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Living planktic foraminifera in the central equatorial Pacific respond to seasonal

variation of equatorial upwelling. We contrast two plankton tow transects along 9°N-

12°S, 140°W; one during warm El Niflo conditions of February-March, 1992 followed by

the sampling of cooler, more productive La Nina conditions of August-September, 1992.

High standing stocks of G. bulloides, a herbivorous asymbiotic species characteristic of

coastal upwelling regions, occurred within equatorial surface waters at 140°W in August.

This species responded to a food threshold, estimated in terms of integrated primary

productivity (>90 mmol C m2 d-'), and cooler surface water temperatures (24°C). Its

appearance also coincided with a larger role of diatoms (Murray et al., 1994), suggesting

that preserved shells of G. bulloides may track shifts toward high biomass ecosystems in

the sediment record. Standing stocks of other herbivorous species (P. obliquiloculata and

N. dutertrei) tracked primary production during both February and August. Meridional

circulation advected plankton biomass off the equator to convergences near 2°N and 2°S,

where high standing stocks of foraminifera suggest that this group thrives within high

food concentrations at these features. Outside of equatorial circulation, G. saccul?fer, G.

ruber, and G. con globatus dominated the fauna of subtropical waters with low food

abundance south of 5°S and north of 5°N because their dinoflagellate endosymbionts

provide them with nutrition, while species without these symbionts are excluded.

Transfer functions relate depth integrated fauna from both transects to measured sea-

surface temperature, integrated primary productivity, and mixed-layer depth, and suggest

that living tropical foraminifera fauna explain nearly 60% of the variability of each

parameter.
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Living Planktic Foraminifera as Environmental Indicators in the
Central Equatorial Pacific Ocean

1. Introduction

What oceanic processes influence the distribution of tropical planktic foraminifera?

Are tropical species of this zooplankton group most sensitive to physical parameters

(temperature, salinity, light, or currents) or biological parameters (such as the distribution

of food organisms)? The reconstruction of past tropical environments using preserved

foraminifera requires a better understanding of these processes. In this study, we directly

compare living foraminiferal populations to physical and biological environmental

parameters along a transect (9°N-12°S, 140°W) in the central equatorial Pacific Ocean.

Paleoceanographers identify large-scale faunal patterns of preserved foraminifera in

surface sediments of the world oceans. These faunal patterns are strongly correlated to

modern global patterns of annually averaged sea-surface temperature (Imbrie and Kipp,

1971) and primary productivity (Mix, 1989). In the form of multiple regression transfer

functions, these relationships are applied to preserved fauna down-core to quantitatively

reconstruct past values of these parameters. However, these reconstructions are limited by

our poor understanding of which oceanic processes are most important to living fauna, and

how their combined influence shapes the faunal record.

The spatial scale of our study (100-1000 km) simulates the larger scale faunal

patterns of surface sediments. We assess whether faunal structure occurs at this spatial

scale, and how it corresponds to environmental gradients. Horizontal environmental

gradients, including those of water temperature and primary productivity, are much weaker

than vertical gradients across a few hundred meters. As a result, the vertical structure of

zooplankton species often dominates horizontal structure at scales as large as 100,000 km2

(Longhurst, 1985). We address this issue in two ways. First, our survey crosses the

central equatorial Pacific open-ocean upwelling system, and ensures the sampling of strong

horizontal environmental gradients north and south of the equator. Second, we use depth-

stratified plankton tow samples of 20-50 m resolution in the upper 200 m. This vertical

resolution permits us to narrowly define the habitats of foraminiferal species.

Two cruises (February-March and August-September, 1992) sampled foraminiferal

populations of very different environmental settings. These months typically represent

seasonal extremes of tradewind forced equatorial upwelling. In the second chapter of this

thesis, we describe the distribution of foraminifera during the El Niño conditions of
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February-March, 1992, a period of anomalously warm surface water temperatures and a

deep thermocline across the transect. Weak equatorial upwelling had little effect on surface

water temperature, although equatorial productivity was enhanced. Therefore, the transect

essentially separates the influence of primary productivity on foraminiferal fauna from the

influence of water temperature.

In the third chapter, we turn to foraminiferal distributions during the La Nina of

August-September, a period of intense equatorial upwelling and cool sea-surface

temperatures. As observed in February, there were significant faunal changes across the

transect. However, surface temperature and integrated primary productivity were strongly

correlated in August, making it difficult to separate their individual contributions. The

changes in equatorial fauna from February to August largely reflect a local and regional

increase in integrated primary productivity. Foraminiferal species respond to changes in

the abundance and faunal composition of their plankton food sources.

