyre occurs (March to

April) than at Nearshore or Midway (Figure 4.8c). N. dutertrei exhibits a broad flux

peak at Nearshore from September to February, with maximum values near 100

shells/m2/day from January to February (Figure 4.8d). The majority of the flux of this

species at this site is of small individuals. The flux of N. dutertrei at Midway is similar in

magnitude to that at Nearshore, but is shifted later in the year occurring from late

December through April (Figure 4.8e). At the Gyre site the flux ofN. dutertrei is greatly

diminished (Figure 4.80.

4.5.4 Subtropical Fauna

The spatial and temporal patterns apparent at Gyre are markedly different from those at

Nearshore and Midway. Species such as N. pachyderma (right), G. quinqueloba, G.

glutinata, and G. bulloides exhibit later timing and diminished fluxes at Gyre relative to

Nearshore and Midway. In addition to these differences, 0. universa, G. ruber and 1'.

humilis reach their highest fluxes at Gyre (Figure 4.9). 0. universa, is most common here

from October to December reaching fluxes of approximately 80 shells/m2/day. G. ruber

shows a distributional pattern similar to that of 0. universa (Table 4.1). During the latter

part of the year at the Gyre site, from March through September, the species T. humilis

reaches its highest flux values (Figure 4.90. The flux values of T. humilis drop

considerably at the Midway (Figure 4.9e) and Nearshore sites (Figure 4.9d).

4.6 DISCUSSION

4.6.1 Relations between Foraminifers and Hydrography

From September, 1987 to September, 1988 the foraminifers present at the Multitracers

sites are primarily from the subarctic, transitional and subtropical foraminiferal provinces of
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Bradshaw (1959), Parker (1962), and Be (1977). These species can be further grouped

based on the processes related to their spatial and temporal patterns at the three Multitracers

locations.

The forarniniferal flux peak which occurs from late June, 1988 to September, 1988 at

the Nearshore site is coincident with the timing of maximum coastal upwelling off Cape

Blanco (Figure 4.1). This fauna is composed primarily of the cold water species G.

bulloides, G. falconensis, the Pachyderina-Dutertrei Intergrade category, and the Arctic

morphotype N. pachyderina (left). Sea surface temperatures obtained along the ship track

during the September, 1988 Multitracers cruise demonstrate the presence of cold surface

water at our Nearshore location for at least part of that time (Figure 4.3). Cold surface

temperatures are most likely related to east-west meandering cold filaments, which carry

coastal waters offshore. These features are prominent in other years in Coastal Zone Color

Scanner (CZCS) and Advanced Very High Resolution Radiometry (AVHRR) satellite

images from this region (Ikeda and Emery, 1984; Abbott and Zion, 1985, 1987; Peláez and

McGowan, 1986). We infer the presence of cold water species at Nearshore during

summer to reflect the offshore advection of cold, upwelled water. We refer to these cold

water species as the "Upwelling" fauna. Species in the "Upwelling" fauna are also present

during the winter at the Nearshore and Midway sites, although their winter-time presence at

Nearshore and Midway appears to be related to subarctic, rather than upwelling conditions.

The distributional pattern of G. bulloides at Nearshore is particularly striking with

regard to this point. While this species is utilized extensively as an upwelling indicator

(e.g., Cullen and Prell, 1984; Mderson et al.; Curry et al; Steens et al.; Thiede and Junger;

Thunell and Sautter, all this volume) it is also well know that its global distribution is

predominantly subarctic in the open ocean (Bradshaw, 1959; Be, 1977; Vincent and

Berger, 1981). The bimodal flux pattern exhibited by G. bulloides at Nearshore (Figure

4.7a), and the phenotypic variability we observed, which has also been reported by

Reynolds and Thunell (1986), suggests there may in fact be two populations of this species

present at our Nearshore site. The Nearshore location is far enough north (42°N) and close

enough to the coast (130 kin) to sample both a subarctic population of G. bulloides in

winter, and an upwelling related population of G. bulloides in summer (Figure 4.7a).

The observation of a seasonally bimodal distribution for G. bulloides and other species

of the "Upwelling" fauna implies the need for great caution when using them as upwelling

indicators in sediment studies at high latitudes. Because information regarding the seasonal
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production of these species is lost in the sedimentary record, the annual average fluxes or

percent abundance of these species in the sediments do not reflect upwelling conditions

alone, but rather a combination of upwelling and subarctic conditions at high latitude sites.

Because the positions of current systems and water masses vary interannually and on

geologic time scales, limiting studies to locations closer to the coast may not be sufficient to
resolve this dilemma.

In addition to cold water species, the summer sample at Nearshore includes specimens

of the subtropical species 0. universa and G. ruber (Figure 4.9a, Table 4.1), indicating that

near surface waters were warm and stratified for at least part of the 80 day sampling period.

There are two possible physical regimes that could produce the foraminiferal pattern

recorded at Nearshore from late June through September, 1988. The first is mesoscale

variability in the flow field, related to meandering filaments or the advection of eddies, the

second is continuous thermal stratification. The combination of warm and cold fauna

recorded in the Nearshore summer sample would reflect patchy distributions if the first

explanation applies or species-specific depth habitat stratification if the second explanation

applies. Given the variability in the September, 1987 SST measurements (Figure 4.3) and

knowledge that July through September is the time of maximum offshore Ekman transport

at this latitude (Huyer, 1983), we favor the mesoscale variability explanation.

The influence of subarctic water at the Nearshore and Midway sites during the winter is

clearly evident in the community composition of these sites from October through

February. This community is composed of species from both the "Upwelling" fauna (see

above) and the subarctic/transitional fauna. Subarctic/transitional species with distributions

at our sites related to cold winter conditions, but unrelated to upwelling conditions include

N. pachyderma (right), G. quinqueloba, N. dutertrei, G. calida, G. glutinata and G. scitula

(Figure 4.5 and 4.9, Table 4.1).

4.6.2 Subtropical Conditions

In contrast to the more coastal sites, the Gyre fauna are indicative of warmer waters.

The subtropical species 0. universa (Figure 4.9) and G. ruber (Table 4.1) were common

during the warmest months at this site, in response to the northward shift in the divergence
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of the North Pacific Current and the presence of North Pacific Central water. As the

divergence of the North Pacific Current moves southward and the influence of the

subarcticPacific water mass increases, significant fluxes of subarctic species such as G.

bulloides, (Figure 4.7c), N. pachyderma (right) (Figure 4.8c) and G. quinqueloba (Table

4.1) occur at the Gyre site. While these species are not as common numerically at the Gyre

site as they were at the Nearshore and Midway sites, they compose a significant fraction of

the relatively small, total foraminiferal community at Gyre (Figure 4.5) during the cooler

times of the year.

The subtropical species T. humilis (Figure 4.9) is present at the Gyre site throughout

much of the year but accounts for 20% of the total flux at this site from January through

March and 40% from May through July (Figure 4.9). This species is seldom discussed in

the literature, apparently because it is rare in comparison to other species and because most

studies focus on size fractions greater than 150 p.m. Vincent and Berger (1981) identify

this species as subtropical, with most common occurrence in sediment samples from the

South Pacific between 25°S and 45°S. The summer, offshore maximum of this species fits

well with its description as subtropical in nature.

4.6.3 Relations between the Foraminfers and Organic Carbon Flux

The offshore decrease in organic carbon flux (Figure 4.4) at our sites is paralleled by an

offshore decrease in the total forarniniferal shell flux (Figure 4.6). Many of the individual

species present during this first year of the project demonstrate this general pattern of

decreasing offshore flux (Table 4.1). Although correspondence between the two types of

data is not perfect, increases in foraminiferal flux seems to lead those in organic carbon

flux. This feature can be seen in contour plots of the data sets as a function of offshore

distance and time (Figure 4.10).

The apparent lead of the foraminiferal flux over organic carbon flux could be related

at least in part to the higher settling velocities of the foraminiferal shells. Foraminiferal

shells greater than 125 p.m in size should reach our 1000 m traps in order seven days or

less, based on a settling velocity of 150 rn/day or greater (Fok-Pun and Komar, 1983).



C,,

0
0
0
E
0
L.4
ci

C.)

C
0
-4
(I,

I JU

'a

I,

a,

a,

Foraminifer Shell flux
I I I I I I

a ? 3./8O.
I III

fr4. i!62.

200
/

/ I

/
/ /
/ 4p0

/

II

1
/ / I

/ /606
/ /

' I

Iii

!O0j$18./425. .4?(LJ.I8. 15.

.1518://21.

r.',EI I 1 FF14 WA --

J.i.jiitT.x.ii.ipi

I I I I/I/Il II p I

ba.' 3. 5. / 2.

/ 1i
8.

/
I I

/ I / tt
/ / a

/00/
/

I'

/
I Ii Ii

/ I
I

/ 200 1200
I / / Ii

/ / / 1'
I / 300 3001

_iY° 99. L5
400

500\
24Pc507.\\68.- 430.

1iONDJ FMAMJJAS

Gy re

Midway

J ear shore

Gyre

Midway

Nearshore

110

Figure 4.10 (a) Foraminifer shell flux >125 p.m. contours of 200 shells /m2/day and (b)

organic carbon flux, contours of 100 j.tg/cm2/yr at the Multitracers sites from

September, 1987 to September, 1988. Contours are hand drawn. Dashed lines mark
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While a quantitative settling time for the organic particles or aggregates in our traps is

difficult to estimate due to a lack of information regarding their size and density, organic

matter generally settles at slower rates than dense particles such as foraminiferal shells

(Siegel et al., 1990). A second possible cause for the lead-lag relationship may be related

to differences between the recycling of organic matter and calcite by the planktonic

community (Legendre and Le Fèvre, 1989; Williams et.al., 1989). Regeneration of

organic matter occurs at shallower depth and higher rates than the regeneration of calcite

(Walsh et al., 1988). Knauer et al. (1990) observe an inverse correlation between maximal

primary production and carbon and nitrogen based estimates of new production in the

VERTEX sediment trap time series. These relationships could result in a lag time between

the production of organic matter in surface waters and its eventual export from the system

which would not occur for exported calcite.

While there seems to be a general correspondence between primary production rates,

organic carbon flux and foraminiferal shell flux which all decreases offshore, it is unclear

how the timing of primary productivity is related to the timing of exported organic carbon

and foraminiferal shells at our sites. Determining if this hypothesized lead-lag relationship

is a recurring feature in this region will require further analysis. The three additional years

of Multitracers data, with improved sample resolution (one month to two weeks for some

deployments) will allow us to resolve this issue.

4.6.4 Comparison to Alaskan Gyre: Station P

4.6.4.1 Fluxes and Diversity

Annual average shell fluxes at Station P (45°N l50°W) from October, 1982 through

August, 1986 range from 1,471 to 4,918 shells/m2/day (Sautter and Thunell, 1989). In

contrast, the annual average shell fluxes we observe at the Multitracers sites from

September, 1987 to September, 1988 are 780, 318 and 130 shells/m2/day for Nearshore,

Midway and Gyre respectively. This pattern is consistent with bulk carbonate flux, which

is higher at Station P (Reynolds and Thunell, 1985) than at the Multitracers sites (Dymond,

personal communication). These differences could result from interannual variability, or
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reflect a difference in the relative productivities of the foraminiferal communities at these

localities. Analysis of the next three years of the Multitracers time series will provide an

estimate of the foraniiniferal flux variability at the Multitracers sites, and help to resolve this

question.

The assemblage of foraminifers at the Multitracers sites during 1987-88 are much more

diverse than those recorded at Station P from 1982 to 1986. We observe some twenty

different species at the three Multitracers sites, although thirteen subarctic, subtropical and

transitional species account for over 98 percent of the annual average flux (Table 4.1 and

Figure 4.5). Seven minor species that are present, include three transitional to subarctic

forms: Globorotalia inflata, Globigerinita iota, and Globigerina bradyi, and four tropical

forms: Globorotalia crassaformis, Globigerina rubescens, Globigerina digitata, and

Globigerina hexagona. Individuals of these species may represent expatriated populations

that do not reproduce under the conditions at our sites. In contrast, only seven species are

reported in the assemblage of foraminifers at Station P: G. quinqueloba, N. pachyderma

(left), N. pachyderna (right), G. bulloides, G. glutinata, G. scitula and 0. universa

(Reynolds and Thunell,1985; and Sautter and Thunell, 1989). No one species at the

Multitracers sites ever accounted for more than 27% of the annual average shell flux. In

contrast, at Station P the species G. quinqueloba always accounts for more than 45% of the

annual average shell flux (Sautter and Thunell, 1989). Thus, the annual assemblages of

foraminifers at the Multitracers sites are not dominated by a single species during this first

year of the Multitracers study, while the annual assemblages at Station P are always

dominated by a single species.

While we stress that our results are preliminary, this comparison between the Alaskan

Gyre and the Multitracers sites is consistent with Bradshaw's (1959) study of over 700

plankton tows from the North Pacific. Bradshaw (1959) notes that while foraminiferal

standing stock is greatest in the subarctic region which, includes the location of Station P,

diversity is greatest in the transitional region, which includes the Multitracers locations.

Recent sediment trap studies, such as the Multitracers project are improving our

understanding of the fossil record by demonstrating possible seasonal bias in the sediments

and exploring the linkages between changes in foraminiferal flux, diversity, and

environmental variability.
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4.6.4.2 N. pachyderma (Left and Right) and the P-D Intergrade Category

The temporal distribution of N. pachydenna (left) and N. pachyderma (right) in the

Alaskan Gyre are distinct due to the differential temperature tolerances of the two

morphotypes (Reynolds and Thunell, 1986, Sautter and ThunelI, 1989). N. pachyderma

(left) is prevalent when surface temperatures are less than 8°C, while N. pachyderma (right)

is more common when surface temperatures exceed 8°C (Reynolds and Thunell, 1986).

Surface temperatures at the Multitracers sites are in general warmer than at Station P, with

the possible exception of the Nearshore site during the coastal upwelling season (Figure

4.3). The distribution of N. pachyderma (left) (Figure 4.7d-f) and N. pachyderma (right)

(Figure 4.8d-f) are distinct at the Nearshore site, but overlap at the Midway location where

temperatures are wanner. At Gyre, the warmest of the three sites N. pachyderma (left) is

virtually absent, while flux of N pachyderma (right) still occurs. The left and right coiling

populations of N. pachyderma sampled across the California Current thus exhibit

overlapping spatial and temporal patterns similar to the well studied latitudinal coiling

gradients seen in the sediments and in living populations (e.g., Ericson, 1959; Be, 1969;

Be, and Tolderlund, 1971; Echols and Kennett, 1973).

Comparison of our work with that of Reynolds and Thunell (1985,1986), and Sautter

and Thunell (1989), must be made with some caution due to the difference between our

taxonomies regarding the P-I) Intergrade category. The overlapping seasonal and spatial

distributions of N. pachyderma (left) (Figure 4.7d-f), N. pachyderma (right) (Figure 4.8a-

c) and N. dutertrei (Figure 4.8d-f) demonstrate that gradational forms between these

species are possible, but by no means necessary. It is interesting to note that when N.

pachyderma (left) was most common, left coiling P-D individuals were most common, and

that when N. pachyder,na (right) was most common, right coiling P-D individuals were

most common. If the P-I) Jntergrade category is an artificial taxonomic construct, then

incorporation of its individuals into the N pachyderma (left) and N. pachyderma (right)

taxons would emphasize the separation in the distributions of N pachyderma (left) and N

pachydenna (right) at our sites. This effect would be greatest at Nearshore where the

highest fluxes of the P-I) Intergrade category occur, and the distributions of N.

pachyderma (left) and N. pachyderma (right) are already distinct. Alternatively, if the P-I)

Intergrade category does indeed represent a morphological gradation between N.

pachyderma and N dutertrei one would expect its distribution in time and space to present

a distinct pattern which could be linked to environmental variability, rather than random
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variability resulting from taxonomic noise. Our data seems to indicate that theP-D

Intergrade category may simply be a taxonomic convenience, without strong environmental

meaning at these localities.

4.7 CONCLUSIONS

1. The seasonal distribution of foraminifers in the California Current off Cape Blanco

reflect variations in the temperatures and water masses present at each site. The thirteen

common species of foraminifers from the subarctic, transitional and subtropical

forarniniferal provinces can be grouped in terms of their spatial and temporal distributions,

which are related to specific processes acting at each site (see A, B, C below) such as the

offshore advection of upwelled water, or changes in the location of associated water

masses.

(A) The species G. bulloides, N. pachyderma (left) G. falconensis and the P-D

Intergrade category exhibit maximal fluxes at Nearshore from late June through September,

presumably in response to coastal upwelling. Yet fluxes of these cold water species are

relatively high during the winter when subarctic water is present at our sites and upwelling

is minimal. The annual average fluxes and percent abundance of these species in the

sediments thus reflects a combination of subarctic and upwelling conditions. Sedimentary

studies at high latitudes that attempt to use these cold-water species as upwelling indicators

will overestimate the influence of upwelling recorded in the sediments if information

regarding the seasonal production of the indicator species is unknown.

(B) Subarctic/transitional species with maximal fluxes at Nearshore during the late fall

and winter that decrease offshore include: N. pachydenna (right), N. dutertrei, G.

quinqueloba, G. glutinata and G. scitula. The distributions of these subarctic and

transitional species is consistent with the occurrence of moderate to cold temperatures and

is related to subarctic/transitional conditions at these sites during the fall and winter.

(C) Species of subtropical origin exhibit flux maxima at Gyre and decrease in flux

toward the coast. These species include: 0. universa, G. ruber and T. humilis.
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2. The foraminiferal shell fluxes at the Multitracers sites from September, 1987 to

September, 1988 are lower than those in the Alaskan Gyre recorded from October 1982

through August 1986 (Sautter and Thunell, 1989). These differences could result from

interannual variability, or reflect a difference in the relative productivities of the

foraminiferal communities at these localities. Annual average assemblages of foraminifers

at the Multitracers sites are more diverse and less dominated by one species than any of the

annual assemblages from Station P.

3. The offshore decrease in organic carbon flux at our sites is paralleled by an offshore

decrease in the total forarniniferal shell flux during this first year of the project. Although

correspondence between the data are not perfect, increases in foraminiferal flux seems to

lead those in organic carbon flux. The apparent lead of the foraminiferal flux over organic

carbon flux could be related to the higher settling velocities of the foraniiniferal shells or to

differences between the recycling of organic matter and calcite by the planktonic

community. Additional years of data will be necessary to determine if this lead-lag

relationship is a recurring feature at these localities.
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5.1 ABSTRACT

We evaluate the reliability of statistical estimates of sea surface temperature (SST)

derived from planktonic foraminiferal faunas using the modem analog method and the

Imbrie-Kipp method. Global core top faunas provide a calibration data set, while modem

sediment trap faunas are used for validation. Linear regression of core top predicted SST

against atlas SST generated a slope of 0.98±0.01 for the modem analog method and

0.93±0.02 for the Imbrie-Kipp method. The associated intercepts were 0.4 ± 0.3°C for the

modem analog method, and 1.7±0.4°C for the Imbrie-Kipp method. The Imbrie-Kipp

transfer function thus had an intercept 1.3°C warmer than modem analog estimates and

1.7°C warmer than recorded atlas SST. The RMS error for the core top modem analog

method (1.5°C) was smaller than that of the Imbrie-Kipp method (1.9°C). SSTerrors for

the sediment trap faunas were not statistically different from those of the core top data set,

regardless of method. Developing Imbrie-Kipp transfer functions for limited regions

reduced the RMS variability, but introduced residual structure not present in the global

Imbrie-Kipp transfer function. Dissolution simulations with the sediment trap sample

which generated the warmest SST residual for both methods suggests that the loss of

delicate warm water foraminifera from mid-latitude sediments may be the cause of this

thermal error. We conclude that (1) the faunal structure of sediment trap and core top

assemblages are similar; (2) both methods estimate SST reliably for modem foraminiferal

flux assemblages, but the modem analog method exhibits less bias; and (3) both methods

are relatively robust to samples with low communality, but sensitive to selective faunal

dissolution.

5.2 INTRODUCTION

Because sea surface temperature (SST) provides an important climate diagnostic on a

variety of spatial and temporal scales, we assess the reliability of paleo-temperature

reconstructions derived from planktonic foraminiferal faunas. The two techniques most

commonly used to estimate paleo-temperature from these microfossils are the transfer

function method of Imbrie and Kipp [1976] and the modem analog method of Hutson

[1980]. Do these two methods provide consistent, unbiased paleo-temperature estimates?
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A potential problem is most evident in the temperature dilemma of the low-latitude Last
Glacial Maximum (LGM) ocean where microfossil paleo-temperature reconstructions differ
from other methods by as much as 2- 3°C, and are inconsistent with climate model results

[Rind and Peteet, 1985]. Statistical reconstructions based on microfossils [e.g., CLIMAP

1976; 1981] suggest that low latitude SST was at most 2-3° cooler than modem. This 2-
3°C cooling was indicated by several types of microfossils [Molfino et al., 1982].

Broecker [1986] compared these fmdings with planktonic foraminiferal 6180 and

concluded the 5180 data was also reasonably consistent with a 2-3°C cooling. In contrast,
results derived from coral Sr/Ca paleothermometry [e.g., Beck, 1992; Guilderson et al.,

1994] and a variety of terrestrial based methods [e.g., Rind and Peteet, 1985] suggest that

low latitude glacial SST may have been as much as 5-6°C cooler than modern. Because of

this apparent discrepancy, we reevaluate the reliability of statistically based microfossil SST

estimates derived from planktonic foraminiferal faunas using the transfer function method

of Imbrie and Kipp [1976] and the modern analog method of Hutson [1980]. Our analysis

differs from previous sediment based studies in that we estimate SST for sediment trap

assemblages caught in the water column as well as for core tops. This test is designed to

assess whether smoothing and modification involved with the generation of the fossil

record induces bias in foraminiferal faunal SST estimates.

5.3 METHODS

5.3.1 Core Top and Sediment Tray Data Sets

Prell [1985] demonstrated that the modern analog method of Hutson [1980] yields

essentially identical SST results to the transfer function approach of Imbrie and Kipp

[1971] in core top faunas from each major ocean basin. However, SST validation based

on core top data alone has several potential sources of bias. These include: (1) stratigraphic

sampling errors, (2) dissolution errors, and (3) bioturbation which mixes together

foraminifera from different times. It is also possible that the statistical correlation to SST

which is observed in the core tops is not present in the living faunas but rather is a
secondary artifact of the sedimentation process.
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The first three problems may be expressedas either random error or systematic bias in

the SST estimates derived from either method. We assess random error, by calculating the

RMS error for each method. We assess systematic bias in each method by determining the

slope and intercept of actual versus estimated SST regressions, and testing for residual

trends. To address the fourth problem, we assembled a validation data set of foraniiniferal

faunas from thirteen sediment trap locations (Figure 5.1) including our three sites at 42° N

in the California Current and previously unpublished data from a site in the Equatorial

Pacific (MANOP, Site C). We compare the sediment trap validation data set with a

calibration data set of 1121 core tops (Figure 5.2) composed of those from Prell [1985] and

selected samples from Parker and Berger [1971], Coulbourn et al. [1980], and Thompson

[1991 ii. We refer to this data set as the core top data base.

The sediment trap data are of known modern age and essentially free of dissolution.

Table 5.1 provides information regarding the locations of the sediment trap faunas, while

Table 5.2 lists the annual average species abundance for the MANOP Site C fauna. These

samples have the disadvantage of short integration times, ranging from several months to

six years. Poorly resolved inter-annual variation may affect the results. To assess this

affect, the modern analog method and Q-mode factor analysis provide quantitative estimates

of how different the sediment trap faunas are from the sedimentaiy faunas. Unlike the core

top data set, the sediment trap faunal counts are not all based on the >150 p.m size fraction.

While variations in sieve size introduce some uncertainty in the sediment trap to core top

comparison, the residual errors we obtained are uncorrelated with sieve size variations.

Any bias introduced by this source of error is thus not systematic.

5.3.2 0-mode Factor Analysis and Imbrie-Kipp Transfer Functions

As a first step in the comparison of core top and sediment trap faunas, we calculated a

Q-mode factor model for the global core top data base following Imbrie and Kipp [1971].

Q-mode factor analysis provides an objective, quantitative means of simplifying complex

data sets. This is accomplished by decomposing the core top data matrix (Ut) into a factor

score matrix (F1), a factor loading matrix (B), and an error matrix (Eat):

Uct = B + (1)
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Table 5.1

Locations and sources of the sediment trap faunas.

and Map Index (°N) (°W) (m) (months) Size
(1) Gulf of Alaska 50.00 -145.00 3800 52.0 >125 Annual Sautter and Thunell [1989] JFR 19 253-267(2) Nearshore 42.09 -125.77 1000 12.0 >150 Annual Ortiz and Mix [1992] in Upwelling Systems(3) Midway 42.19 -125.58 1000 12.0 >150 Annual Ortiz and Mix [1992] in Upwelling Systems(4) Gyre 41.54 -132.02 1000 12.0 >150 Annual Ortiz and Mix [1992] in Upwelling Systems(5) San Pedro Basin 33.55 -118.50 500 7.0 >125 Jan-July Sautter and Thunell [1991] JFR 21 347-363(6) Sargasso Sea 32.08 -64.25 3200 72.0 >125 Annual Deuser [1987] JFR 17 14-27;

Deuser and Ross [1989] JFR 19 268-293(7) Central Pacific 15.35 -151.47 978 2.0 >100 Sept-Oct Thunell and Honjo [1981] Mar. Geo. 40237-253
(8) Tropical Atlantic 13.52 -54.00 389 3.2 >100 Dec-Feb Thunell and Honjo [1981] Mar. Geo. 40 237-253(9) Panama Basin 5.35 -81.88 890 12.0 >125 Annual Thunell and Reynolds [1984] Micropaleo. 30243-262(10)MANOPSiteC 1.00 -139.00 1089 29.5 >150 Annual This study
(11) King George B -62.37 -57.83 687 5.4 >125 Nov-May Donner and Wefer [1994] DSR 1411733-1743(12) N. Weddell Sea -62.44 -34.76 868 13.8 >125 Annual Donner and Wefer [1994] DSR 141 1733-1743(13) Maud Rise -64.91 -2.55 4456 37.3 >125 Annual Donner and Wefer [19941 DSR 141 1733-1743

360,352

a Results averaged from three depths.

t\)
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Table 5.2

Annual average species percent abundance
at MANOP Site C

Taxonomic Group Relative Abundance (%)
0. universa 0.2
G. conglobatus 0.6
G. ruber (Total) 21.6

G. ruber (Pink) 0.0
G. ruber (White) 21.6

G. tenelus 1.0
G. saccu1fer (Total) 9.6

G. sacculfer (with out sac) 5.7
G. sacculfer (with sac) 3.9

G. adamsi 0.1
G. aequilateralis 4.5
G. calida 6.2
G. bulloides 8.8
G. faclonensis 1.4
G. rubescens 2.5
T. humilis 0.5
Right-coiling N. pachyderma 0.2
N. dutertrei 9.4
G. conglomerata 2.0
G. hexagona 2.0
P. obliquiloculata 8.2
G.scitula 1.5
G. menardii (Total) 2.3

G. menardii 0.9
G.tumida 0.8
G. menardiiflexuosa 0.6

G. glutinata 16.5
G. pumilio 0.1
Unidentified 0.9

aBased on 2 years of data with 23 month resolution; Total may not sum
to exactly 100% due to rounding
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U1, the core top percent abundance data is based on counts of n =27 planktonic

foraminiferal taxa in N = 1121 core tops. Each core top fauna in is row normalize so

that its sum of squares is unity. The elements of the factor score matrix, Ft describe "rn"

varimax rotated assemblages composed of weighted contributions from each of the 27 taxa
(see Table 5.3). A varimax rotation is applied to so that the resulting assemblages

remain close to the centroid of the sample data. This rotation has the advantage of

producing assemblages with generally positive coefficients that are more easily interpreted

than an unrotated oblique solution. The elements of describe the relative contribution

of each varimax assemblage to each core top sample. The model fit is described by its

communality. A perfect model fit is achieved when communality goes to 1, and E= 0.

We use the transpose of the core top factor score matrix (FTt)to evaluate the structure

of the sediment trap data matrix (U) by determining a factor loading matrix (Bt) for the

sediment trap data set:

FFt = + (2)

This assumes that the core top assemblages apply to the sediment trap data set. If this

assumption is not correct, the resulting sample communality will be low, the elements of

Et will be non-zero, and the distribution pattern of Bt with respect to some enviromnental

variable such as SST will not match that of Bet.

The core top factor loadings in were regressed against SST to develop a stepwise

least squares regression. Following Imbrie and Kipp [1971], we include squared and

cross product terms for each factor in the stepwise regression. These terms are included in

the fmal regression if their partial F-value exceeds the critical5% significance threshold.

They are included so that our results can be compared with equations of the type developed

for CLIMAP [1976; 1981] and because each factor may exhibit nonlinear, parabolic

responses to temperature and/or interactive effects [Imbrie and Kipp, 1971]. The

regression coefficients from the global Imbrie-Kipp transfer function are used with the
sediment trap factor loadings in to determine Imbrie-Kipp temperature estimates for

each of the sediment trap faunas. The transfer function SST is compared with seasonally

weighted SST from each trap location obtained from Levitus [1982]. The SST weighting

for each trap temperature is determined from its duration and deploymentseason.
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Table 5.3

Factor scores for the seven factor, varimax rotated,
Q-mode factor model based on 1121 coretops.

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7
Taxona G. rub. Ti G. men. T. N. pac. L. G. inf N. dut. G. bulli P. obliq.

G.sac. T. G. glut.
0. universa 0.02 0.00 0.00 0.03 0.00 0.01 0.01
G. conglobatus 0.05 0.01 -0.00 0.00 -0.00 0.00 0.04
G. ruber(Totar)b 0.90 -0.05 0.01 0.06 -0.05 -0.11 -0.11
G. tenelus 0.04 -0.01
G. saccu1fer (T0)b 0.31 0.07
S. dehiscens 0.00 0.03
G. aequilateralis 0.10 0.01
G. calida 0.05 -0.01
G. bulloides -0.03 0.06
G.faclonensis 0.05 -0.01
G.digitata 0.01 0.02
G. rubescens 0.03 -0.01
G. quinqueloba -0.01 -0.01
Left-coiling N. pachyderma 0.02 -0.00
Right-coilingN. pachyderma -0.04 -0.09
N. dutertrei 0.02 0.03
G. conglomerata 0.01 0.04
G. hexagona 0.02 0.01
P. obliquiloculata 0.01 0.12
G. inflata -0.02 0.03
Left-coilingG. tnuwatulinoides 0.02 0.01
Right-coilingG. truncatulinoides 0.02 0.01
G.crassaformis 0.01 0.01
G. hirsuta 0.01 0.00
G. scitula 0.01 -0.00

-0.01 -0.00 -0.00 0.02 0.00
0.03 -0.02 0.04 -0.08 0.02
0.00 0.00 -0.00 -0.00 0.01

-0.01 -0.00 0.01 0.02 0.11
-0.01 0.01 0.01 0.01 0.06
0.17 0.13 -0.06 0.81 -0.16

-0.04 0.13 -0.03 0.05 -0.02
0.00 0.01 .0.00 0.00 -0.00

-0.01 -0.01 -0.00 0.02 0.01
0.12 0.01 0.01 0.06 -0.01

0.97 -0.03 -0.01 -0.07 0.04
0.04 0.26 0.10 0.05 0.04
0.02 0.08 0.98 0.01 0.00
0.00 -0.01 0.01 0.00 0.03

-0.00 -0.01 0.01 0.02 -0.01
0.03 0.03 -0.04 -0.03 0.93

-0.02 0.92 -0.09 -0.07 0.03
-0.01 0.09 -0.02 0.00 -0.03
0.01 0.10 -0.03 0.01 -0.02
0.00 0.02 0.00 -0.01 -0.00

-0.01 0.05 -0.01 -0.01 -0.01
-0.00 0.03 0.00 0.02 -0.00

G. menardii (Total)b 0.05 0.97 0.03 0.04 0.01 0.04 0.07
G.glutinata 0.26 -0.14 -0.12 -0.12 0.05 0.55 0.27
1nformationPerFactor' 27.4% 12.1% 8.4% 12.5% 14.6% 11.5% 5.1%

species for each factor are listed in the second row, their values in listed in boldface.
bG. ruber (Total)= G. ruber (white) and G. ruber (pink), G. saccu1fer (Total) G. sacuWer and G.
trilobus, G. menardii (Total) = G. menardii, G. tumida, and G. menardii neoflexuosa.
tTotal information explained: 91.5%
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5.3.3 The Modern Analog method

We calculate modern analog SST from the sediment trap faunas using thecore tops as

the calibration data set. We then compare these SST estimates with measured SST values
from Levitus [1982] at the sediment trap locations. As a final test of the modem analog

method we estimated modem analog SST for each core top in the data base by comparison

against eveiy other core top in the data base. This global calculation is similar to the

separate ocean basin calculations of Prell [1985]. It allows us to evaluate the level of

variation in the sediment trap versus core top comparison against the level of variation

observed in the core top data set.

The modem analog method compares planktonic foraniiniferal assemblages in samples

with unknown environmental conditions (SST in this application) with core tops from

locations with known environmental conditions. The two basic assumptions for the

modem analog method are similar to those of the Imbrie-Kipp transfer function. The first

assumption is that similar foraminiferal faunal assemblages are produced by similar suites

of environmental conditions. The second assumption is that SST is the environmental

variable which determines variation in foraminiferal assemblages or is correlated with

environmental variables which determine foraminiferal variation.

The first assumption holds well for most of the world ocean. One notable exception to

the rule occurs at very high northern and southern latitudes. At these climatic extremes, the

foraminiferal fauna becomes essentially monospecific, dominated by left-coiling N.

pachydenna. However, high southern latitudes are cooler by 1-2°C than high northern

latitudes. Because foraminiferal faunas attain essentially monospecific status well before

extremely cold southern ocean SST values are reached, use of a global data set to predict
modem analog SST at extremely high latitudes can give erroneous results due to the

averaging of SST from both hemispheres. To avoid this problem, we follow the standard
procedure of Prell [1985] and compare high latitude (northern) southern hemisphere trap

samples against (northern) southern hemisphere core top samples only.

Assessment of the second assumption is more problematic. For relatively small spatial

scales and short time scales, absolute abundance assemblages of planktonic foraminifera

from plankton tow and seasonal sediment traps demonstrate greater control by biological

factors (food availability and light) than temperature [Fairbanks and Wiebe, 1980; Watkins
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et al., 1995; Chapters 2 and 4]. Here we focus on the relative abundance of foraminiferal

assemblages at large spatial scales, integrated over time scales of generally longer than the

annual cycle. Under such conditions foraniiniferal core-top assemblages exhibit relatively

strong relationships to SST [e.g., Imbrie and Kipp, 1971; Prell, 1985]. We wish to
determine whether the correlation to SST is also present in the global data set of annually
averaged sediment trap faunas.