Our findings from both surveys suggest that species assemblages of living

foraminifera track interrelated aspects of their environment. In the fourth and final chapter,

we quantify such relationships by applying transfer function methods to plankton data from

both surveys. This test provides numerous insights for the paleoceanographic

reconstruction of sea-surface temperature, integrated primary productivity, and mixed-layer

depth from preserved fauna. First, it provides a unique opportunity to directly compare

living fauna with simultaneously collected environmental measurements. Second, our

ecological observations permit us to evaluate how processes known to control growth (e.g.

temperature tolerance or food and light needs) influence how fauna represent surface

temperature, integrated productivity, and mixed layer depth. Third, we are able to address

how the correlation of these parameters affects reconstructions, particularly when

correlation structure within the calibration data set differs from that of other settings.

Therefore, this study sets up a framework to not only isolate some of the controls

of living planktic foraminifera in the tropics, but to also evaluate the implications of these

controls for paleoceanographic reconstuction of this region. It leads toward a better

understanding of how upper-water column processes contribute to form the preserved

faunal record in sediments.
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2. Living Planktic Foraminifera: Tracers of Circulation and Productivity
Regimes in the Central Equatorial Pacific

2.1 Abstract

Planktic foraminifera (shelled protozoans from -O.O1-1 mm in size) respond to

equatorial circulation and ecosystem dynamics. In the Joint Global Ocean Flux Study

(JGOFS) Survey I cruise of the equatorial Pacific (9N- 1 2°S, 140°W, in February-March,

1992), responses to upwelling, advection, and biological activity occurred in spite of little

upper-ocean temperature contrast. Rather than being abundant within the entire productive

equatorial zone, foraminifera concentrated off the equator at convergent fronts. Non-

spinose, mostly herbivorous species (G. con glomerata, G. tumida, P. obliquiloculata, and

N. dutertrei) dominated near 3°N, in the convergence between the South Equatorial Current

and the North Equatorial Countercurrent. Juvenile forms outnumbered adults within the

convergence, indicating that these foraminifera succeeded and reproduced here (rather than

passively accumulating by advection) perhaps by maintaining buoyancy to stay within the

convergent, food-rich zone. The South Equatorial Current was favored by spinose,

endosymbiont-bearing G. aequilateralis and non-spinose, herbivorous G. glutinata, G.

menardii and P. obliquiloculata, perhaps an advected assemblage. Species hosting

dinoflagellate endosymbionts (G. sacculifer, G. ruber, and G. con globatus) prevailed in

food-poor oligotrophic regions, perhaps because they can obtain nutrition from their

photosynthesizing symbionts. Other species may be more dependent on phytoplankton

food and are therefore excluded from these regions. Distributions of living foraminifera

suggest that primary productivity is an important factor in controlling distributions and that

transfer functions to estimate productivity in the geological record have merit.

Foraminiferal species distributions also reflect food stocks and circulation.

2.2 Introduction

In this study, we compared the distribution of living planktic foraminifera with

physical and biological environmental variables in the tropical Pacific. We have two goals.

First, we examine the distributions of and infer environmental controls on a

group of marine protozoa. Protists play a dominant role as phytoplankton grazers, as well

as demonstrating autotrophic, bacteriovorous, detritivorous and carnivorous life styles in



open ocean food webs. However, species-level characterization of protists is rare in

biological studies. Foraminifera make calcite shells that are easily isolated and identified,

and thus provide an opportunity for species-level insight into the habits of a diverse group

of protozoa. Community structure of protozoa has important implications for nutrient

cycling, carbon transfer to higher trophic levels, and carbon export out of the euphotic zone

(Michaels and Silver, 1988). In the effort to understand the role of community structure in

carbon cycling within the equatorial Pacific ecosystem, our study complements other

JGOFS survey cruise taxon specific studies of microzooplankton trophic groups

(Stoecker), polycystine radiolarians (Welling), and net phytoplankton (Kaczmarska and

Fryxell). Second, we seek to improve the ecological basis for paleoceanographic transfer

functions based on foraminifera, which are used to reconstruct past environments from

specimens preserved in the geologic record (Imbrie and Kipp, 1971). Transfer functions

are important for the JGOFS Equatorial Pacific program to assess long-term changes in

upper ocean properties and primary productivity related to changes in circulation and

nutrient distributions.

Transfer functions that estimate ice age sea-surface temperature from fossil

foraminifera suggest that the tropical and subtropical climates are relatively stable

(CLIMAP, 1976; 1981; Prell, 1985). This raises a major problem for climate models,

which cannot reproduce Pleistocene expansion of tropical mountain glaciers and high-

altitude pollen without cooling the sea surface (Rind and Peteet, 1985). Either the

temperature estimates are wrong (and a chemical thermometer suggests this may be the

case, Beck et al., 1992; Guilderson et al., 1994) or climate theory must change. Some

studies suggest that foraminiferal species respond to primary productivity (Mix, 1989a;

Sarnthein et al., 1992). If so, transfer function estimates of paleoproductivity would

constrain global carbon cycle models (Mix l989b). However, paleoproductivity estimates

based on foraminifera (Mix, 1989a) and organic carbon (Sarnthein et al., 1987) sometimes

disagree, and it is not clear why. Key issues are whether tropical foraminifera are sensitive

to temperature or primary productivity relative to other aspects of their environment, and

whether we could confuse these responses in the geologic record.