Temperature estimates based on the modern analog method depend on averages of

sample-by-sample comparisons. The squared chord distance between the target sample and
each core top in the data base is used as a measure of inter-sample dissimilarity:

md[ 1/2 . 1/2i2
Pik -Pjk .i (3)

k=1

In this notation, is the squared chord distance between the ith and th samples and Pik

and Pjk represent the fractional percentages of the kth species in samples i andj. The use of
the squared chord distance tends to increase the importance of rare species and decrease the

importance of abundant species in the difference calculation. As a result, differences in the
abundant species alone do not dominate the resulting sample dissimilarity. Empirical

studies suggest that the use of the squared chord distance providesmore reliable results
than a variety of other dissimilarity measures [Prentice, 1980; Overpeck et al., 1985]. The
27 taxonomic categories used to calculate the squared chord distance are the same as those

used in the Q-mode factor analysis described above (Table 5.3). Using the values of as

the selection criteria, the SST values from the five core tops least dissimilar to the target

sample are averaged to estimate the modem analog SST for that sample. We use

arithmetic, rather than weighted averages when calculating analog estimates. Tests we have
conducted demonstrate that weighted averages are not significantly different from arithmetic

averages because the dissimilarity values of the analogs for a given sample do not strongly

weight the results.
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5.4 RESULTS

5.4.1 0-Mode Factor Analysis

Seven factor assemblages together account for 91.5% of the information in the global

core top data set. Table 5.3 lists the factor scores for each of these assemblages. The

seven factors group species with similar distributions into assemblages which individually

account for 5 to 27% of the total information. These assemblages correspond roughly to

oceanographic environments. For example, Factor 1, which is dominated by G. ruber

(combined white and pink forms) and G. saccul jfer, is important in warm, oligotrophic

regions, while Factor 3, composed of left-coiling N. pachyderma is indicative of cold,

high-latitude extremes.

To compare the sediment trap and core top foraniiniferal faunas, we apply the core top

factor scores to the sediment trap data, and extract factor loadings for each sample. Plots of

factor loading against SST from Levitus [1982] serve as a useful indication of sample

environment (Figure 5.3). In general, factor loadings from the two data sets have similar

trends with respect to SST. This is most clear for Factors 1, 3, 5 and 6 (Figure 5.3).

There are some potential differences between the two data sets. The amplitude of the

factor loadings for factors 2, 4 and 7 are diminished in the sediment trap assemblages

relative to the core top assemblages. The dominant species in these factors are relatively

rare in the sediment traps and abundant in some of the core top sediments. This could be a

sampling problem or may reflect a bias in the sediments. All of the species involved have

heavily calcified shells, suggesting that dissolution may enrich them in the sediments

relative to their abundance in the overlying water column.

Communality measures how well the information content of the foraminiferal faunas is

explained by the factor model (Figure 5.3h). For both core top and sediment trap faunas

the factor model explains adequate amounts of sample information at latitudinal extremes

(SST <z9°C, or >20°C), but explains relatively little information in the mid-latitude faunas at

SST from 9-15°C. Note that this pattern is seen in the communalities of both thecore top

and sediment trap faunas. In the sections to follow, we explore how the low sample
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Figure 5.3 Factor loadings and communalities versus sea surface temperature for the
global Q-mode factor model described in the text. Core tops are small open squares,
while sediment traps are large solid squares. Abbreviated names list the dominant species
for each factor. Percentages give information explained in the core top data set by each
factor. Panels 5.3a-g correspond to factors 1-7. Panel h displays sample communalities.
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communality may affect the SST estimates derived from the Jmbrie-Kipp and modem

analog methods.

5.4.2 Global Imbrie-Kipp Transfer Function

A statistically significant SST transfer function was developed using the core top data

set. The terms for this global Imbrie-Kipp transfer function are listed in Table 5.4. This

regression, based on 1121 samples, is significant at p<<O.Ol, has an r2 value of 0.93 and an

RMS error of 1.9°C. To make comparison between the core top and sediment trap

assemblages, we applied this transfer function to the sediment trap factor loadings. The

results of this sediment trap to core top comparison are displayed in Figure 5.4 and in Table

5.5.

We assess potential bias in the temperature transfer function in two ways: (1) using

simple linear regressions of actual SST against transfer function SST estimates (Figure

5.4a) and (2) with residual plots (Figure 5.4b,c). The core top SST estimates have a slope

of 0.93 ± 0.02 and intercept of 1.7 ± 0.4 at the 95% confidence limit with respect to the

Levitus SST values. When the transfer function is applied to the sediment trap samples the

SST estimates follow a slope of 0.92 ± 0.16 and intercept of 4.2 ± 2.8 at the 95%

confidence limit with respect to the Levitus SST values. The RMS error for the sediment

trap SST estimates with this method was 2.6°C. The slope of the core top regression is

significantly different from one, given the sample size of 1,121 core tops. The slope of the

sediment trap relationship is not significantly different from that of the core tops, or from

one, given the small sample size. The intercepts for both the core tops and sediment traps

are significantly different from zero. With the exception of the non-zero intercepts, the

SST residuals vary randomly as a function of Levitus SST in either data set (Figure 5.4b).

There is some indication of a residual trend in the sediment trap SST estimates as a function

of the communality of the factor model, but this trend is not present in the core top SST

residuals and not likely a significant feature (Figure 5.4c).
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Table 5.4

Coefficients for the global Imbrie-Kipp
transfer function

Term Coefficient
Intercept 27.6
Factor 3 -46.2
Factor4 -26.2
Factor 3 Squared 21.2
Factor 4 Squared 18.6
Factor 5 Squared -1.1
Factor 6 Squared -3.3
Factor 7 Squared 3.0
Factor 1 x Factor 3 72.8
Factor 1 x Factor 4 4.5
Factor 1 x Factor 6 5.4
Factor 2 x Factor 3 55.9
Factor 2 x Factor 4 13.4
Factor 2 x Factor 6 9.3
Factor 2 x Factor 7 -3.8
Factor 3 xFactor4 21.4
Factor 3 x Factor 5 20.0
Factor 3 x Factor 6 10.6
Factor 4 x Factor 6 -3.1
Factor 4 x Factor 7 19.7
Factor 5 x Factor 6 -6.0
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Figure 5.4 Results of the global Imbrie-Kipp transfer function. (a) Levitus SST versus
predicted SST. Diagonal lines mark a 1:1 relationship (long dash), and least squares
regressions for the core top (solid line) and sediment trap (short dash) samples. (b)
Levitus SST versus residual SST. (c) Residual SST versus factor model communality.
Lower communalities denote weaker factor model fit. Note reversed communality a.xis.
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Table 5.5

Global Imbrie-Kipp and Modern Analog temperature estimates
for the sediment trap faunas.

Modem Modern Imbue- Imbue-
Site Avgerage Sample Actual Analog Analog Kipp Kipp

Diss.a Comm.b Temp.' Temp.c Residual Temp.c Residual
GulfofAlaska 0.34 0.16 8.5 9.5 1.0 12.9 4.4
Nearshore 0.34 0.70 12.4 12.7 0.3 13.8 1.4
Midway 0.22 0.63 13.4 14.0 0.6 16.2 2.7
Gyre 0.58 0.23 14.4 18.5 4.2 23.7 9.3
SanPedroBasin 0.23 0.61 15.5 11.7 -3.8 15.4 -0.1
Sargasso Sea 0.27 0.83 23.1 23.4 0.4 26.6 3.6
Central Pacific 0.34 0.39 26.3 28.5 2.2 29.5 3.1
Tropical Atlantic 0.13 0.94 26.8 26.7 -0.1 29.6 2.8
PanamaBasin 0.11 0.97 26.9 27.5 0.6 24.6 -2.3
MANOPSiteC 0.06 0.97 26.3 28.1 1.8 28.9 2.6
KingGeorgeBasin 0.08 0.94 -0.6 2.0 2.6 2.9 3.5
N. Weddell Sea 0.04 0.95 -0.9 2.0 2.9 3.3 4.2
MaudRise 0.05 0.96 -0.5 1.7 2.2 3.4 3.9

a Average Diss. refers to the average dissimilarity of the five best Modem Analogs for each sediment trap sample.
Smaller values indicate greater similarity.
1) Sample Comm. refers to the sample communality of the sediment trap fauna derived from the seven factor, varimax
rotated, Q.mode Factor model. Values of 1.0 would denote perfect model fit.
c Actual Temp. refers to temperature in °C at the site derived from Levitus [1982]. Modem analog Temp. denotes the
estimated temperature derived from the Modern Analog Method as defined in the text. lmbrie-Kipp Temp. refers to the
estimated temperature derived from the global Imbrie.Kipp Method as described in the text.
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5.4.3 Modern Analog Results

We assessed potential bias in the modem analog SST estimates in the same manner as

for the Imbrie-K.ipp transfer function. The modem analog SST estimates for the sediment

trap samples are listed in Table 5.5. We determined modem analog SST for every sample

in the core top data base by comparing each sample against all other samples in the data set

(Figure 5.5a). These SST estimates have an RMS error of 1.5°C. The modem analog core

top SST estimates have a slope of 0.98 ± 0.01 and an intercept of 0.4 ± 0.3 relative to

Levitus SST. When core tops are used to estimate SST for each of the sediment trap

faunas, the resulting estimates have an RMS error of 2.2°C, follow a slope of 0.95 ± 0.15

and an intercept of 1.9 ± 2.5 relative to Levitus [1982]. There was no statistically

significant difference in the slopes or intercepts derived from the core top or sediment trap

data sets using the modern analog method. The intercepts for the modem analog SST

estimates were not significantly different from zero and were thus smaller than those for the

global Imbrie-Kipp transfer function. Using the core top data set, the slope for the modem

analog method was closer to unity than the slope for the global Jmbrie-Kipp transfer

function. Modem analog SST residuals displayed no significant trends as a function of

Levitus SST (Figure 5.5b) or average modem analog dissimilarity (Figure 5.5c). This was

true for both the core top and sediment trap modem analog SST estimates.

5.5 DISCUSSION

These two methods of estimating paleoceanographic temperature have received

considerable scrutiny over the past two decades. However, not all of these studies have

reached the same conclusions regarding the relative applicability of the two methods. Prell

[1985] compared the two methods using core top and glacial maximum samples from the

Atlantic, Indian and Pacific basins. He concluded that they provided similar results within

each basin, and that transfer functions calibrated for a specific basin worked best in that

basin. Prell [1985] did not present results for a global comparison, nor did his work

include any modem sediment trap samples. Anderson etal., [1989] made down core

comparisons of the two methods in the Coral Sea, and also concluded the two methods

provided similar results. Their findings accentuated the discrepancies between SST
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Figure 5.5 Results of the global modern analog method. Dashed and solid lines as
defined in Figure 5.4. (a) Levitus SST versus Predicted SST. (B) Levitus SST versus
residual SST. (c) Residual SST versus average sample dissimilarity. Greater dissimilarity
denotes less similar samples.
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estimates which suggest little cooling of the LGM low latitude Pacific and tenestrial

temperature estimates which imply a much larger low latitude thermal decrease.

Working with a calibration data set composed of 499 Pacific core tops, Le [1992]

compared these methods at two sites in the western Pacific. The primary conclusion of Le

[1992] was that the Imbrie-Kipp method provided consistent, reliable SST estimates and

that the modern analog method did not.

Methodological differences between the study of Le [1992] and those of Prell [1985]
and this study must be addressed. Le [19921 compared the two methods using 18 and 33

species for modern analog calculations, and a subset of 24 species for transfer function

calculations. This introduces a second variable into the comparison, making it difficult to
the determine if the obtained results are fundamental or potentially related to differences in

the species lists. Le [1992] made use of a smaller calibration data set than that of Prell

[1985] or this study, and evaluated the methods by comparing down core SST estimates

from two cores in a relatively small, low latitude region. The first of these factors

decreases the range of hydrographic variation included in the calibration data set, while the

second decreases the range of temperature variation over which the two methods were

assessed. While evaluating the temporal response of the two methods provides indications

of their precision, it cannot assess their accuracy at reconstructing true SST variation. For

these reasons, we employ global data sets of core top and sediment trap faunas as a means

of assessing both the accuracy and precision of the two methods over the full global SST
range.

5.5.1 Comparisons of Both Methods

We observed that the basic structure of the sediment trap and core top faunas relative to

SST were comparable by applying the core top factor model to the sediment trap data set.

The greatest differences between the two data sets occurred in mid-latitude faunas which

had relatively poor communalities and large modern analog dissimilarities relative to core

tops (Table 5.5). These may occur because (1) the global factor model does not adequately

resolve forarniniferal faunal variability in the mid-latitudes, and/or (2) delicate, soluble

individuals in the sediment trap faunas are unlikely to be well preserved in the geologic
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record. Although the results were considerably noisy, the sediments appear to be enriched
in robust species which remain after the dissolution of more fragile species from the

sediment trap faunas. Despite these differences, the core top calibration data set estimated

accurate SST for most of the sediment trap faunas.

To evaluate the temperature biases associated with the modem analog and global

Imbrie-Kipp SST estimates, we calculated simple linear regressions of actual SST against

estimated SST for both the core top and sediment trap data sets (Figure 5.4 and 5.5).

Three regression statistics (slope, intercept, and RMS error) are summarized in Table 5.6.

A slope significantly different from 1 indicates residual trends in the SST estimates. A

regression intercept significantly different from zero indicates a constant offset in the SST

estimates relative to the actual SST. Larger RMS errors indicate greater random error in the

SST estimates. Thus minimal temperature bias is displayed when slopes are close to 1,

intercepts are close to zero, and RMS errors are small.

Temperature estimates derived from the core top data set (n = 1121) using the modem

analog method came closest to this ideal, with a slope of 0.98 ± 0.01, an intercept of 0.4 ±

0.3 and an RMS error of 1.5°C (Table 5.6). The variability associated with the slope and

intercept of the regression are within the 95% confidence interval of the statistic. Using the

same core top data set, but estimating SST with the global Imbrie-Kipp transfer function

method resulted in greater temperature bias. This can be seen by comparing the core top

statistics down each column in Table 5.6. The statistics for the core top global Imbrie-Kipp

transfer function yield a slope of 0.93 ± 0.02 which is significantly different from one, an
intercept of 1.7±0.4 which is significantly different from zero, and an RMS error of

1.9°C, almost 0.5°C larger than the RMS error for the modem analog method (Table 5.6).

There appeared to be no statistically significant increase in SST bias for the sediment

trap data set relative to the core top data set. This can be seen by comparing similar

statistics across columns in Table 5.6. Differences between the two methods were less

distinct using the sediment trap data set (n = 13) than for the core top data set. Temperature

bias in the Imbrie-Kipp method for the sediment trap faunas was expressed as a slope of

0.92 ± 0.16, a non-zero intercept of 4.2 ± 2.8, and an RMS error of 2.6°C. The statistics
for the modem analog method using the sediment trap data set were a slope of 0.95 ± 0.15,

an intercept of 1.9±2.5, and an RMS error of 2.2°C (Table 5.6). The confidence intervals

associated with the much smaller sediment trap data set are wider than those of the larger,

core top data set. As a result, we cannot conclusively demonstrate differences in the level
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Table 5.6
Statistical comparison of the two methods.

Analysis Type Coretop Faunal Sediment Trap Faunal
Comparison (n=1 121) Comparison (n=13)

RMS Slope Intercept RMS Slope Intercept
Global Imbrie-Kipp
TransferFunction 1.9 0.93±0.02 1.7±0.4 2.6 0.92±0.16 4.2±2.8
Modem Analog Method
TemperatureEstimate 1.5 0.98±0.01 0.4±0.3 2.2 0.95±0.15 1.9±2.5



of bias associated with the two methods using the sediment trap data set alone. While the
RMS errors for the sediment trap SST estimates increased somewhat, changes in the slope

and intercept were not significantly different at the 95% confidence level. Differences in

the absolute values of the three statistics is most likely due to the small size of the sediment

trap data set relative to the core top data set.

The greatest potential systematic bias we observed using either the core top or sediment

trap data was related to the differences in the intercepts of the actual versus estimated SST

regressions for the two methods. Using the core top data set, the Imbrie-Kipp method

generated an intercept of 1.7 ± 0.4°C relative to Levitus SST. This value is 1.3°C warmer

than the 0.4°C ± 0.3 intercept of the modern analog method for the core top data set (Table
5.6).

Because Jmbrie-Kipp transfer functions are often developed for specific oceanic

regions, we generated two additional factor models and Imbrie-Kipp transfer functions

using (1) only samples from sites >8°C and (2) only samples from sites >20°C. The RMS

error in the >8°C equation was 1.9°C, while that for the >20°C equation was 1.3°C.

Despite RMS errors smaller or equal to the global Imbrie-KIpp equation, both regional

equations had more significant, systematic temperature bias than the global relationship

(Figure 5.6). This finding suggests the need for great caution when regional Imbrie-Kipp

transfer functions are employed. Extreme SST errors can occur if a down core

foraminiferal fauna was generated when the true paleo-temperature was outside the

calibration range of the data set (i.e., during "no analog" situations). Temperature

estimates within the thermal bounds of the data set may also be questionable due to the

systematic residual bias. Sample communality does not appear to provide a reliable

measure of when a sediment fauna is outside the range of the calibration data set (Figure

5.6).

The results in Figure 5.5, Table 5.5 and Table 5.6 indicate that the modem analog

method provides relatively unbiased estimates of SST over a range of almost 30°C. This

result is particularly impressive when one considers the relatively poor quality of the core

top analogs which were identified for many of the sediment trap assemblages. In all but

five cases, the average dissimilarity coefficient was greater than 0.12, a critical threshold

used in sediment studies as the "no analog" cutoff beyond which SST estimates are not

attempted [Overpeck et al., 1985]. While we do not recommend relaxing this constraint in

downcore studies, the robustness of the method is demonstrated by the fact that even when
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pushed well beyond the scope of its geologic application parameters, it still provided

accurate SST values for most of the sediment trap localities.