Depth-stratified plankton tows, taken during the JGOFS Equatorial Pacific survey I

cruise (a transect along 140°W, from 9°N-12°S, February-March 1992) provided a

snapshot of the vertical and latitudinal structure of the living planktic foraminiferal

population. Hydrography, nutrients, currents, primary productivity, and plankton

populations were measured during the same cruise. El Niño conditions produced a deep,

nearly isothermal warm surface layer across the transect, but significant gradients of

primary productivity, chlorophyll i, zooplankton biomass, and circulation were found.
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This provided an opportunity to test the response of planktic foraminifera to properties

other than temperature in an equatorial upwelling system.

2.3 Methods

2.3.1 Environmental Data

Prior to the plankton tows, routine CTD/Rosette casts taken at dawn provided

hydrographic information (temperature, salinity, and density) at each station from 0-400 m.

Zonal and meridional current velocities along the transect were measured using continuous

acoustic doppler profiling (ADCP) (Murray, et al., 1995). Subsurface Photosynthetically

Available Radiation (PAR) was measured during daily optical profiles (C. Trees, JGOFS

data system).

Chlorophyll was measured daily using reverse phase High Performance Liquid

Chromatography (HPLC) on water samples collected by the CTDlRosette casts every 10 m
14

from 0 to 150 m (R. Bidigare, JGOFS data system). C uptake estimates of primary

productivity were measured daily from samples taken at eight depths to the 0.1 % light level

using trace-metal free techniques and incubated in-situ for 24 hours (R. Barber, personal

communication). The integration of these discrete samples from the surface to the depth of

the 0.1 % light level yielded integrated primary productivity. The carbon biomass of four

size fractions of >64 tm zooplankton (subsampled from the same MOCNESS samples as

the foraminifera) was measured using a C-H-N analyzer (White et at., 1995).

2.3.2 Foraminferal Analysis

The upper 200 mat 11 stations (9°N, 7°N, 5°N, 3°N, 2°N, 1°N, Equator, 1°S,

2°S, 5°S, and 12°S) along 140°W were sampled in February-March, 1992 using a 64 jim

mesh Multiple Opening and Closing Net Environmental Sensing System (MOCNESS)

plankton tow (Wiebe et al., 1976). Table 2.1 lists the date, time and location of each tow.

All were day tows except for the 7°N station. Eight depth intervals (0-10 m, 10-20 m, 20-

40 m, 40-60 m, 60-80 m, 80-100 m, 100-150 m, 150-200 m) were sampled during each



Table 2.1 64 jim MOCNESS tows taken along 140°W from 0 to 200 m
during February-March, 1992.

tow # date latitude longitude time (local)

4 2/7/92 13'N 140° 19' W 0942-1006
6 2/10/92 7° 06 N 139° 57' W 2034-2136
7 2/12/92 5° 03' N 140° 00' W 0935-1032
9 2/15/92 3°0l'N l40°0l'W 1049-1127

12 2/17/92 2° 00' N 140° 00' W 093 1-1039
13 2/20/92 1° 00' N 140° 00' W 0855-0957
15 2/23/92 0° 00' N 140° 04' W 0910-1000
18 2/27/92 1° 02' S 140° 12' W 1004-1100
20 2/29/92 2° 01' S 140° 09' W 0937-1028
21 3/4/92 5° 07' S 140° 03' W 0804-0858
23 3/8/92 12°02'S 140° 12W 1004-1100

tow. Samples were preserved with a 4% formalin seawater solution saturated with a

sodium borate buffer.

Three twentieths of each sample was used for foraminiferal analysis. The samples

were initially wet sieved at 150 jim. Planktic foraminifera were concentrated from the

>150 jim plankton by a settling in a pH 8, saturated (5.3M) NaC1 solution of specific

gravity 1.2 g cm3 (Be, 1959). Calcareous zooplankton, including planktic foraminifera,

are denser than the saline solution and most of them sink, while less dense non-shelled

plankton float. This separation was about 80-90% successful. Some of the foraminifera

became entangled in the floating organic matter. To extract these remaining specimens, we

sieved the floating material again at 150 jim and manually picked entangled foraminifera

from the organic matter under a dissecting microscope. We combined these foraminifera in

a 150 jim sieve with the specimens that sank in the saline solution, rinsed and dried them at

room temperature. Dry foraminifera were re-sieved at 150 jim, and separated manually by

species. The natural coloration of protoplasm allowed us to count living (i.e., protoplasm

full) and dead (i.e., protoplasm free) specimens separately. We focus on the environmental

conditions experienced by living foraminifera. Therefore, the faunal analysis here

considered only the living specimens. The MOCNESS flow meter recorded water volumes

filtered, and using this information we calculated standing stocks for each species.

Taxonomy of the region's planktic foraminifera is well known from earlier

plankton-tow studies (Bradshaw, 1959; Parker, 1961). Taxonomic notes which define our

species concepts are in Appendix 1. Information on the diet and symbionts for each



species is less well known. We use the observations of Gastrich (1987) and Hemleben et

al. (1989), summarized in Table 2.2, as a starting point for discussion.

2.3.3 Data Analysis

Contoured cross-sections present the distribution of foraminiferal species standing

stocks and environmental variables between 12°S and 9°N, from 0 to 200 m. The

environmental data were machine contoured with a grid size of 1° latitude by 10 m depth

after linear interpolation between data points. The species data were hand contoured. For

comparison to surface parameters, species standing stocks were integrated to 100 m.

Q-mode factor analysis simplified the variability of forarniniferal species percent

abundance within tow samples into orthogonal assemblages (Imbrie and Kipp, 1971). The

eleven most common species were included in the factor analysis. Samples were

represented as unit vectors. Similarity between samples is defined as the cosine of the

angle between their vectors. From the cosine-theta matrix, Q-mode analysis finds

orthogonal factors that explain the original sample vector with the fewest components.

Rigid VARIMAX rotation moves the samples as much as possible into the positive

quadrant of the selected factors, so that they are more easily interpreted as ecological

assemblages. Each sample is described by its "loadings" as a weighted sum of all factors.

The communality of a sample (the sum of squares of the factor loadings) is the new vector

length of the samples as described by the factors. If the sample is fully represented by the

factor analysis, we would observe a communality of one.

A few species with large abundance ranges, generally the most common ones,

dominate unweighted similarity indices such as cosine-theta distances between samples

represented as unit vectors (Overpeck et al., 1985). Abundant species dominate

unweighted indices because the distribution of relative abundance in populations is often

log-normal (May, 1975). The few abundant species, exponentially more abundant in

untransformed data, easily drown out the signal of the many other species in a population.

To ensure representation of rare but diagnostically important species within the factor

assemblages, we logarithimically transformed the species percentages. The logarithmic

transformation yields a more gaussian distribution of the log-normally distributed species

percentages. The factor analysis produces similar results with transformed absolute and

relative abundance data, due to the scaling of samples to unit vectors.



Table 2.2 Observed Species

Commonly observed species

Non-spinose

Neogloboquadrina dutertrei

Pulleniatina obliquiloculata

Globorotalia tuinida

Globorotalia menardii

Globoquadrina con glomerata

Mic rop erforate

Globigerinita glutinata

Spinose

Globigerinoides sacculjfer
(most w/o terminal chamber)

Globigerinoides ruber, white

Globigerinoides con globatus

Globigerinella aequilateralis

Globigerinella calida

Rarer and <150 tm species

10

Ecological information
(Hemleben, 1989 and Gastrich, 1987)

symbionts diet

facultative- phytoplankton,
diatoms or primarily diatoms

chrysophytes

facultative- phytoplankton
same as N.dutertrei primarily chrysophyte

unknown phytoplankton

facultative- phytoplankton,
same as N.dutertrei diatoms and

chrysophytes

unknown unknown

facultative phytoplankton
same as N. dutertrei

dinoflagellate

dinoflagellate

dinoflagellate

prymnesiophyte

unknown

Globoturborotalita rubescens
Sphaeroidinella dehiscens (final stage of G. sacculfer)
Candeina nitida
Globigerina falconensis
Globoturborotalita tenellus
Orbulina universa

calanoid copepods,
tintinnids

same as G. saccu1fer

unknown

same as G. saccu1fer

unknown

Globigerinella adamsi
Globorotalia scitula
Hastigerina pelagica
Globigerina bulloides
Turborotalita hum ilis
Globorotalioides hexagona
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2.4 Results

2.4.1 Physical Environment

Forarninifera, like most plankton, may be sensitive to aspects of their physical

environment such as temperature, salinity, upwelling or downwelling, and currents. Any

field test must constrain these parameters. The JGOFS Equatorial Pacific Survey I cruise

in February-March 1992 spanned subtropical waters from 12°S to 5°S, the South

Equatorial Current (SEC) from 5°S to 3°N, and the North Equatorial Countercurrent

(NECC) from 3°N to 8°N. It sampled the southern edge of the North Equatorial Current

(NEC) at 9°N. Sea-surface temperature was nearly uniform (28°C) throughout the

transect, except at 9°N where it dropped slightly to 26°C (Figure 2.la). A relatively deep

isothermal surface layer was underlain by a sharp thermocline, where temperature

decreased from 28 to 14°C. The thermocline depth and thickness varied along the transect,

reflecting the ridge-trough zonal surface current structure. The shallowest and sharpest

thermocline was at 9°N from 60 to 80 m, near the boundary of the NECC and the NEC.