The two most severe SST errors in the sediment trap comparison occurred for traps in

the San Pedro Basin (-3.8°C) and at the Multitracers Gyre site (+4.2°C). Both of these

sites are located in the California Current Region where core tops are relatively scarce and

calcite dissolution is heavy. At least some of the temperature error associated with these

two traps must arise from inadequacy of the core top calibration data set. While both of the

errors described above are serious, similar situations are avoidable in down core

applications by careful attention to the quality of the modern analogs as indicated by the

magnitude of the dissimilarity coefficient. In a sediment application, erroneous SST

estimates such as those at Gyre and the San Pedro Basin would not be predicted if a critical

dissimilarity threshold of 0.12 were used as a cutoff criteria. In the final section, we

explore the error at Gyre in closer detail as a means of evaluating a potential dissolution

bias in the sediment record.

5.5.2 Assessing Potential Dissolution Bias in the Core top Data Set

The Gyre sediment trap is located in the California Current, 650 km off the southern

Oregon coast. On a seasonal basis, this site shifts froma summer/fall subtropical faunas
dominated by 0. universa and G. ruber , to a diverse winter/spring fauna rich in right-
coiling N. pachyderma , N. dutertrei, G. glutinata, G. quinqueloba, G. bulloides , and G.

falconensis. The remainder of the species in this fauna include G. calida, T. humilis and

G. scitula [Chapter 4]. The resulting flux-weighted annual average fauna is composed of
37% 0. universa, and 13% G. ruber.

In the underlying core top sediments of the northeast Pacific, 0. universa and G. ruber

accounts for 0-5% of the foraminiferal assemblage [Coulbourn et al., 1980]. An annually

averaged abundance of 37% for 0. universa exceeds expectations for its relative abundance

in the underlying recent sediments by at least 32%. Moreover, the 37% abundance for 0.

universa exceeds the maximum abundance for this species recorded in the entire global core

top data base by 19%. The 13% abundance for G. ruber exceeds expectations for its

relative abundance in the underlying sediments by at least 8%. Because these two species
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Figure 5.6 Results of the culled Imbrie-Kipp transfer functions. Dashed and solid lines as
defined in Figure 5.4. (a-c) Transfer function based on all core tops >8°C. (d-f) transfer
function based on all core tops >20°C. Note reversed communality axis.
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are indicative of waimer waters than the remainder of the species in the Gyre fauna, and

both are relatively sensitive to dissolution, it seems likely they contribute heavily to the

4.2°C warm temperature bias at the Gyre site.

To evaluate the contribution of these two species to this problem, we recalculated
modem analog SST for the three sediment traps in the Multitracers transect after

"numerically dissolving" the sediment trap faunas (Figure 5.7). We accomplished this by

making very simple assumptions of how dissolution might affect these samples. These

assumptions are that 0. universa and G. ruber would beremoved at equal rates at all three

sites and that no dissolution of other species would occur. This provides a very simple

scenario for evaluating the impact of these two species on estimated SST while holding all

other variables constant. Sensitivity studies were carried out on faunas with 50%, 75%

and 90% of the individuals of these species removed from the faunal list. The various

species percentages were recalculated following each "dissolution" step to preserve percent

abundance closure and then modem analog SST estimates were generated for the new
fauna.

Removal of up to 50% of the individuals of these two species results in SST estimates

which overlap within errors with the initial modem analog SST estimates for these three

samples (Figure 5.7). Thus the modem analog method is quite robust to moderate

dissolution. Removal of 75% of the individuals of these two species from the Gyre fauna

resulted in SST estimates which were similar to the historically recorded SST at that site.

In the more coastal sites, removing greater than 50% of these two species resulted in SST

underestimates of 1-3°C. This result suggests the Gyre site thermal bias derives from the

high relative abundance of 0. universa and G. ruber in the sediment traps at the Gyre site, a

no analog condition in the traps relative to the regional core tops due to the removal by

dissolution of these fragile species from the fossil assemblage. Unfortunately, simply

culling these species from the list used in the calculation of sample dissimilarities does not

solve this preservation problem. We conducted additional experiments in which we

excluded these two species from the taxonomic list and then recalculated modem analog

SST. In the absence of these species from the dissimilarity function matrix, analogs for

slightly more northern latitudes are selected, and the resulting modem analog SST

underestimates the true SST.
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Figure 5.7 Effects of numerical dissolution scenarios on modern analog temperature
estimates from the Multitracers sediment traps. Error bars of ±1.5°C apply in all cases,
but for clarity are shown only for 0% and 75% simulations. See text for further details.
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5.6 CONCLUSIONS

We reassessed the utility of the Imbrie-Kipp and modem analog methods of estimating

paleo-temperature from foraminiferal faunas. Our approach differs from previous sediment

based calibration studies because we use global core top faunas for calibration and sediment

trap faunas for validation. The basic structure of the sediment trap and core top faunal

assemblages are comparable. The greatest difference occurs in mid-latitude faunas where

the sediment traps have poor communalities relative to core tops. These differences may

arises from the scarcity of core tops in mid latitude regions as well as the presence of

delicate, soluble forms in the sediment traps which are unlikely to be well preserved in

sediments. Despite these differences, the core top calibration data set effectively estimated

SST for most of the sediment trap faunas. The modem analog method exhibited less

systematic and random bias than the Imbrie-Kipp method over the full range of global SST.

The global Imbrie-Kipp transfer function generated SST estimates with an intercept 1.3°C

warmer than modem analog SST estimates and 1.7°C warmer than Levitus SST. Regional

Imbrie-Kipp transfer functions exhibited greater systematic bias, and equal or smaller

random bias than the global Imbrie-Kipp transfer function. We conclude that (1) the faunal

structure of sediment trap and core top assemblages are similar; (2) both methods estimate

SST reliably for modem foraminiferal assemblages, but the modem analog method exhibits

less bias; and (3) both methods are relatively robust to samples with low communality, but

sensitive to selective faunal dissolution.
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6.1 ABSTRACT

Planktonic foraminiferal data from a zonal transect off the west coast of North America

reflect the thermal and nutrient gradients at 42°N during the present, and at the last glacial

maximum (LGM). The glacial offshore thermal gradient derived from modem analog

paleo-temperature and Globigerina bulloides 180 was similar to that of the modem

California Current, but temperatures averaged 3.3 ± 1.5°C colder. Warm offshore and cool

coastal water implies that the sites remained in the transition zone, monitoring the
southward flow of the glacial California Current. We conclude that during the LGM the

Polar Front remained north of 42°N on annual average. G. bulloides ö13C values during

the LGM were lower than modem water column values as far as 650 km offshore.

Accompanied by high accumulation rates of planktonic foraniinifera, this finding suggests

an enhancement of the nutrient content and foraminiferal productivity of the glacial

California Current. At these locations marine organic carbon and coastal diatom

accumulation rates decreased during the LGM. These seemingly contradictory results are

reconciled by model simulations of the local wind field which suggest that offshore wind-

stress curl (and thus open-ocean upwelling) increased, while offshore Ekman transport

(and thus coastal upwelling) decreased at the LGM. The modem upwelling ecosystem of

the California Current is characterized by high nutrients, high chlorophyll and high organic
export flux. In contrast, the glacial ecosystem with its associated high nutrients, low

chlorophyll and low organic export flux was similar to the ecosystem of the modem Gulf
of Alaska. Two physical mechanisms may have contributed to the glacial enhancement in

offshore nutrient content (1) open-ocean upwelling, or (2) enhanced southward flow of

nutrient-rich water upwelled in the transition zone.

6.2 INTRODUCTION

We report on conditions in the California Current during the last glacial maximum

(LGM). Previous studies of this region suggest that surface waters cooled by 2-4°C

[Moore, 1973; Moore et al., 1980] and that export production decreased during the LGM

[Lyle et al., 1992; Sancetta, et al., 1992]. However, the spatial detail of these studies was



limited to 3 or fewer cores at different latitudes. We reconstruct the zonal temperature and

nutrient structure off 42°N at the LGM using 10 cores spaced at =10 intervals from 125° W

to 134° W. We then compare our results with local wind field simulations using an

atmospheric regional climate model (RegCM) to evaluate the oceanic response to possible

wind forcing change. Our primary concerns in this study are to evaluate the relationship

between the modern and glacial wind driven circulation patterns, and their effect on the

oceanic ecosystem. These sites are well situated to monitor these climatic changes because

they are located in the transition zone between the modem North Pacific subarctic and

subtropical gyres. By reconstructing the zonal thermal gradient here we infer divergence in

the glacial surface water circulation and thus the location of the Polar Front, the boundary

between the subarctic and subtropical gyres. Had the glacial Polar Front moved to a

position south of these sites, flow across the transect would have been northward, similar

to the Alaskan Stream off British Columbia today. This would be indicated by warmer,

nutrient-depleted, water near the coast, and colder, nutrient-enriched water offshore. If the

glacial Polar Front stayed to the north, these sites would have remained within a

southward-flowing glacial California Current, with colder nutrient-enriched water near the

coast and warmer nutrient-depleted waters offshore.

6.3 METHODS

6.3.1 Modern Sediment Trap and Plankton Tow Data

We compare modern foraminiferal faunas from sediment traps and plankton tows with

local fossil assemblages obtained from well preserved, glacial sediments (Figure 6.1, Table

6.1). It is necessary to compare glacial faunas with sediment trap and plankton tow faunas

(rather than core top faunas) at these locations because the highly corrosive bottom waters

of the modem North Pacific have radically altered the Holocene sediment assemblages

[Lyle et al., 1992]. Tn comparison, glacial age faunas of the North Pacific are well

preserved [Karlin et al., 1992; Zahn et al., 1991b}. To collect the modem forarniniferal

faunas, moored sediment traps of the OSU six and thirteen cup designs [Fischer, 1984]

were deployed across the California Current at 42°N as part of the Multitracers project.
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Table 6.1

Multitracers core and trap locations.

Map Core Age Latitude Longitude Depth Length
Symbol name Controla (°N) (°W) (m) (cm)

Sediment Cores
2 6706-2 Type land 2 42.16 124.94 1120 390
13 W8709A-13PC

AIvIs14c
42.12 125.75 2717 872

53 W8809A-53GC A.Ms 14C 42.75 126.26 2408 258
21 W8809A-21GC &14 42.14 126.91 2799 255
8 W8709A-O8PC

14c 42.26 127.68 3111 875
29 W8809A-29GC

AlvIs'4c
41.80 129.00 3136 266

31 W8809A-31GC A.Ms '4c 41.68 130.01 3136 266
57 W8909A-57GC euvls 14C 41.58 130.62 3330 252

1 W8709A-01BC Type 1 41.54 131.96 3680 48
48 W8909A-48GC Type 1 41.33 132.67 3670 251

Sediment Traps
13 Nearshore Trap N/A 42.09 125.77 1000 N/A
8 Midway Trap N/A 42.19 127.58 1000 N/A
1 Gyre Trap N/A 41.54 132.02 1000 N/A

1 is carbonate stratigraphy, Type 2 is conventional 14C dating of bulk organic
matter [Spigai, 1977].
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Located 121, 280 and 650 km offshore, the sediment trap sites are referred to as

Nearshore, Midway, and Gyre respectively.

The sediment trap data used here were originally presented as seasonal fluxes in

Chapter 4. For comparison to the glacial faunas, we calculated >150-J.Lm flux weighted

annual averages at each site, then converted them to percent abundance. The

Neogloboquadrina dutertrei and Neogloboquadrina pachyderma - Neogloboquadrina

dutertrei (P-D) intergrade categories in the modern sediment trap faunas were combined for

consistency with our taxonomy in the glacial sediments and plankton tows. Paleo-

temperature estimates for the sediment trap foraminiferal faunas were generated using the

modern analog method of Hutson [1980] as described in Chapter 5.

6.3.2 Age Model Development

The piston, gravity, and box cores used in this study are archived in the Northwest

Consortium for Oceanographic Research (NORCOR) repository at Oregon State University

(Table 6.1). The carbonate maxima in the gravity and box cores were initially identified as

the LGM horizon (Figure 6.2) because the carbonate maxima in piston cores W8709A-8PC

and W8709A-13PC occurred at the LGM [Lyle etal., 1992]. This pattern holds for all

cores east of W8709A-O8PC (Figure 6.2). Percent carbonate data for piston core 6706-2,

and the Multitracers gravity cores are provided in Table 6.2. The corresponding data for

W8709A-8PC, W8709A-13PC, and W8709A-01BC are published in [Lyle etal., 1992].

AMS-'4C age models for piston cores W8709A-8PC and TC, and W8709A-13PC and

TC were also published in Lyle et al. [1992]. We incorporate additional AMS-14C dates

for W8709A-13PC and TC (Figure 6.3, Table 6.3) from Sabin [1994] into a revised age
model for that core. Average sedimentation rates over the past 30 kyrs are roughly 20

cmlkyr for core W8709A-13PC (120 km offshore) and 9 cm/kyr for core W8709A-8PC
(280 km offshore). Neither core exhibits a strong change in sedimentation rate across the

glacial to Holocene transition near 10 kyrs before present. Refined LGM age picks for the

five gravity cores are derives from AMS-14C age measurements generated at the Lawrence

Livermore Laboratories (Table 6.4). Based on 5-10 mg samples of monospecific
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Table 6.2

Carbonate Stratigraphy for the Multitracers Cores.

Depth,
cm

CaCO3,
%

Depth,
cm

CaCO3,
%

Depth,
cm

CaCO3, Depth,
cma

CaCO3,
%

6706-2PC W8809A-53GC W8809A-21GC W8809A-29GC
11.5 0.72 5.5 1.19 5.5 0.98 135.5 6.05

102.5 1.06 70.5 2.36 60.5 7.16 155.5 19.91
124.5 1.95 137.5 8.88 123.5 10.80 173.5 34.92
152.5 1.95 150.5 12.44 140.5 9.56 184.5 29.02
175.5 1.68 170.5 15.52 160.5 9.91 198.5 37.71
202.5 3.12 185.5 3.25 180.5 6.93 208.5 37.53
215.5 5.84 202.5 11.37 198.5 8.46 220.5 40.48
249.5 7.94 222.5 8.73 216.5 7.14 230.5 30.21
252.5 6.07 241.5 5.55 254.5 12.61 250.5 1.85
298.5 3.65 255.5 6.30
352.5 4.42

W8809A-31 GC W8909A-57GC W8909A-48GC

5.5 27.77 5.5 11.95 3.5 10.72
30.5 45.58 20.5 55.67 7.5 31.20
39.5 52.38 30.5 52.35 12.5 32.18
50.5 50.32 40.5 46.69 15.5 30.49
59.5 46.78 47.5 47.75 18.5 30.49
70.5 31.22 55.5 48.76 20.5 34.92
86.5 14.83 64.5 26.41 21.5 32.98
96.5 2.87 73.5 32.25 23.5 25.26

122.5 52.54 91.5 26.08 31.5 26.39

T0 correct for double coring, 135.0 cm must be subtracted from depth in
core W8809A-29GC.
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Figure 6.3 AMS-14C age models for cores W8709A-13PC, TC (120 km offshore) and
W8709A-8PC, TC (280 km offshore). Radiocarbon ages are corrected to calendar years
using methods described in the text. Sedimentation rates are roughly 20 cmlkyr for
W8709A-13PC, and 9 cmlkyr for W8709A-8PC. Depths in W8709A-8PC are adjusted
by +140 cm to correct for piston core over penetration.
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Table 6.3

AMS-14C dates for W8709A-8PC, TC and W8709A-13PC.

Core Sample Material Sourceb RawC Raw Reservoir Calendar
Deptha AMS-'4C AMS4C Corrected'1 Age
(cm) (kyr) Error (kyr) (kyr)

(kyr)

W8709A-8TC 27-28 Bulk Corg Lyle et aL 6.94 0.11 2.64 2.64
W8709A-8TC 77-78 Bulk Corg Lyle et aL 10.44 0.13 6.14 6.51
W8709A-8TC 125-126 BulkCorg LyleetaL 15.30 0.21 11.00 12.78
W8709A-8TC 120-130 Planktics Lyle etaL 12.28 0.25 11.56 13.48
W8709A-8TC 150-160 Planktics Lyle et al. 15.85 0.29 15.13 17.88
W8709A-8PC 20-25 Planktics Lyle etal. 15.76 0.40 15.04 17.78
W8709A-8PC 50-55 Planktics LyleetaL 18.49 0.28 17.77 21.05
W8709A-8PC 80-85 Planktics Lyle etal. 20.92 0.38 20.20 23.88
W8709A-8PC 111-116 Planktics Lyleetal. 21.16 0.61 20.44 24.1
W8709A-13PC 25-30 Planktics Sabin '94 7.00 0.23 6.28 6.69
W8709A-13PC 95-100 Benthics Sabin '94 11.01 0.36 8.63 9.76
W8709A-13PC 125-130 Benthics Sabin '94 11.51 0.33 9.14 10.40
W8709A-13PC 125-130 Planktics Sabin '94 9.96 0.23 9.24 10.54
W8709A-13PC 195-200 Benthics Sabin '94 14.63 0.39 12.25 14.34
W8709A-I3PC 195-200 Planktics Sabin '94 13.43 0.19 12.71 14.91
W8709A-13PC 220-225 Benthics Sabin '94 15.86 0.50 13.48 15.87
W8709A-13PC 220-225 Planktics Sabin '94 14.04 0.28 13.32 15.67
W8709A-13PC 270-275 Planktics Lyle etal. 15.27 0.22 14.55 17.18
W8709A-13PC 300-305 Benthics Sabin '94 18.49 0.38 16.12 19.07
W8709A-13PC 300-305 Planktics Sabin '94 16.87 0.27 16.15 19.12
W8709A-13PC 330-335 Planktics Lyle etal. 18.37 0.27 17.65 20.90
W8709A-13PC 390-395 Planktics Lyle etaL 19.82 0.61 19.10 22.61
W8709A-13PC 400-405 Benthics Sabin '94 24.05 1.53 21.67 25.57
W8709A-13PC 400-405 Planktics Sabin '94 21.96 0.49 21.24 25.08

a W8709A-8PC over penetrated by 140cm [Lyle et aL, 1992). This value must be added to the tabulated depth listed here for
samples from W8709A-SPC to determine true depth below sea floor.
b Raw data listed as "Lyle et aL" were originally published in reservoir corrected form by Lyle et aL [19921. Revised calendar
correction for these samples are based on the methods described in the text. "Sabin'94" dates are from Sabin [1994]. Values
presented here are averages of two consecutive 2.5 cm samples. The sum of the individual errors for each sample are listed in
the table.

cCalcalated using the Libby half-life for 14C.
d The mixed planktic aral benthic dates were reservoir corrected as described in the text. Following Lyle et al. [1992], the
Corg dates were offset by 4.3 kyr relative to the reservoir corrected planktic dates.
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Table 6.4
AMS-14C dates for the Multitracers gravity cores.

Core Sample Material Source Rawb Raw Reservoir Calendar
Deptha

AMS-14c
AMS-14C Cotrected Age

(cm) (kyr) Error (kyr) (kyr)
r)

W8809A-21GC 175-176 G. bulloides This study 20.92 0.16 20.20 23.89
W8809A-310C 5-6 G. bulloides This study 16.10 0.17 15.38 18.19
W8809A-3IGC 12-13 G. bulloides This study 16.54 0.10 15.82 18.72
W8809A-31GC 39-40 G. bulloides This study 31.37 0.50 30.65 35.30
W8809A-31GC 65-66 G. bulloides This study 36.01 1.26 35.29 39.96
W8809A-29GC 160-161 G. bulloides This study 20.72 0.14 20.00 23.66
W8809A-29GC 220-221 G. bulloides This study 43.35 2.37 42.63 46.82
W8809A-29GC 232-233 G. bulloides This study >45.60 nla >44.88 >48.80
W8809A-53GC 140-141 G. bulloides This study 13.43 0.11 12.71 14.92
W8809A-53GC 170-171 G. bulloides This study 15.03 0.80 14.31 16.89
W8809A-53GC 200-201 G. bulloides This study 18.13 0.11 17.41 20.62
W8909A-570C 14-15 G. bulloides This study 15.64 0.80 14.92 17.63
W8909A-57GC 20-21 G. bulloides This study 15.75 0.90 15.03 17.77
W8909A-57GC 58-59 G. bulloides This study 43.65 1.16 42.93 47.09

a W8809A-29GC double cored by 135cm based on AMS dating results, 135 cm must be subtracted from the values tabulated
here to determine true depth below sea floor.
bcalculated using the Libby half-life for 14C.
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Globigerina bulloides shells these AMS-14C dates have an average measurement error of
<2% of the estimated age.

Before converting raw benthic and planktonic foraminiferal AMS-14C dates to calendar

ages, it is necessary to first make reservoir corrections for the age of the water in which the

foraminifera lived. Our reservoir correction for the raw AMS-'4C ages assumes the

benthic foraminifera from core W8709A- 1 3PC calcified in North Pacific deep waters of

= -250% [Ostlund etal., 1987]. The L14C scale follows Stuiver and Polach [1977]
who defined:

where:

and:

= (2613C + 50)[ 1 + ('4C/10O0)] (1)

= [(A/0.95 * A0) 1 ]* 1000 (2)

= [(R/RpDB) - 1 ]* 1000. (3)

This notation expresses the 14C activity of a sample (As) as per mu (%) deviations from

95% of the activity level of the NBS oxalic acid standard (A) which is decay corrected

from its 1950 A.D. value to the time at which the sample was analyzed. The oxalic acid
activity is also normalized to a 613C value of -25%o on the PDB scale using the standard

isotope delta (6) notation. In the definition of 613C, terms of the formR are ratios of
13C/12C in the sample (R) or standard (RPDB). The I14C conversion assumes that the
13C of oceanic calcite is 0% unless measured when converting the iV4C deviations to

radiocarbon ages.

The benthic reservoir correction for z14C = -250% was converted to an age offset (Ltci)

of 2,380 years using the standard radio decay relationship and the "Godwin" 14C half-life

of 5,730 [Faure, 1977]. Use of the "Libby" '4C half-life of 5,568 years results in a

reservoir correction factor which differs by less than the error in the benthic measurements.
The value tj = 2,380 was subtracted from the benthic dates (td) to yield deep water ages

which we assume are consistent with the 14C age of the atmosphere during shell formation,

but which are uncorrected for variations in atmospheric 14C production, and thus do not yet

reflect true calendar age.
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We determined the planktonic reservoir correction factor (it) by calculating the

average age difference between pairs of raw planktonic (tn) and reservoir-corrected benthic

dates:

= 1/n [t - (tj /.td)]. (4)

Based on five sample pairs, yields an average surface water reservoir age of 718 years.

This surface water reservoir age agrees well with the GEOSECS '4C age estimate of 717

years for modem North Pacific surface waters [Zahn et al., 1991a]. This correction factor

of 718 years was subtracted from all of the planktonic foraminiferal dates. The benthic-

planktonic age comparison suggests that over the last 25,000 14C years the average

reservoir age of the surface water off 42°N were roughly the same as the modern age.

The reservoir corrected benthic and planktonic ages of >5,000 14C years were

converted to calendar years using the relationship of Bard [19921:

Calendar age = -5.85 x 106(conv. 14C age)2 + 1.39(conv. 14C age) - 1087. (5)

The term "cony. 14C age" refers to 14C ages in radiocarbon years which have not been

converted to true calendar age by correction for changes in atmospheric '4C concentration

as determined by comparisons to 23°Th-234U ages [Bard et al., 19931. Calendar correction

factors for ages of <5,000 '4C years are close to the precision of the AMS-14C dates; we
did not attempt any correction factors for these dates. The raw and final calendar age
corrected data are listed in Table 6.3 and 6.4.

6.3.3 Glacial Foraminiferal Faunal Analysis

Foraminiferal faunas in the >150-pm size class were identified to species level using

standard CLIMAP taxonomic categories [Parker, 1962, Be, 1977] with one exception. In
this study, we do not recognize the P-D intergrade category of Kipp [1976]. Estimates of

paleotemperature were generated for the glacial foraminiferal faunas using the modern
analog method as described in Chapter 5. In Chapter 5 we conducted a sediment trap - core



157

top comparison of the modern analog method. Our results suggest this method provides

unbiased estimates of SST using both sediment trap (n=13) andcore top data (n1 121)
with an RMS error of 1.5°C for the more extensive core top data set. As a further check on

our glacial temperature estimates we present 3180 measurements of G. bulloides.

We infer glacial nutrient content from the &1C of G. bulloides and shell accumulation

rates of the heterotrophic planktonic foraminifera G. bulloides and left-coiling N.

pachyderma constrained by AMS-14C dates as described in section 6.3.2. Due to good

carbonate preservation at these sites during the LGM, we assume that shell accumulation

rates reflect the reproductive success of these two species. Water column nutrient content

affects the shell accumulation rates of heterotrophic planktonic foraminifera because it

ultimately controls the amount of food available to them. Our reasoning is based on

observations of G. bulloides and left-coiling N. pachyderma in plankton tows [Chapter 2]

and sediment traps [Chapter 4]. We find that cold water is a necessary, but not sufficient

condition to enable the success of these heterotrophs as measured by increased standing

stock or flux. Ultimately, the reproductive success of G. bulloides and left-coiling N.

pachyderina reflects an abundance of prey.

In the modem California Current, changes in prey abundance occur on a variety of time

scales depending on the mechanism of nutrient supply. Wind driven upwelling occurs on

time scales of days to weeks [Huyer, 1983]. Changes in the strength of southward

advection in the California Current leads to nutrient variations with time scales of several

months [Chelton et al. 1982; Chelton and Davis, 1982]. The potential for biological

response to a change in nutrient supply depends on the response time of the organism,

which is characterized by its life span and/or reproductive cycle [Barnard, 1994].

Phytoplankton have response times on the order ofone to several days. Large zooplankton
such as calanoid copepods have response times on the order of three or more months. G.

bulloides and left-coiling N. pachyderma most likely reproduce on a lunar cycle [Hemleben

et al., 1988]. A life span of approximately one month, allows G. bulloides and left-coiling

N. pachyderna to respond to changes in prey abundance related to upwelling events of

several weeks duration, rather than solely to advective variations in nutrient content.
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6.3.4 Stable Isotopic Measurements

Oxygen (618O) and carbon (o'3C) stable isotopic measurement of 300- to 355-tim

glacial G. bulloides shells were generated at Oregon State University using a Finnigan

MAT-251 mass spectrometer. This instrument is equipped with an Autoprep Systems

automated carbonate sample preparation device which has a common sample acid bath.

Each sample consisted of twelve G. bulloides shells collected from the LGM horizon at

each of the ten cores across the Multitracers transect. Isotopic results are presented in per
mil (%o) using the standard isotopic delta notation () relative to the Pee Dee Belemnite

(PDB) scale. Calibration to PDB was done through the NBS-19 and NBS-20 standards of

the National Institute of Standards and Technology. External measurement precision for
3180 and 613C based on measurement of calcite standards are ±0.08 and ±0.04%o

respectively.

Salty water is higher in oxygen isotopic composition (618O) than fresh water,

resulting in positive regional correlations between salinity (S) and o18O [Craig and

Gordon, 1965]. Because 618O is a function of both temperature (T) and 618O, lines of

constant 618O plotted in T-S space slope in the same direction, but are inclined slightly

relative to, lines of constant density. We thus infer the 6'8O slope measured across 42°N

during the LGM is proportional to the glacial density gradient, yielding a crude estimate of

surface water flow direction. This is only true over small spatial scales where it is safe to

assume that the regional salinity 6l80 slope and intercept are constant.

For comparison to 318O we estimate the oxygen isotopic composition of calcite in

equilibrium with the water column (6180e) using T and o18O as inputs to the inverted

paleotemperature equation of Epstein et al. [1953]. For modern conditions we used SST

and surface salinity from Levitus [1982] as the inputs. We convert salinity to 818O in %

SMOW using the northeast Pacific relationship of Zahn et al. [1991 a]:

&18O = 0.405(Salinity) - 14.01 %. (6)

To estimate the relative magnitude of the glacial T and S changes recorded in &18O,

some assumptions must be made, because 6'80 of the glacial North Pacific is under-

determined. In principle, if T is specified, it should be possible to obtain 318O, and thus
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glacial S. To do so requires knowledge of: (1) the magnitude of the glacial-interglacial ice

volume effect, (2) the regional salinity - 18O slope, and (3) the annual average glacial

depth habitat of the planktonic forarninifera studied, which may differ from its modem

depth habitat. The uncertainty in these three variables is considerable and prevents us from
achieving a unique solution.

To estimate glacial 6180e we start by assuming an ice volume effect of +l.3%o which is

consistent with a sea level drop of 125 m as summarized in [Mix, 1987]. We add this

offset to the intercept of the Zahn et al. [1991a] salinity-&18O relationship, and hold the

regional salinity-o18O slope of the California Current constant at its modem value. The

potential change in the depth habitat of G. bulloides holds the greatest uncertainty. In the

modem coastal upwelling regime of the California Current at 42°N, we collected the

majority of G. bulloides shells in plankton tows from 0- to 30 m [Chapter 2]. For

simplicity, we assume this species occupies a similar habitat at these sites during the LGM.

However, to the north of our sites at Station P in the Gulf of Alaska, G. bulloides resides

at 100 m, coincident with the base of the mixed layer and above the North Pacific halocline

[Miles, 1973; Zahn et al., 1991a]. The difference in depth habitat between these two

hydrographic regimes could result in a &18O shift of up to 1%. Any downward shift of

the depth habitat of G. bulloides or decrease in the regional salinity - 18O slope at the

LGM would result in an apparent glacial cooling greater than that which actually occurred.

For reference to the 813C gradient measured in glacial G. bulloides shells, we plot

carbon isotopic values for equilibrium calcite (6t3Ce) based on modem water colunm

613CDIC from September, 1991 [Chapter 3]. To assess modem, seasonal and interannual

variations in the 613CD1C we compared the September, 1991 &13CDIC data with nutrient

data from these sites collected during other Multitracers cruises. We converted the [N031

to equivalent a13CDIC values using the relationships presented in Chapter 3. The

September, 1991 613CD1C data from 0 m and 100 m record essentially the same gradient as

would be predicted from 0 m and 100 m [NO3i data collected in September 1990, and

March 1990. This suggests that the September, 1991 513CDIC provide a reliable estimate
of the typical modern 13CDIC gradient at 42°N.

We emphasize comparison of the 613C gradients because the offset between the water

colunm and glacial measurements are influenced by (1) the glacial 513CD1C decrease relative

to the modem ocean, (2) the anthropogenic 6'3CDIC decrease which is incorporated in the
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water colunm data, and (3) the potential for 613C disequilibria in G. bulloides. To account

for (1), we use the estimate of -0.4% from Curry and Crowley [1987]. We estimate that

the magnitude of (2) is -0.6 ± 0.22% at these sites by comparison of shallow and deep

water column measurements of ö13CDIC and nitrate concentration [see Appendix]. For (3),
we model the carbon isotopic disequilibrium in the S13Cs of glacial G. bulloides as a Qio
effect of calcification temperature, T [see Chapter 3]:

&13Ce = 613Cs + 2.75 (T - 6.2)/10
(7)

We use the glacial modem analog SST values derived from the foraminiferal faunas to

estimate T.

6.3.5 Simulated Wind Fields

We used existing wind fields from a version of the NCARIPenn State atmospheric

regional climate model (RegCM) to calculate modem and glacial offshore Ekman transport

and wind-stress curl in the northeast Pacific. We first calculated the x and y components of
wind-stress ('r) using the standard 10 m bulk formula defined as:

and

=pC4iü, (8a)

y=pCdIi1i, (8b)

where and are the wind stress components in dyns cm-2, and and II are the

products of the x or y component of wind speed and velocity [Bakun and Nelson, 1991].

These calculations were made using the lowest wind level generated by the model which

corresponds to 4O m winds. Because a realistic correction to convert from 40 m to 10 m

winds varies seasonally and spatially, we did not re-scaled the model winds for calculation

of wind stress. Use of a constant logarithmic scaling factor to convert from 40 m to 10 m

winds would decrease our wind-stress estimates by 10 to 15% [Stull, 1988]. Following

Nelson [19771 and Bakun and Nelson [1991] we hold air density (p) and the dimension-

less drag coefficient (Cd) at 22 x 1o- g cm-3 and 1.3 x 1Ø3 respectively. These
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simplifications seem justified given uncertainties in current wind speed dependent

parameterizations of Cd, and the potential that this dependence may have differed under

glacial conditions.

The alongshore coastal wind stress was obtained from the u and v components then

averaged to 0.6° by 0.6° resolution and divided by the Coriolis parameter to calculate

offshore Ekman transport. Offshore Ekman transport adjacent to eastern boundaries results

in coastal upwelling, which brings subsurface water near the coastal boundary to the

surface to replace the water moved offshore.

Wind-stress curl, the second wind variable we studied is defined as:

d(x)
curl?=(

dy
(9)

Wind-stress curl measures the difference in the rate of change of zonal and meridional wind

forcing with respect to latitude and longitude. In the northern hemisphere, positive

(cyclonic) wind-stress curl induces oceanic upwelling and provides a source of new

nutrients to pelagic ecosystems, while negative (anticyclonic) wind-stress curl results in

downwelling. This mechanism of nutrient supply differs from coastal upwelling, but may

act to reinforce the effects of coastal upwelling.

Under nutrient limiting conditions, the addition of nutrients into the euphotic zone by

offshore Ekman transport or wind-stress curl results in enhanced primary production rates.

Higher primary production rates can support greater standing stocks of primary producers

and/or enhanced grazing rates of secondary consumers. Increases in these wind parameters

should (1) increase surface nutrient levels, (2) decrease the surface 613C of dissolved

inorganic carbon (DIC), and (3) enhance the reproductive success of heterotrophic

planktonic foraminifera such as left-coiling N. pachyderina and G. bulloides. This would

result in higher shell accumulation rates for these species. To test this hypothesis, we

compare the simulated glacial wind fields with the 613C of glacial G. bulloides and the

glacial shell accumulation rates of left-coiling N. pachyderina and G. bulloides.

Model wind fields from Hostetler et al. [1994] were sampled for 60 days to calculate

offshore Ekman transport and wind-stress curl off line. Specific details of the model
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development are presented in Hostetler et al. [1994]. The RegCM has 13 vertical levels

and 60 km grid spacing over a 3,000 x 3,000 km domain centered at 38°N, 1 16°W.

Perpetual January and July simulations were run with a 2 hour time step using control (0

kyr. before present) and glacial (18 kyr. before present) boundary conditions derived from

the coarse resolution COHMAP GCM runs of Kutzbach and Guetter [1986]. Wind-stress

curl was calculated on the model grid using a centered, finite difference scheme which
approximates curl at grid location (i,j) based on and at neighboring grid points
separated by distances ofL and = 120km:

curl
[
Y(i+1,j)_rY(i....l,j)1 [i,j+1)-ri,j-11

JL
(10)

The wind-stress curl estimates were averaged to 0.6° by 0.6° resolution for graphic

presentation using the nearest neighbor method. Averaging allowed for comparison of the

RegCM wind-stress curl fields derived from the modern July and January boundary

conditions with the seasonal wind-stress curl maps of Bakun and Nelson [1991] which are
plotted at similar resolution.