Within the NECC, the thermocline sloped mostly southward, to >140 m at 3°N. Near the

equator within the SEC, the thermocline was near 125 m. South of 3°S, the thermocline

was deeper than 150 m.

In northern-hemisphere winter, latitudinal contrast of surface water temperature is

often low in the central Equatorial Pacific. The eastern Equatorial Pacific cold surface

water tongue," formed by upwelling of cool thermocline waters and westward advection

by the SEC. rarely reaches 140°W in this season. During the 1992 survey I cruise, an

eastward migrating Kelvin wave characteristic of basin-wide El Niño conditions depressed

the thermocline to below 100 m (Kessler and McFadden, 1995). While winds favored

equatorial upwelling, winds were weak and upwelled water came from above the

thermocline. Thus, the combination of a deep thermocline and weak upwelling contributed

to high water temperatures near the equator (Murray et al., 1994).

Salinity varied from <34 psu in the north, to>36 psu in the south (Figure 2.lb).

Low values reflect high precipitation relative to evaporation in the Inter-tropical

Convergence Zone (ITCZ) north of the equator. The subsurface salinity maxima south of

the equator traces the northward isopycnal spreading of subtropical mode water formed by

evaporation in the Southern Hemisphere. This water mass was bounded by sharp vertical

salinity gradients at the 12°S and 5°S stations (Murray et al., 1995).
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Figure 2.1 Physical environmental data for comparison to foraminiferal distributions
(see text for references). The meridional transect is along 140°W during the February-
March 1992 JGOFS survey I cruise TTOO7. Triangles on the latitude axis represent the
locations of MOCNESS plankton tows. Boxes opposite the depth axis approximate the
eight depth intervals of the 0 to 200 meter MOCNESS plankton tows. A) Water
temperature (°C). Note the relatively constant near-surface temperatures across the full
transect. The thermocline, represented by the 20CC isotherm, was shallowest at 9°N, near
the boundary of the North Equatorial Countercurrent (NECC) and the North Equatorial
Current (NEC) boundary, deepening toward the south to its deepest position at 12°S from
150 to 200 m. B) Salinity distributions from same samples as in (A). Note the subsurface
salinity maximum at 150 m, indicating isopycnal spreading of subtropical water toward the

equator. C) Zonal current velocities (cm sec) based on gridded (1° latitude, 16 m depth)
continuous acoustic doppler current profiler (ADCP) data. Positive values represent
eastward currents. The hatched region represents the core of the westward flowing South
Equatorial Current (SEC). The shaded regions represent the cores of the eastward flowing

NECC and the Equatorial Undercurrent (EUC). D) Meridional current (cm sec) based
on ADCP. Positive values (solid) represent northward velocities, negative (hatched)
represent southward velocities.
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The depth of the mixed layer is often defined by thermal gradients. However, in

the western Pacific, the isothermal layer differs from the isohaline layer, so the use of a

density increase with depth is more appropriate. Gardner et al. (1995) empirically defined

the mixed layer depth in the equatorial Pacific as the depth at which density is 0.03 density

units higher than the surface. The Gardner defined mixed layer shoaled to 15 m at 7°N and

the equator, and descended to 70-90 m north and south of these stations. The mixed layer

depth of Levitus (1982), using an 0.125 density unit standard density difference, better

represents the isothermal layer than the actual depth of mixing in this region (Gardner et al.,

1995). The Levitus defined mixed layer shoaled to 50 m at the equator, and descended to

100 m to the north and south.

The zonal currents (Figure 2.lc), based on acoustic doppler profiles were typical

for the central Equatorial Pacific (Murray et al., 1995). The westward-flowing SEC

reached velocities of 60 cm sec in the upper 100 m between 5°S and 3°N. The NECC

flowed eastward in the upper 150 m between 3°N and 7"N, with velocities up to 40 cm sec

Both currents were consistent with climatology. The eastward-flowing Equatorial

Undercurrent (EUC), with a core at 125-175 m on the Equator, was deep and weak (20cm

sec) relative to climatology (Wyrtki and Kilonsky, 1984). Zonal velocities were low in

the surface waters south of 5'S, and at 9°N.

The acoustic doppler current profile of meridional velocities revealed poleward

divergence in the upper 50 m near the equator and weak convergence from 60 to 100 m

(Figure 2.ld) (Murray et al., 1995). This pattern is typical of the transverse circulation cell

structure described by Wyrtki and Kilonsky (1984), in which the northern cell is "closed"

by downwelling at the convergence near the SECINECC boundary. In February-March

1992 the strongest zones of convergence occured near 3-5°N (especially near the surface)

and at S'S (especially from 50-100 m).