6.4 RESULTS

6.4.1 Comparison ofModern Sediment Trap and Glacial Foraminiferal Faunas

The glacial fauna at 42°N resembles the modern fauna of the Gulf of Alaska observed

by Sautter and Thunell [1989]. Left-coiling N. pachyderma (Figure 6.4a) and G. bulloides

(Figure 6.4b) dominate the glacial fauna, accounting for >70% of the foraminiferaat each

site. These species occurred in high percentages as far as 130°W, some 650 km offshore.

In comparison, they are much less common in the modern sediment trap fauna, accounting
for only 15 - 20% of the fauna east of 128°W (300 km offshore), and <15% at the trap site

650 km offshore. The LGM planktonic foraminiferal fauna at 42°N thus indicates

enhanced subarctic conditions as far west as 130°W, trending to transitional waters

containing right-coiling N. pachyderma and N. dutertrei farthest offshore (Table 6.5).
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Table 6.5

Modern and glacial planktonic foraminiferal faunas at 42°N.
Speciesa percentages may not add to 100 due to rounding.

Location Sample °1
O.un.

°'°

G.ru,G.ca.G.fa.
°' % %

G.bu.
%

Thu.
%

G.qu.
%

N.pa.L
°'°

N.Pa.R
%

N.du.G.hxG.in.G.cr.
% % °'° %

G.sc.
°"°

G.gl.G.io.
"° °"°

Guy.
°"°

Other

6706-2 259-260 cm 0.0 0.0 0.0 0.0 38.8 0.0 3.3 54.0 0.9 0.9 0.0 0.0 0.0 0.0 2.1 0.0 0.0 0.0W8709A I3PC(NS) 275-276 cm 0.0 0.0 0.0 0.0 35.4 0.0 4.2 51.5 3.3 0.0 0.0 0.0 0.0 0.4 5.3 0.0 0.0 0.0
W8809A-530C 168-169 cm 0.0 0.0 0.0 0.0 42.6 0.0 5.3 41.5 2.1 2.4 0.0 0.0 0.0 0.0 5.9 0.0 0.3 0.0
W8809A-21GC 140-141 cm 0.0 0.0 0.0 0.0 23.7 0.0 7.4 54.4 3.5 1.1 0.0 0.0 0.0 1.1 8.5 0.0 0.0 0.4
W8709A8PC(MD) 22-23cm 0.0 1.1 0.0 0.0 26.6 0.0 4.2 54.2 4.5 3.1 0.0 0.3 0.0 0.3 5.9 0.0 0.0 0.0
W8809A-29GC 156-157cm 0.0 0.0 0.0 0.0 43.3 0.0 9.2 38.3 3.3 0.8 0.0 0.0 0.0 0.8 4,2 0.0 0.0 0.0
W8809A-31GC 15-16cm 0.9 0.0 0.0 0.0 36.8 0.0 10.7 40.2 3.8 0.5 0.0 0.0 0.0 1.1 5.8 0.0 0.0 0.2
W8909A-57GC 22-23 cm 0.6 0.0 0.0 0.0 45.2 0.0 4.7 37.0 3.6 1.8 0.0 0.0 0.0 0.0 7.1 0.0 0.0 0.0
W8709A-01BC(GY) 21-22cm 0.2 0.0 0.0 0.0 27.5 0.0 0.0 42.8 25.0 4.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
W8909A-48GC 17-18cm 0.6 0.0 0.0 0.0 32.4 0.0 1.0 35.2 26.3 3.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6
NSsedimenttrap annualmean 1.1 1.2 0.8 22.5 10.7 0.0 1.9 29.6 16.3 12.9 0.0 0.0 0.1 1.5 1.4 0.0 0.0 0.0
MDsedimenttrap annualmean 9.0 3.5 0.2 5.4 16.6 0.0 6.5 7.8 23.9 11.9 0.0 0.5 0.0 8.2 6.5 0.0 0.0 0.0
Gyresedimenttrap annualmean 35.6 12.6 6.0 5.8 12.0 2.5 3.1 0.6 6.6 4.2 0.2 0.2 0.6 2.4 6.9 0.6 0.2 0.0

Q, un. = Orbulina universa; G. ru. = Globigerinoides ruber; G. Ca. = Globigerina calida; G.fa. = Globigerinafalconensis; G. Fm. = Globigerina bulloides; T. hu. = Turborotalita humilis,
G. qu. = Globigerina quinqueloba; N. pa. L. = left-coiling Neogloboquadrina pachydenna; N. pa. R. = right-coiling N. pachyderma; N. du. = N. dutertrei; G. Fix. = Globorotalia hexagona;
G. in. Globorotalia inflata; G. Cr. = Globorotalia crassaformis; G. Sc. = Globorotalia scizula; and G. gi. = Globigerinita glutinata; G. io. = Globigerinita iota; G. uv. = Globigerinita uvula.

A
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These data suggest cold, southward flowing, water near the coast and warmer water
offshore.

Two more subarctic species Globigerina quinqueloba (Figure 6.4c) and Globigerinita

glutinata (Figure 6.4d) were found at roughly equal percentages in both the modem and
glacial data sets. The deep-dwelling Globorotalia scitula [see Chapter 3] was the only

subarctic species that decreased in abundance in the glacial samples relative to the modem

ones (Figure 6.4e).The glacial increase in relative abundance of the subarctic species was

accompanied by a decrease of transitional and subtropical taxa, including N. dutertrei,

Globigerinafalconensis, Globigerina calida, Orbulina universa and Globigerinoides ruber.

The maximum abundance of right-coiling N. pachyderma (30%) was not different in the

glacial assemblage relative to the modem assemblage (Figure 6.4f). However, the location

of the relative maxima for this species occurred farther offshore in the glacial California

Current than in the modern one, which results in this species' overall lower abundance

during the LGM (Table 6.5). The presence of right-coiling N. pachyderma and N.

dutertrei in the offshore glacial fauna suggest those waters were more transitional than the

subarctic waters close to coast, but less subtropical than in the modem California Current.

In the modem California Current subtropical offshore waters are dominated by 0.
universa and G. ruber. In contrast, these two species were unimportant in the glacial

sediment assemblage. 0. universa decreased from a modem offshore maximum of 40% to

less than 2% of the glacial fauna at all sites. Likewise, G. ruber decreased from 13% of the

modem fauna to less than 2% of the glacial fauna.

6.4.2 Modern Analog Estimates of Glacial Temperature

The modem analogs for the glacial California Current fauna are derived largely from the

sediments of the Gulf of Alaska, although some analogs from similar latitudes in the North

Atlantic were obtained. The overall quality of the analogs was generally very good as

evidenced by the small average dissimilarity coefficient for each core. Empirical studies

suggest that squared chord dissimilarity distances >0.12 yield poor modern analogs
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[Overpeck etal., 1985]. The average modern analog dissimilarity for the cores in this
study are below this critical threshold.

At the LGM, the annual average modern analog SST was 3.3 ± 1.5°C cooler than

modern SST at 42°N based on comparison to Levitus [1982] atlas values (Table 6.6,

Figure 6.5). SST remained coolest near the coast and increased offshore, with a positive
thermal gradient of +0.32°C /0 longitude offshore (r2=0.66, n=10). This pattern is similar

to the modern annually averaged zonal thennal gradient of +0.34°C /0 longitude offshore

(r2=0.95, n=10), based on data from Levjtus [1982]. Given the 1.5°C enor of the method,

there was no statistically significant structure to the glacial - modern SST difference across
the transect. (Table 6.6)

The modern analog SST estimates derived from the sediment trap fauna track SST from

Levitus [1982] at the coastal sites but overestimate SST at the site furthest offshore.

Comparison of the structure of the sediment trap SST estimates with that of the faunal

percentages in Figure 6.4 demonstrates that 0. universa and G. ruber determine the

offshore temperature bias [Chapter 5]. The percentages of 0. universa in the modern

sediment trap data set is much greater than the maximum percentage of this species in any

of the 1121 core tops. Likewise, the modern percentage for G. ruber is close to its

maximum core top percentage. A simulation of selective dissolution, removing 75% of

the 0. universa and G. ruber shells from the offshore trap sample yields an SST estimate

consistent with the SST value from Levitus [1982], and species percentages closer to

regional core top values. The high percent abundances of these species in the offshore trap

fauna drives the offshore thermal bias because they are not preserved in mid-latitude core

top sediments. Because the calibration data set is composed of partially dissolved core

tops, this "no analog" bias shows up in the pristine sediment trap samples which have no

direct geologic counterpart.

6.4.3 Shell Accumulation Rates of Abundant Heterotroyhic Species

The glacial shell accumulation rates of left-coiling N. pachyderma and G. bulloides near

126°W are twice as large as the modern sediment trap accumulation rates for these species
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Core Name

Table 6.6

Glacial modern analog method results

Sample Mean
Depth (cm) Dissimilarity

LGM Modern
SST SSTb

LGM- Present
SST Change

6706-2 259-260 0.06 9.0 11.8 -2.8
W8709A-13PC (NS) 275-276 0.07 10.0 12.3 -2.3
W8809A-53GC 168-169 0.05 9.8 12.6 -2.8
W8809A-21GC 140-141 0.09 8.8 12.9 -4.1
W8709A-O8PC (MD) 2223c 0.05 9.3 13.3 -4.0
W8809A-29GC 156157d 0.06 9.8 13.8 -4.0
W8809A-31GC 15-16 0.10 10.6 14.1 -35
W8909A-57GC 22-23 0.05 9.8 14.2 -4.4
W8709A-01BC (GY) 21-22 0.09 11.8 14.4 -2.6
W8909A-48GC 17-18 0.09 11.8 14.5 -2.7

a Based on foraminiferal faunas using the modern analog method, associated errors are ±1.5 °C.
b Interpolated to core locations from Levitus [19821.
C W8709A-8PC over penetrated by 140cm [Lyle etal., 1992]. This value must be added to the
tabulated depth listed here for samples from W8709A-8PC to determine true depth below sea floor.
d W8809A-29GC double cored by 135 cm based on AMS dating results, 135 cm must be subtracted
from the values tabulated here to determine true depth below sea floor.
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(Figure 6.6). Their glacial accumulation rates at 128°W are equal to, or exceed the modern

sediment trap accumulation rates, although by smaller amounts than at 126°W. Glacial

accumulation rates are also high between 129°W and 131°W, then decrease to values equal

to the modem accumulation rate west of 1 32°W. Modem shell accumulation rates of these

two species are high inshore of 128°W only, although there is no data between 128°W and

132°W. At all three locations where modem and glacial accumulation rates were measured,

the glacial accumulation rates equal or exceed the modem sediment trap accumulation rates

for both species.

6.4.4 Oxygen Isotopes of Glacial G. bulloides across the Multitracers Transect

The glacial 8180 composition of G. bulloides across the Multitracers transect was high

near the coast at 125°W and trended toward lower values offshore (Figure 6.7, Table 6.7).

A similar pattern is seen for modem estimates of 6180ebased on T and S from Levitus

[1982]. The zonal gradient in 6180e for the modem California Current is -0.09%o 6180/0

longitude (r2 = 0.79, n=10). The zonal gradient in 8180 during the LGM was -0.13%
8180 1 longitude (r2 = 0.72, n=10). The slope of the glacial 6180 data suggest denser

water (colder and/or saltier) near the coast and less dense water offshore, implying

southward geostrophic flow. Assuming all of the observed change in 6180 arose from

temperature variation, the associated offshore thermal gradient would range from +0.52 to

+0.59 °C /0 longitude based on a temperature conversion rate of -0.22 to -0.25%o / °C. The
8180 - based estimate for the offshore thermal gradient is almost twice the size of the glacial

modem analog SST gradient (+0.32 °C /0 longitude), or the modem SST gradient (+0.34

°C /0 longitude), suggesting that (1) the glacial salinity gradient was steeper than the

modem one, (2) the glacial salinity/8180 slope was steeper than the modem slope, or (3)G.

bulloides lived in deeper water onshore than offshore during the LGM.

The 6180 of glacial G. bulloides is higher by 3%o than modern 6180e at the sea surface

(Figure 6.7). After accounting for a l.3% ice volume effect on mean ocean 6'80 [Mix,

1987], we can estimate an upper limit for the glacial temperature change across the transect

assuming the slope of the regional salinity/6180 relationship was unchanged, and G.

bulloides calcified near the surface (its present habitat at these sites as recorded by
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Table 6.7
Oxygen and carbon isotopes of glacial G. bulloides (300-355 p.m)

Core Sample Depth (cm) Longitude (°W) 6180 (%oPDB) 613C (% PDB)
6706-2 259-260 124.94 2.79 -0.03
W8709A 13PC (NS) 275-276 125.75 2.97 -0.27
W8809A-53GC 168-169 126.26 3.16 0.20
W8809A-210C 140-141 126.91 2.70 0.07
W8709A 8PC (MD) 2223a 127.68 2.81 -0.06
W8809A-29GC l56-157' 129.00 2.28 0.07
W8809A-3IGC 15-16 130.01 2.67 -0.09
W8909A-57GC 22-23 130.62 2.52 0.37
W8709A-OIBC(GY) 21-22 131.96 2.19 0.82
W8909A-48GC 17-18 132.67 1.82 0.87

aW8709A-8PC over penetrated by 140cm [Lyle etal., 1992]. This value must be added to the tabulated depth listed here
for samples from W8709A-8PC to determine true depth below sea floor.
b W8809A-29GC double cored by 135 cm based on AMS dating results, 135 cm must be subtracted from the values
tabulated here to determine true depth below sea floor.
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MOCNESS plankton tows). This estimate suggests the magnitude of the glacial cooling

at these sites could have been 4- 6°C at most. For comparison, we have plotted the

foraminiferal modem analog LGM SST estimates as equivalent 6180e predictions (Figure

6.7).

A 4-6°C cooling is at the upper statistical limit of the 3.3 ± 1.5°C cooling estimated by

the modem analog method. However, as noted above, it is likely some of this apparent 4

-6°C cooling is due to salinity effects, or a change of the depth habitat of G. bulloides.

For example, if G. bulloides lived closer to 100 m during the LGM (as it does today in

the Gulf of Alaska), its isotopic composition would be higher by up to 1%o due to this

effect alone. Offsetting the G. bulloides data to by -l% to account for this potential

habitat effect would suggest a cooling of 2-4°C, which is in close agreement with the

modem analog SST estimates. Thus while G. bulloides 6180 constraints the zonal

thermal gradient it does not provide a unique measure of the absolute temperature change.

6.4.5 Carbon Isotopes ofGlacial G. bulloides across the Multitracers Transect

The 613C of glacial G. bulloides range from -0.27% near the coast to 0.87% near
132.5°W (Figure 6.8, Table 6.7). East of 130°W, 613C averages -0.02 ± 0.15%. The

1.l% gradient across the transect is over twice as large as the mean ocean glacial -

interglacial &1C shift of -0.4%o determined by Curry and Crowley [1987] (Figure 6.8).

The glacial G. bulloides 813C gradient remains after disequilibrium effects are removed

from the G. bulloides data by equation (7). After removal of the disequilibrium effect,

the mean value of the G. bulloides 613C data compares favorably with water column

&3Ce derived from modem measurements of water column &13CDIC that have been

scaled for the mean ocean glacial-interglacial 613CDIC shift and the anthropogenic

S13CDIC decrease recorded by the water column samples.

In the absence of active upwelling, modem surface waters (offset to the glacial mean)

yield 613Ce predictions near 2.5% with small variation across the transect (Figure 6.8).

Active upwelling brings nutrient-rich waters from around 70 m depth to the surface (Figure

6.8). This results in modem surface 613Ce predictions close to those from 100 m at the
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same site. The modem 613Ce prediction at 100 m are lower than surface values and record

a gradient that increases by 1% offshore. The &13Ce shift of l%o across the transect is

driven by (1) net offshore nutrient stripping to depths of up to 100 m, and (2) net coastal

nutrient supply due to the shoaling of the nutricline in response to southward geostrophic

flow and local wind forcing.

6.4.7 Wind Fields Derived from the RegCM

Modem offshore Ekman transport simulated by the Penn StateINCAR atmospheric

RegCM captures the basic structure and magnitude of the coastal upwelling seasonal cycle

in the California Current (Figure 6.9). Stronger offshore transport (with a maximum near

38°N) is simulated for July than January, and persistent upwelling is simulated south of

40°N. Model bias is evident north of 45°N, where simulated values of offshore Ekman

transport exceed observed values for both seasons. The location of the maximum offshore

transport is displaced by the model relative to observed values in both seasons.

Comparison of the glacial simulations with the modem simulations indicate that offshore

Ekman transport generated by the LGM boundary conditions was less intense than that

generated by the modem boundary conditions.

One of the more comprehensive estimates of modem seasonal variations in wind-stress

curl for eastern boundary current regions is that of Bakun and Nelson [1991]. Their bi-

monthly maps of wind-stress curl are based on ship wind reports from the NOAA National

Climate Data Center's global surface marine observation data set. Winter maps from

Bakun and Nelson [1991] for the California Current region (not shown) suggest that the

wind-stress curl field south of 43°N is characterized by a broad offshore region of negative

wind-stress curl. This results in oceanic downwelling across the Multitracers transect west

of 126°W. The summer maps for the California Current region from Bakun and Nelson

[1991] indicate a strong east-west gradient with upwelling favorable, positive curl along the

coast inshore of 128°W. South of 40°N and inshore of 125°W, positive curl persists

throughout the year which reinforces continuous coastal upwelling driven by offshore

Ekman transport.
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Figure 6.9 Observed and simulated offshore Ekman transport for the California Current.
(A) Modern observations for July compared with modem and LGM July simulations. (B)
Modem observations for January compared with modem and LGM January simulations.
Modern observations from Huyer [1983], and simulations based on winds from the Penn
StateINCAR RegCM runs of Hostetler et al. [1994] as described in the methods.
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The RegCM simulations of wind-stress curl for modem January (Figure 6. lOa) and

July (Figure 6.lOd) capture these basic features. Similar to the case for the offshore

Ekman transport field, model bias in January is exhibited north of 45°N as an over estimate

of positive curl along the coast, and an under estimate of positive curl seaward of 125°W

relative to the December January map of Bakun and Nelson [1991]. Model bias for the

modern July simulation manifests north of 45°N as an over estimate of positive curl along

the coast and seaward of 125°W relative to the June - July map of Bakun and Nelson

[1991]. The model bias in the north may arise in part from boundary effects due to the

close proximity of the model's northern boundary at 50°N. An alternative source of model

bias may arise from the use of modern boundary conditions derived from the coarse

resolution GCM runs of Kutzbach and Guetter [1986]. However, use of these boundary

conditions are justified by the need for a direct comparison with the glacial boundary

conditions from Kutzbach and Guetter [1986].