2.4.2 Light Levels

Subsurface light levels control algal symbiont photosynthesis. Many foraminiferal

species contain these algal symbionts that may provide some nutrition (Caron et al., 1981;

Gastrich, 1987), although the extent of dependence on symbiosis in different species is

unclear (Lee and Anderson, 1991). Surface irradiance varied from 30-36 Einst m2 d1
across most of the transect (J. Newton and J. Murray, JGOFS data system). Cloudiness

reduced surface irradiance on the day of sampling at the equator. The 1 % light level,

generally considered to be the compensation depth at which respiration balances



15

photosynthesis for plankton populations, was 85-90 m across most of the transect. At 2°S

and 12°S, this light level was at 100 m (Figure 2.2a; Trees, JGOFS data system).

2.4.3 Biological Environment

We consider biological controls on food supply as a part of the environment sensed

by planktic foraminifera. Non-spinose planktic foraminifera prefer phytoplankton as their

primary food source (Spindler et al., 1984), although there is some evidence that they may

eat detritus such as dead plankton or fecal pellets (Hemleben et al., 1989). Spinose

foraminifera feed mainly on calanoid copepods and other zooplankton (Spindler et al.,

1984).

Chlorophyll concentrations and estimates of primary productivity based on

uptake provided important information on the status of phytoplankton. In February-March
-3

1992, surface chi concentrations were highest (0.2-0.3 mg m ) between I S and 3 N.
-3 0Surface values decreased to -0.1 mg m north of 5 N and south of 1 S (Figure 2.2a).

Chlorophyll concentrations dropped sharply below the base of the photic zone (100-150 m)

across the transect. The vertical distribution of chlorophyll in the upper 100 m varied from

relatively constant values within the isothermal layer between 1 °S and 3°N, to a significant,

deep chlorophyll maximum at 9°N (nearly 5 times surface values) associated with the

shallow thermocline. Other subsurface maxima were less than 1.5 times surface values,

and may have resulted from the photoadaptative increase in the chlorophyll content per unit

biomass of deeper phytoplankton in this region (Pak et al., 1988). This bias is confirmed

by transmissometer data (J. Bishop, JGOFS data set), which reveal higher concentrations

of small particles in the upper 50 m of the water column, except at 9°N where chl a and

beam attenuation both suggest highest concentrations of phytoplankton at depth. While

noting the possible depth bias, we assume that the chlorophyll data give a good qualitative

index of the supply of phytoplankton as a food source.

Primary productivity was highest within the upper 20-40 m of the water column

near the equator (Figure 2.2b). Primary productivity integrated to the 0.1 % light level

depth varied from less than 40 mmol C m2 d at 12°S and 9°N to 60-80 mmol C m2 d

from I °S-3°N. Maximum assimilation ratios, pBmax, defined as productivity normalized

to chlorophyll, were found in the upper 30 m, and ranged from 40 mg C mg chl -1 d at

7-9°N and 120S, to 70-80 mg C mg chi -1 d at 1-2°S (Barber, JGOFS data system).

Low PBmax values off the equator were associated with nitrate depletion in surface waters.

Across most of the transect, 10-20% photoinhibition was observed in the upper 10 m (R.
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Figure 2.2 Biological environmental data for comparison to foraminiferal distributions

(see text for references). A) Chlorophyll concentrations (mg chi m3 ) Dashed line is
-3 -1 14depth of I % light level. B) Primary productivity (mmol C m d ) based on C uptake

is highest at the surface in the equatorial region. Dashed line is depth of 1% light level. C)

>64 im carbon concentrations (mmol C m3) from MOCNESS plankton tows,
representing the biomass of macrozooplankton.
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Barber, personal communication). The vertical pattern of primary productivity was not

similar to chlorophyll concentrations, except at 9°N where a weak productivity maximum

was associated with the deep chlorophyll maximum (Figure 2.2b). It is not clear whether

the productivity or standing stock of phytoplankton better represents food supply for

foraminifera. We consider both indices.

The mass of >64 jim zooplankton carbon (Figure 2.2c), analyzed from the same

nets as the foraminiferal samples, had a near-surface maximum at I °N. Low surface

values, underlain by subsurface maxima, were apparent at 2°N and 2°S. Zooplankton

biomass decreased sharply poleward of 5°N and 5°S, as well as below 100 (White et al.,

1995).

2.4.3 Distribution of Foraminifera

The standing stock of foraminiferal species in our plankton samples is available in

data tables submitted to the US JGOFS data management system, or from the authors.