The LGM wind-stress curl simulations suggest enhanced positive curl south of 42°N in

both the January and July simulations (Figure 6. lOb and Figure 6.1 Oe). Subtracting the

modern winter field from the glacial winter field reveals that offshore positive curl was

enhanced in the glacial January simulation relative to the modem January simulation

seaward of 125°W at 42°N and to the south (Figure 6.lOc). Subtracting the modem July

field from the glacial July field shows that positive curl was enhanced in the glacial

simulation relative to the modem simulation offshore of 125°W along the Multitracers

transect and to the south (Figure 6.100. In the glacial January simulation, positive curl

along the coast decreased relative to the control run throughout much of the model domain

(Figure 6. lOc). In the glacial July simulations, positive wind-stress curl along the coast

decreased or remained unchanged relative to the modem simulation (Figure 6.100.
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Figure 6.10 Simulated wind-stress curl for the California Current. Results are from
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StateINCAR RegCM runs of Hostetler etal. [1994] as described in the methods.
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6.5 DISCUSSION

6.5.1 The Glacial Temperature Decrease

Our results suggest that the mean annual SST at 42°N during the LGM was 3.3 ± 1.5°C

cooler than present. This temperature estimate is consistent with the radiolarian temperature

estimates of Moore [1973] and Moore et al. [1980] which are based on three cores near our

locations. Prahi et al. [1995] compare temperature variations over the past 30 kyrs at the

Multitracers Midway site (core W8709A-8PC) using theU7 temperature index and

Imbrie-Kipp transfer function temperatures derived from radiolarian faunas. However,

they did not evaluate the regional zonal structure of the temperature change during the

LGM. For both methods, Prahi et al. [1995] observed a glacial temperature decrease at the

Midway site of roughly 4± 1.5°C, similar to our estimate of 3.3 ± 1.5°C.

The agreement between these methods is somewhat surprising. Using sediment trap

flux-weighted annual averages for 1987-1988, the alkenoneU7 index records a mean

annual temperature of 10.6 ± 1.1°C across the Multitracers transect with no significant

offshore gradient {Prahl et al., 1993]. These sediment trap basedUk37 temperatures are

significantly cooler than the 12 to 15°C mean annual SST across the transect. Prymnesio-

phyte algae which generate the alkenone signal grow predominantly in the spring and

sunmier and reside within the thermocline in the shallow chlorophyll maximum, rather than

at the sea surface [Prahi et al., 1993]. In contrast, the radiolarian transfer function

generates temperatures based on the calibration of Holocene faunas against mean annual sea

surface temperature. According to Prahi etal. [1995], these two seemingly different

methods produce similar temperature estimates because in the North Pacific, mean annual

SST over the range 0- to 15°C is equivalent to the summer temperature at the pycnocline

based on analysis of temperature data from Levitus [1982].

Sabin and Pisias [1995] used the same radiolarian transfer function as Prahi etal.

[1995] to evaluate temperature changes for the past 20 kyrs at 11 sites along a meridional

transect from 35° to 55°N. This meridional transect of cores included the Multitracers

Nearshore (W8709A-13PC) and Midway (W8709A-8PC) piston cores. Sabin and Pisias
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[1995] did not attempt to evaluate SST west of W8709A-8PC due to the generally poor

preservation of radiolaria in the offshore glacial sediments.

Using the methods of Sabin and Pisias [1995], we supplement the two published LGM

radiolarian temperature estimates at 42°N with one from W8809A-3 1GC, a core we studied

located at 130.01 ow (Radiolarian taxonomy courtesy of M. Webber, Oregon State

University). Attempts to generate radiolarian temperature estimates from other cores used

in this study were unsuccessful due to poor glacial radiolarian preservation. The

radiolarian faunas estimate glacial SST values of 8.1 ± 1.5°C, 8.9 ± 1.5°C, and 11.6 ±

1.5°C at Nearshore, Midway, and W8809A-3 1GC respectively (Figure 6.5). These glacial

SST values yield a 4.2 ± 1.5°C, 4.4 ± 1.5°C, and 2.4 ± 1.5°C cooling at Nearshore,

Midway and W8809A-3 1GC relative to modem atlas values, which is indistinguishable

from the foraminiferal based estimate (3.3 ± 1.5 °C) of the LGM cooling (Figure 6.5).

6.5.2 Zonal Thermal Gradients and Southward Flow

The results presented here are the first high resolution reconstruction of the LGM zonal

SST gradient for this region. The 3°C cooling we estimate appears to have been roughly

constant across the entire Multitracers transect. Temperatures remained coolest near the

coast and increased offshore, a pattern similar to the modem annual average zonal thermal

gradient. These findings suggest that a southward flowing, glacial California Current was

still present at 42°N during the LGM. The steepness of the glacial 6180 gradient relative to

the modem water column 6180e gradient provides some indication of enhanced southward

advection during the LGM. However, this potential result should be viewed with caution

due to uncertainties in the slope of the glacial S-6180 relationship and foraminiferal depth

habitats which may influence this finding.

The direction of flow at 42°N places a constraint on the maximum southern limit of the

Polar Front during the LGM. Our results suggest that on annual average, the Polar Front

must have remained north of our sites. Had the Polar Front shifted south of our locations,

local wind forcing would have been more heavily influenced by the cyclonic glacial

Aleutian low. In response, the equatorward flowing eastern boundary current of the glacial
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subtropical gyre would have been displaced to the south of42°N by the poleward flowing

eastern boundary current of the glacial subarctic gyre. Under such conditions, one would

expect to see cold, nutrient enriched water throughout the transect, with a zonal thermal

gradient reversed from that observed (i.e. warmer temperatures near the coast with a

gradual offshore cooling). This pattern, which is similar to the modern wintertime regime

at 42°N, would be generated under conditions of intense oceanic upwelling in the glacial

subarctic gyre. All of the data we have presented suggest that offshore waters were

warmer, and more nutrient depleted than more coastal waters. Thus southward flow must

have occurred at 42°N during the LGM.

6.5.3 Enhanced Glacial Nutrient Content

We observed a >1% 61C enrichment in glacial G. bulloides shells offshore relative to

those near the coast (Figure 6.8). This enrichment does not appear to be related to the

organism's physiological carbon isotopic disequilibrium as predicted for temperature

effects. Paleoceanographic factors which could cause the enrichment include variations in

air-sea equilibration state, nutrient content or some combination of both effects. Local

equilibration with the atmosphere seldom reaches completion due to the competing effects

of advection, vertical mixing, phytoplankton photosynthesis, community respiration, and

carbonate production and dissolution. If 6'3CDIC were fully equilibrated with the

atmosphere (holding other effects constant) it would follow a slope near -0. 14% 613CD1C /

°C so that in cold water the '3CDIC would be higher than in warm water [Kroopnick,

1974]. For comparison, surface waters rich in nutrients are low in 313CD1C, while those

depleted in nutrients are high in 613CD1C. We estimate a glacial zonal thermal gradient

across the transect of 2-3°C, with coldest temperatures near the coast. If air-sea

equilibration state controlled '3CDIC across the transect, we would expect coastal G.

bulloides shells to record values +0.4%o higher than those offshore. In contrast, the cold

coastal waters are associated with lower &1C as measured by G. bulloides. The glacial

offshore gradient of 613C in G. bulloides thus implies higher nutrient content near the coast

and lower nutrient content offshore.



The glacial 613C gradient in G. bulloides across 42°N is steeper than the modem water

colunm gradient at the sea surface. It is similar to the modem ö13Ce gradient at 100 m

(Figure 6.8). The offshore subsurface enrichment trend in the modem ocean begins east of

128°W. In the glacial samples, high values are not encountered east of 130°W. If G.

bulloides occupied a surface habitat, glacial surface waters were greatly enriched in

nutrients relative to modem ones across the entire transect. If G. bulloides occupied a

depth habitat closer to 100 m, then offshore waters were enriched in nutrients down to

100 m, and coastal waters carried roughly the same nutrient content as modem waters. A

depth habitat at 100 m is consistent with this species' depth habitat in the modem Gulf of

Alaska. In either case, glacial nutrient conditions at 42°N in the California Current were

slightly to greatly enhanced relative to their modem values. Variations in glacial wind

forcing could cause such a nutrient change by (1) enhancing coastal upwelling resulting

from greater offshore Ekman transport, (2) enhancing oceanic upwelling resulting from

greater wind stress-curl, or (3) enhancing southward flow due to stronger basin scale

winds.

We discount the first mechanism because the RegCM results suggest that coastal

upwelling north of 35°N decreased in the California Current during the LGM (Figure 6.9),

a result which is consistent with lower accumulation rates of coastal diatom [Sancetta et aL,

1992] and marine organic carbon [Lyle etal., 1991]. In contrast, the RegCM simulations

support the second mechanism, enhanced glacial wind-stress curl in the California Current

relative to modem conditions (Figure 6.10). This implies that enhanced oceanic upwelling

supplied nutrients from below to increase the nutrient content of offshore glacial waters,

decrease their 613C composition, and indirectly produce the observed increase in offshore

accumulation rates of heterotrophic foraminiferal shells by increasing prey density.

The third potential mechanism for increasing the nutrient content of the glacial

California Current is enhanced southward flow. As noted previously, the offshore gradient

of glacial 6180 is consistent with enhanced southward advection during the LGM. The

coarse resolution atmospheric GCM results of Kutzbach and Guetter [1986] suggest the

basin scale wind field of the North Pacific during the LGM was more vigorous and

displaced south of its modem position. These changes could increase the proportion of

cold, nutrient-rich water flowing from the glacial North Pacific Current, into the

equatorward California Current, as opposed to the poleward glacial Alaskan Current. A

concept similar to this was suggested by Chelton and Davis [1982] as a means of
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explaining years of positive anomalous zooplankton biomass in the modem California

Current. A stronger southward bifurcation of the modern North Pacific Current (driven by

a southward shift of large-scale, basin-wide winds) results in the enhanced advection of

waters from the North Pacific Current into the subtropical gyre via the California Current,

rather than into the subarctic gyre via the Alaskan Current [Chelton and Davis, 1982;

Chelton, 1982]. This shifts the character of the California Current toward more subarctic

conditions and result in the upward tilting of isopycnals, a geostrophic readjustment to

enhanced southward flow [Chelton et al., 1982]. The net results of these changes would

be to cool the surface waters of the California Current, and increase its nutrient content.

These changes would in turn produce waters with lower 13C values farther offshore and

increase the offshore shell accumulation rates of heterotrophic foraminifera. As a result,

we cannot definitively distinguish between the second and third mechanisms. We note

however, that mechanisms (2) and (3) are not entirely independent, because large-scale

variations in wind-stress curl provide the forcing for the Sverdrup balance [Chelton 1981;

1982].

6.5.4 Community Ecology ofthe Glacial California Current

Our nutrient reconstruction based on the 13C of G. bulloides have implications for the

community ecology of the glacial California Current. The modern California Current is

characterized as a high nutrient, high chlorophyll, high export ecosystem. The dominant

primary producers in this environment are large diatoms [e.g. Hood et al., 1990]. These

diatoms, and the macrozooplankton that graze on them, export a large fraction of the total

primary productivity out of California Current ecosystem as fecal pellets and sinking

particles. On long time scales, these losses of nutrients are balanced by the influx of

nutrients advected from the north and upwelled from below.

In contrast, the open ocean subarctic Pacific is characterized as a high nutrient, low

chlorophyll, low export system. The microbial loop, composed of a variety of small

autotrophs and heterotrophs, plays a more important role in this community than in the

upwelling community of the California Current [Miller et al., 1991]. Because much of the

biomass in the subarctic Pacific is associated with small microheterotrophs, recycling is
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more efficient in the subarctic Pacific and less organic matter settles out of the surface water

as sinking flux [Miller et al., 19911. This enhancement in recycling efficiency arises from

several factors. First, microheterotrophs produce small fecal pellets which sink slowly and

are thus recycled at shallow depths. Second, the presence of a strong North Pacific

halocline at 150-200 m inhibits deep winter convection. As a result, standing stocks of

microheterotrophs remain high throughout the year allowing them to graze on

phytoplankton continuously and thus cycle nutrients efficiently.

The foraminiferal fauna of the glacial California Current bears more similarity to that of

the modem Gulf of Alaska than the modem California Current. This suggests a shift in the

ecology of the foraminiferal community during the LGM. Is there evidence that the

ecologic shift recorded by the foraminiferal community was indicative of the larger

plankton community as well? To assess this question, we compare our results with

reconstructions of coastal upwelling in the California Current from the LGM to present

based on diatom/pollen data [Sancetta et al., 1992] and marine organic carbon [Lyle et al.,

19911.

Sancetta et al. [1992] presented times series of diatom accumulation rates and pollen

percentages for the last 30 kyrs at the Multitracers' Nearshore site. High accumulation

rates of Chaetoceros spores, diatom indicators of the modern coastal upwelling ecosystem,

do not begin to rise toward Holocene levels until 10 kyrs IB.P. The increase in diatom flux

during the transition to Holocene conditions is accompanied by a change in pollen

percentages from a glacial assemblage dominated by pine and mountain hemlock to the

modem assemblage of oak, redwood and alder. This floral transition was interpreted as

indicating the increase in coastal humidity and precipitation resulting from persistent

spring/summer coastal fog generated by warmer Holocene atmospheric temperatures over

colder upwelled oceanic waters. These results suggest that a high flux, coastal upwelling

community was not present in the glacial California Current.

This interpretation is consistent with estimates of glacial marine organic carbon flux

from Lyle et al. [1991]. Using a variety of methods to partition total organic carbon into

terrestrial and marine components, these workers found that glacial marine organic carbon

flux across the Multitracers transect was only half the modern marine organic carbon flux to

the sediments. They interpreted this change as an indication of the lack of northerly winds

favorable to coastal upwelling at the Multitracers transect during the LGM.
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Coupling the inferred nutrient content, and foraminiferal shell fluxes across the

Multitracers transect with the diatom/pollen and organic carbon flux studies described

above provides a more complete assessment of the community ecology of the glacial

California Current at 42°N. These results suggest that surface waters were (1) high in

nutrients based on the 613C measurements, (2) low in chlorophyll biomass due to more

intense grazing by microorganisms such as planktonic forarninifera, and (3) low in export

flux as determined by the diatom and marine organic carbon data of Sancetta et al. [1992],

and Lyle et al. [1991]. This description suggests that during the LGM the plankton

community of the California Current was very similar to the modern plankton community

of the Gulf of Alaska. Together, these data suggest that the shift in character of the

California Current during the LGM was driven by enhanced offshore wind-stress curl or

southward advection. The decrease in export productivity of the glacial California Current

at 42°N is ultimately linked to changes in the physical environment. However, these

physical changes did not simply cause the biological interactions of the modern oceanic

community to run more slowly. Rather, the physical changes appear to have resulted in the

replacement of the high export flux modern coastal upwelling community with a low export

flux subarctic-like, open-ocean upwelling community.

6.6 CONCLUSIONS

Foraminiferal data from 10 sediment cores suggest the magnitude of the glacial

temperature decrease across the California Current at 42°N during the LGM was 3.3 ±

1.5°C. This estimate is statistically indistinguishable from the 4± 1.5°C estimate of Prahi

et al. [1995] and Sabin and Pisias [19951. Our results improve our understanding of the

local temperature change during the LGM by providing the first high resolution zonal

temperature estimates for this region. The 3°C cooling we estimate appears to have been

roughly constant across the entire Multitracers transect. Temperatures remained coolest

near the coast and increased offshore, similar to the modern annual average zonal thermal

gradient. The 3180 of G. bulloides closer to the coast was higher than in offshore waters.

This confirms colder waters near the coast and warmer waters offshore. These findings

based on foraminiferal faunas and oxygen isotopes suggest that the equatorward glacial



California Current was still present at 42°N during the LGM, and the Polar Front must have

remained north of our sites.

Glacial waters of the California current were (1) high in nutrients offshore based on the

613C of G. bulloides, (2) low in biomass due to more intense grazing by microorganisms

such as planktonic foraminifera, and (3)10w in export flux as determined by the diatom and

organic carbon data of Sancetta etal. [1992], and Lyle et al. [1991]. This description

suggests that during the LGM the plankton community of the northern California Current

was very similar to the modern plankton community of the Gulf of Alaska.
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ii

Summary



7.1 Primary Results

At the beginning of this thesis three primary goals were outlined: (1) to develop a better

understanding of the oceanographic information recorded by planktonic foraminifera in the

modern ocean, (2) to understand the relationship between modern faunas and their fossil

counterparts, and (3) to use these insights to reconstruct the paleoceanography of the

California Current at 42°N during the Last Glacial Maximum (LGM). The first of these

goals was addressed in Chapters 2 and 3. The second of these goals was addressed in

Chapters 4 and 5, and the final goal was addressed in Chapter 6. This section serves to

summarize the primary findings of this thesis.

Plankton tow data provided the means of assessing the relationship between various

species of shallow dwelling planktonic foraminifera and their environment on short time

scales. Our observations from Chapter 2impiy that temperature does not provide the sole

control on local foraminiferal size and distribution patterns. Temperature changes were

uncorrelated with changes in standing stock or size except for G. ruber which was near its

thermal tolerance limit at the Multitracers sites. Although temperature may control a

foraminiferal species' distribution near the limits of its thermal tolerance, food and light

appear to provide the primary control under more optimal thermal conditions. Asymbiotic

species, which survive by grazing, were most common in high biomass waters with

abundant food. These species, which include right-coiling N. pachyderma and G.

bulloides, were largely confined to the very high-biomass upwelling waters within 100 km

of the coast. In contrast, ambient light levels seemed to determine the distribution of

symbiont-bearing species which increased in abundance and shell size as water turbidity

decreased. For symbiotic species such as 0. universa and N. dutertrei small individuals

are associated with meager standing stocks in high-biomass waters and large individuals

with thriving standing stocks in low-biomass waters. These results suggest that small

individuals of symbiotic species preserved in sediments of high biomass (high turbidity)

regions reflect light-limited growth, and that high abundance of these species in the

California Current requires relatively clear water.

In Chapter 3, the use of distributional data from deep plankton tows, hydrographic

information and oxygen isotopic composition distinguished true deep dwelling species

from shallow dwellers that settled through the water column. The distribution and isotopic

composition of G. scitula and G. hexagona are directly linked to and record conditions in



the Shallow Salinity Minima (S SM) and North Pacific Intermediate Water (NPIW)

respectively. This finding should be of use in reconstructing the shallow ventilation history

of the northeast Pacific or similar oceanic environments on geologic time scales, provided

that adequate sample resolution is obtained. Two other species collected at depth in our

samples, left-coiling N. pachyderma and G. calida , were not exclusively associated with

sub-surface water masses in the California Current but instead were found throughout the

water column. This suggests that their occurrence in the deep samples was the result of a

settling event. Oxygen isotopic data were used to determine calcification depth ranges.

These calcification ranges permit us to evaluate apparent carbon isotopic disequilibrium.

We note that the carbon isotopic disequilibrium is depth dependent. Variations in metabolic

rate in response to warmer temperature or increased food sources provides the most

plausible explanation for this apparent carbon disequilibrium. The carbon isotopic

disequilibria follow an exponential function of calcification temperature or a logarithmic

function of relative biomass at the depth of calcification. Our findings provide a potential

means of extracting this metabolic disequilibrium from the carbon isotopic record as a

function of calcification temperature or relative prey abundance. The relationship with

temperature holds the greatest paleoceanographic potential.

Sediment trap samples in Chapter 4 detailed the seasonal variation of foraniiniferal

faunas in response to hydrographic forcing. Species representing the subarctic,

transitional, and central/subtropical foraminiferal assemblages of Bradshaw [1959] exhibit

seasonal succession at the three locations across the Multitracers transect. This resulted in

greater faunal diversity than at Station P in the Gulf of Alaska, although with lower total

foraminiferal fluxes. Fall and late summer faunas were characterized by subtropical species

such as 0. universa and G. ruber. These species were most abundant offshore and

decreased in abundance toward the coast. The winter fauna was composed of a diverse

mixture of transitional and subarctic species including: G. bulloides, right-coiling N.

pachyder,na , N. dutertrei, G. quinqueloba, G. glutinata and G. scitula. These species

were most abundant at the two sites closest to the coast and decreased in abundance

offshore. An upwelling fauna composed largely of the species G. bulloides, and left-

coiling N. pachydenna has highest fluxes at the site closest to the coast, and decreased in

abundance offshore. High coastal organic carbon flux correlates with high coastal

foraminiferal flux. Because the coastal foraminiferal flux was largely heterotrophic, the

linkage between heterotrophic species abundance and water column particle biomass

observed in Chapter 2 holds on seasonal time scales.
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Chapter 5 compared foraniiniferal faunas from global core tops with faunas from

annually averaged sediment traps, demonstrating that the basic structure of the sediment

trap and core top faunas are comparable. The greatest differences occurred in mid-

latitudes, where sediment trap faunas were considerably different from mid-latitude core

tops. These differences arise from the presence of delicate, soluble forms in the sediment

traps which are unlikely to be well preserved in sediments. As a result, the sediments

appeared to be enriched in robust shelled taxa relative to the sediment trap faunas. Despite

these differences, the core top calibration data set estimated reliable sea surface

temperatures (SST) for most of the sediment trap faunas using both the Modern Analog

Method and global Imbrie-Kipp transfer functions.

Linear regression of core top predicted SST against atlas SST generated a slope of

0.98±0.01 for the modern analog method and 0.93±0.02 for the Imbrie-Kipp method. The

associated intercepts were 0.4 ± 0.3°C for the modern analog method, and 1.7 ± 0.4°C for

the Imbrie-Kipp method. The Imbrie-Kipp transfer function thus had an intercept 1.3°C

warmer than modem analog estimates and 1.7°C warmer than recorded atlas SST. The

RMS error for the core top modern analog method (1.5°C) was smaller than that of the

Imbrie-Kipp method (1.9°C). Regional Imbrie-Kipp transfer functions exhibited greater

systematic bias than the global transfer function, but smaller random bias. The modern

analog method had less systematic and random bias than the Imbrie-Kipp method over the

full range of global temperatures. Accordingly, in Chapter 6, glacial SST estimates were

made using the modern analog method.

The temperature decreased 3.3 ± 1.5°C at 10 sites across the California Current at 42°N

during the LGM [Chapter 6]. This estimate is statistically indistinguishable from the 4±

1.5°C estimates of Prahi etal. [1995] at one site, and Sabin and Pisias [1995] at two sites.

The 3°C cooling we estimate appears to have been roughly constant across the transect.

Temperatures remained coolest near the coast and increased offshore, a pattern similar to

the modern annual average zonal thermal gradient. The 6180 of G. bulloides closer to the

coast was higher than in offshore waters. This confirms colder waters near the coast and

warmer waters offshore. These findings based on foraniiniferal faunas and oxygen

isotopes suggest that the equatorward flowing glacial California Current was still present at

42°N during the LGM. The Polar Front must have remained north of our sites during the

LGM.
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The 13C of G. bulloides and increased shell accumulation rates of heterotrophic

foraminiferal species suggest greater nutrient content and foraminiferal productivity in

offshore waters during the LGM. Stronger wind-stress curl, resulting in greater oceanic

upwelling, or enhanced southward advection of cold, nutrient rich water from the north

provide mechanisms for increasing the nutrient content of the glacial California Current.

Simulations of the modem and glacial wind field suggest that glacial wind-stress curl in the

California Current was greater year round relative to modem conditions. Coupling the

inferred nutrient content, and foraminiferal shell fluxes across the Multitracers transect with

the diatoms and pollen studies of Sancetta et al. [1992], and the marine organic carbon

study of Lyle et al. [1991] suggests that glacial surface waters at 42°N were (1) high in

nutrients based on the 13C, (2) low in biomass due to more intense grazing by

microorganisms such as planktonic foraininifera, and (3) low in export flux as determined

by the diatom and organic carbon accumulation rate data of Sancetta et al. [1992], and Lyle

etal. [1991]. The plankton community of the California Current during the LGM was very

similar to the modem plankton community of the Gulf of Alaska.

7.2 Future Directions

The basis for the use of planktonic foraminifera as climatic indicators rests on our

understanding of the factors which determine their distribution in the ocean. Because SST

is a climatic variable of interest to paleoclimatologists, much of the previous research on

planktonic forarninifera has focused on evaluating the effect of changes in temperature on

their distribution. One of the basic assumptions of the statistical methods used to generate

paleo-SST from foraminiferal data require that either (1) SST is the environmental variable

which directly determines variation in foraniiniferal assemblages or (2) is indirectly related

to foraminiferal variation by correlation to environmental variables which directly determine

foraminiferal variation.

The findings of Chapters 2 and 4 provide clear indications that under certain conditions

temperature is not the primary control on foraminiferal distribution and assemblage

composition. While temperature becomes limiting at a species' distributional extremes,

food and light availability were more important under favorable thermal conditions. This

was observed in both plankton tow standing stocks and sediment trap fluxes. Yet
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somewhat paradoxically, it was possible to predict reasonably accurate SST values for

globally distributed core top and sediment trap faunas [Chapter 5]. This leads one to the

conclusion that the paleo-SST relationship recorded in the planktonic foraniiniferal fossil

record is an indirect one, arising at least in part, from the correlation of SST with other

environmental variables. This result seems logical given (1) that most species of planktonic

foraminifera have broad thermal tolerance ranges, and (2) very few live exclusively at the

sea surface. The plankton tow results from Chapters 2 and 3 demonstrate that these species

live and calcify throughout much of the upper water column. Because the correlation of

SST with sub-surface temperature (and other environmental variables) varies both spatially

and temporally, a variable foraminiferal depth habitat diminishes the direct effect of SST on

the species' distribution.

The most likely factors contributing to the indirect relationship with SST are food

(which appears more important to heterotrophic species) and light (which is necessary for

photosymbionts in symbiotic species). These three factors correlate on large spatial scales

because wanner waters are generally lower in biomass and less turbid than colder waters.

Sediment studies that calibrate foraminifera that live throughout the water column to SST

are potentially ascribing abundance variations driven directly by biological factors (food

and light) to indirectly coupled variations in SST. This is a potential problem if the nature

of the indirect relationship varies. Critical questions that remain to be addressed are to

determine the nature of the correlation more precisely, and (2) to evaluate whether this

correlation with sea surface temperature varies spatially or temporally.

Laboratory and field data have demonstrated the role that light and photosymbiont

behavior plays on the stable isotopic composition of foraminiferal shells. This thesis

addressed the potential role of temperature and food concentration on the stable isotopic

composition of shells from heterotrophic species. In Chapter 3, a potential means of

extracting the 613CD1C record from heterotrophic foraminiferal calcite was developed by

modeling the disequilibrium signal as a temperature-dependent Qio effect, or food-

concentration dependent effect.

The estimate of Qio was typical of protistan values, suggesting that temperature may be

adequate to describe the depth-related changes in i613Ces. In contrast, the value of b

overestimated typical protistian values by an order of magnitude and thus was not

considered physiologically plausible. The most likely cause for the large value of b we

observed is the systematic change in temperature with depth associated with the variation in
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prey density. While food varied with depth (and thus correlates with Aö13Ces), it appears

to exert little direct effect on calcification rate. Future research should attempt to verify

these findings using a larger data set in a variety of oceanographic settings, or under

controlled laboratory conditions. Regardless of the approach taken, satisfactory results will

depend on accurate knowledge of the stable isotopic composition of the environment from

which the foraminifera are collected or grown.

The plankton tow specimens studied here lacked secondary calcite encrustation.

However, initial use of the Qio based model to estimate z613Ce.s for shells of glacial G.

bulloides in Chapter 6 were promising. Before this concept can be applied to fossil

specimens with confidence, the potential role of gametogenic encrustation on the primary

isotopic signal must be carefully evaluated.
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APPENDIX: AN ESTIMATE OF THE ANTHROPOGENIC 13CDIC OFFSET BASED

ON THE VENTILATION OF THE CALIFORNIA CURRENT

In Chapter 3, water column nutrient measurements constrained estimates of 13Ce for

comparison to planktonic foraminiferal &13C. The slope of the relationship between

phosphorous (P) and ö'3CDIC depends on the mean photosynthetic 12C_13C fractionation

rate ( -20%), the C to P Redfield ratio of marine organic matter ( - 105), and the mean

ocean inorganic carbon concentration ( 2250 imol / kg) [Broecker and Peng, 1982]. The

theoretical slope of -0.93% / jimol / kg calculated by Broecker and Peng [1982] can be

scaled relative to nitrogen using the P to N Redfield ratio (= 1/16), yielding -0.06% / p.mol

/ kg. We use nitrogen for this calculation rather than phosphorous, because nitrogen is the

limiting nutrient on biological time scales. Residual phosphorous remained in the water

column at these sites after nitrogen had been exhausted by plant photosynthesis. In

agreement with the theoretical estimate, measurements from 0- to 200 m samples follow the

relationship:

13CDIC = -0.06 [NO3-] + 1.6. (A.1)

In contrast to the upper water column, measurements from >200 m, follow a considerably

smaller slope:

13CDIC = -0.02 [NO31 0.6. (A.2)

A likely cause for this offset is the invasion of anthropogenic carbon into the near

surface waters of the North Pacific. Anthropogenic carbon released into the atmosphere by

fossil fuel burning, cement production, and deforestation is lower in 13C than pre-

anthropogenic carbon [Broecker and Peng, 1982]. Release of this isotopically light carbon

since the beginning of the Industrial Revolution has steadily decreased the carbon isotopic

composition of atmospheric CO2 [Luetenberger et al., 1992], which in turn reduces near-

surface water 613CD1C [Quay et al., 1992]. Exposure to the atmosphere thus offsets near-

surface water 13CDIC relative to deep water ö13CDIC, which is sequestered from the

anthropogenic shift.
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We hypothesis that this is the cause of the apparent decrease in the slope of deep water
13CDIC with respect to nutrient concentration in our measurements. Estimates of the

magnitude of the anthropogenic 613CD1C decrease in near-surface water, as reviewed by

Beveridge and Shackleton [1994], range from 0.4 to 1 .O%o; However, these authors favor

as a reasonable upper limit.

The anthropogenic 613C effect can be estimated from the Multitracers measurements

assuming that (1) the pre-anthropogenic '3CDJC to [NO3-] slope was equal to its current

value of -0.06 and (2) North Pacific waters deeper than 1000 m have yet to experience
anthropogenic '3CDIC or [NO3-] changes. These constraints are applied by increasing the

value of the intercept from equation A. 1 until the model estimates for samples from >1000

m have zero mean offset relative to measured values (Figure A. 1 a). The offset which

satisfies these constraints is -i-0.6%, resulting in a pre-anthropogenic model:

13CDIC = -0.06 [NO3-] + 2.2. (A.3)

The 95% confidence interval for pre-anthropogenic 613CD1C estimates from equation A.3 is

±0.24%o, based on 2 times the regression error for equation A. 1. An estimate of the

anthropogenic 13C offset, denoted iS13Cp..a, is then determined for each measurement in

the data set by:

L13Cp..a = 13Cp ö13Ca, (A.4)

where l3C, is the pre-anthropogenic model estimate given by equation A.3, and 613Ca is

the accompanying anthropogenically altered Multitracers S13CDIC measurement.

The gradient in L13Cp.a varies systematically as a function of water mass properties

(Figure A.lb). Water of a9 < 25.1 and within the Shallow Salinity Minimum has a mean

anthropogenic offset of -0.6 ± 0.24%. This estimate is within the range of values cited by

Beveridge and Shackleton [1994]. Given errors of ±0.24%, there do not appear to be
significant differences in within waters of a < 26.5 (Figure A.2). Below the

SSM, the magnitude of A13Ca decreases from the anthropogenic value of -0.6%o at (Ye

26.5 to the pre-anthropogenic value of 0%o at a = 27.2. The mean value of 0% below

1000 m (a 27.4) is of course constrained by the second assumption.
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Figure A.1 An estimate of the anthropogenic 613C shift, 113Cp..a. (a) 613CD1C and
[NO3-] replotted from Chapter 3. (b) The anthropogenic offset as a function of water
mass, based on density (ao). Vertical lines mark pre-anthropogenic values at O%o and the
mean anthropogenic offset of -0.6%. Symbols in (a) and (b) are: squares, 0-200 m data;
open circles, 300 - 400 m; triangles 500 1000 m; filled circles, 1000 - 2500 m.
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These results suggest that near-surface waters ofao <25.1 obtain their anthropogenic

signature by direct contact with the atmosphere, vertical mixing, and upwelling of

anthropogenically altered water from below. Waters of the SSM have an anthropogenic

signature similar to that of surface waters because this water mass is formed by the

subduction of cold, fresh, northern surface water below the wanner, more saline (but less
dense) water of the California Current and subtropical gyre [Reid, 1973; Talley, 1985].

The sharp decrease in the anthropogenic offset across the base of the SSM and into the

NPIW suggests the signal is transmitted diffusively across these density surfaces. We can

test this hypothesis by calculating the rate of apparent vertical diffusivity necessary to

transmit the anthropogenic signal from a0 = 26.5 to a0 = 27.2 (Le., from 200 m to 800 m)

during the 200 year time span of the Industrial Revolution. The process of vertical

diffusion in the ocean is first order in time, and can be expressed by:

aC/at = -K a2C/az2, (A.5)

where the left-hand side of equation (A.5) is the rate of change of concentration C with

respect to time t, and the right-hand side is the second derivative of C with respect to depth

z, scaled by the apparent vertical diffusivity, K. Equation (A.5) can be written in terms of
finite differences as:

LC/Lt = -K [C(200 in) -2 X C(500 m) + C(g()o m)] /(300 rn)2 (A.6)

Averaging data from the appropriate depths, we use .813Cp.a O.6% for C(2oo in)' -0. 1%

for C(5j m), and 0.04% for C(800 m)' and estimate K = 2.6 x iO m2 I s. This
simplified estimate of K , which neglects horizontal diffusion and the time-course of the

anthropogenic effect, is within =20% of the expected value of K = 3.3 x105 m2 / s, given
the local density gradient of 1.2 x iO kg/rn4 [Broecker and Peng, 1982]. We conclude

the anthropogenic 613C signal is most likely transmitted diffusively below the SSM.

Unlike the isopycnals of the SSM, the underlying density surfaces of the NP1W, centered
around a0 = 26.8, do not outcrop in the North Pacific except in the Sea of Okhotsk [Talley,

1991]. As a result, waters below the NPIW retain their pre-anthropogenic 13C signature.
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