Figure 2.3 illustrates the total standing stock (shells m3) of living (protoplasm full)

planktic foraminifera with shells >150 jim. At depths < 100 m virtually all specimens

found were alive. At greater depths the abundance of living foraminifera dropped sharply

(to less than 5 shells m3) except at the equator and 2°N, which had standing stocks of 14-

38 shells m3 in netsfor 100-150 m and 91-143 m respectively. Dead specimens increased

with depth as a fraction of total foraminifera. At depths >150 m dead specimens accounted

for 0 to 65 percent (average 35%) of the total foraminifera. This is consistent with

previous findings that most planktic foraminifera live within the euphotic zone (Berger,

1969).

The highest foraminiferal standing stock we observed was 160 shells m3, within

the upper 50 m at 3°N. Abundances higher than 50 shells m3 occurred between 1-5°N in

the upper 100 m, and at 5°S from 40 to 60 m (Figure 2.3). Comparison of these standing

stocks to previous estimates requires normalization for net and sieve size, because smaller

mesh nets collect more foraminifera. For example, our measured values were much higher

than the standing stocks of 1-10 shells m3 estimated for the eastern equatorial Pacific

using 300 jim mesh nets (Fairbanks et al., 1982; Be et al., 1985), but after correcting for

mesh size (using the logarithmic relationship of mesh size and measured standing stock of

Berger, 1969), the standing stocks are similar. Our standing stocks from 64 jim nets

followed by sieving at 150 jim agree with the range of 10-130 shells m3 observed with

158 jim mesh nets near 20°N, 120°W (McGowan and Brown, 1966).
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>150pm foraminifera (shells m3)

15O

1O°S 5°S 0 5°N
latitude

Figure 2.3 Standing stocks of live planktic foraminifera (> 150 im shells m3)
recovered from 64 im mesh MOCNESS plankton tows. Dots signify the midpoint
of each sample interval, represented by the boxes on the right. The zero contour
bounds samples with >0.5 shells m3.
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Individual species had different vertical and latitudinal patterns of abundance

(Figures 2.4-2.6). Many species had highest standing stocks just north of the equator.

Common from 2-5°N but nearly absent south of the equator, Globoquadrina con glomerara

(Figure 2.4a) had a subsurface maximum from 60 to 100 m. Also common from 2-5°N,

Globorotalia tumida occurred throughout the upper 80 m (Figure 2.4b). Pulleniatina

obliquiloculata (Figure 4c) and Neogloboquadrina dutertrei (Figure 2.4d) were abundant

throughout the upper 80 m from the Equator to 3°N.

Some species were prominent outside of the equatorial region. Globigerinoides

sacculifer (Figure 2.5a) was present at all sites, but was most abundant south of 5°S in the

upper 60 m and at 9°N from 60 to 80 m. A secondary maximum occurred at 20-80 m from

2-3°N. Globigerinoides ruber (Figure 2.5b) had highest standing stocks at 2-3°N, but was

also abundant south of 5°S in the upper 60 m. Unlike G. sacculfer, G. ruber was not

present at 9°N. The species was also abundant from 1-7°N from 0 to 100 m. The rare

species Globigerinoides con globatus (Figure 2.5c) had peak abundances of 3 shells rn3 in

the upper 80 m from 2-7°N, and was also present at 5°S. All three of these species were

nearly absent at the equator and at I °S, especially at depths >30 m.

Certain species were relatively important within the low total standing stocks of the

Southern Hemisphere. Globigerinella aequilateralis (Figure 2.6a) had uniform standing

stocks within the upper 100 m of the water column from 5°N-5°S. Its maximum

abundance was at 40-80 m south of the equator, and from 80-100 m north of the equator.

Although Globigerinita glutinata (Figure 2.6b) was most abundant from 2-3°N from 0 to

120 m, the species also had a subsurface maxima from 40 to 60 m in the Southern

Hemisphere, and was abundant in near-surface waters at 12°S. Glohorotalia nwnardii

(Figure 2.6c) was found mostly in the Southern Hemisphere and equatorial samples, and

was most abundant at 2°S from 20-60 m.

Species restricted to sub-thermocline depths between 100 and 200 m, including

Globorotaloides hexagona and Globigerinella adamsi, had very low maximum abundances

(2 shells m3). These species also displayed patchy distributions relative to more abundant

species, and were not illustrated here or considered in the factor analysis below.

Only five species reached abundances greater than 20 shells m3 for individual

samples- G. con glomerata, G. tumida, G. sacculifer, P. obliquiloculata, and N. dutertrei.

One of these five was the dominant species in each sample above 100 m, and usually

comprised 20-30% of a sample. In extreme cases, such as away from the equator for G.

sacculfer, or at depth near the equator for G. con glomerata or G. tumida, a single species

constituted 60-80% of a sample.
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Figure 2.4 Standing stocks of foraminiferal species common in the north-equatorial

region (>150 m shells m3). A) G. conglomerata, B) G. tumida, C) P. obliquiloculata,
and D) N. dutertrei.

Figure 2.5 Standing stocks of foraminiferal species common in subtropical regions

(>150 im shells m3). A) G. sacculfer, B) G. ruber, C) G. conglobatus.

Figure 2.6 Standing stocks of foraminiferal species relatively important in the south-

equatorial region (>150 m shells m3). A) G. aequilateralis, B) G. glutinata, and C) G.
nienardii.
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2.4.4 Fauna! Factors

A Q-mode factor model simplifies the patterns of species relative abundance within

the plankton tows. Three orthogonal faunal assemblages account for 85% of the

logarithmically transformed percent abundance data (Table 2.3). Highest factor scores

(bold type in Table 2.3) indicate the primary species contributing to each assemblage. The

loadings of these faunal factors on the samples (Table 2.4) are illustrated in Figures 2.7a-c.

The factor model describes most samples well (i.e., communality >0.6). A few samples

have low communality, especially where total foraminiferal standing stock was low such as

at depths >80 m from l-2S (Table 2.4). In these samples, counts were based on <20

shells and thus were subject to large counting errors.

Table 2.3 Factor scores from logarithmically transformed species percent abundance
data from MOCNESS tows of February-March, 1992.

species north equatorial South equatorial subtropical total

LI. CUIitU!IWIU1U U U J 'J.VJ

G. tuniida 0.58 -0.37 0.12
P. obliquiloculata 0.36 0.4 1 -0. 10

N. dutertrei 0.22 0.18 0.08
G. calida 0.16 0.11 0.00

G. aequilateralis 0.07 0.56 -0.08
G.g!utinata 0.05 0.43 0.18
G. menardii -0.04 0.33 -0.04

G.sacculifer 0.11 -0.03 0.79
G. ruber -0.04 0.19 0.44
G. conglobatus 0.12 -0.05 0.23
Percent of data 37% 23% 24% 84%

explained

The North Equatorial Assemblage (Figure 2.7a) dominated by G. con gloinerata, G.

tuinida, P. obliquiloculata, and N. dutertrei explains 37% of the data. The assemblage

prevailed from 0-100 m in the convergent zone between the SEC and the NECC at 2-5°N
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Figure 2.7 Factor loadings of Q-mode faunal factors, based on logarithmically
transformed species percent abundance data. See Table 2.3 for factor scores. Note that
patterns of factor loadings represent simplifications of the relative abundance patterns of the
species, rather than standing stocks. A) The North Equatorial Assemblage, dominated by
non-spinose herbivorous species G. conglomerata, G. tuniida, P. obliquiloculata, and G.
dutertrei. B) The South Equatorial Assemblage, containing spinose G. aequilateralis and
non-spinose G. glutinata, P. obliquiloculata, and G. ,nenardii. C) The Subtropical
Assemblage, dominated by spinose, dinoflagellate symbiont bearing species G. sacculifer,
G. ruber, and G. con globatus.
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Table 2.4 Faunal factor loadings from logarithmically transformed species
percent abundance data from MOCNESS tows of February-March, 1992.

9 3 0.576 0.504 -0.007 0.567
9 28 0.822 0.507 -0.217 0.720
9 48 0.739 0.311 -0.167 0.784
9 67 0.911 0.768 0.028 0.566
9 87 0.789 0.778 -0.198 0.380
9 123 0.488 0.291 0.202 0.602
9 166 0.772 0.047 0.111 0.870
7 14 0.891 0.625 0.302 0.640
7 64 0.889 0.748 0.203 0.537
7 77 0.906 0.789 0.259 0.466
7 170 0.838 0.422 0.332 0.741
5 14 0.910 0.691 0.421 0.506
5 68 0.907 0.906 0.172 0.237
5 85 0.903 0.898 0.298 0.094
5 172 0.811 0.715 0.304 0.457
3 15 0.924 0.795 0.351 0.410
3 70 0.981 0.867 0.299 0.373
3 90 0.976 0.868 0.326 0.342
3 172 0.657 0.666 0.397 0.235
2 1 0.932 0.750 0.334 0.508
2 7 0.95 1 0.804 0.344 0.431
2 22 0.971 0.802 0.404 0.406
2 42 0.970 0.785 0.387 0.453
2 62 0.967 0.595 0.575 0.53 1

2 81 0.968 0.786 0.427 0.410
2 117 0.933 0.917 0.230 0.197
2 168 0.728 0.710 0.293 0.371

16 0.940 0.764 0.519 0.296
1 70 0.975 0.776 0.527 0.310
1 92 0.990 0.812 0.455 0.352
1 171 0.914 0.780 0.437 0.337
0 5 0.934 0.495 0.748 0.359
0 18 0.954 0.659 0.632 0.347
0 30 0.960 0.627 0.680 0.323
0 51 0.925 0.790 0.530 0.144
0 83 0.857 0.809 0.447 -0.056
0 125 0.896 0.830 0.455 -0.009

-1 15 0.930 0.520 0.745 0.322
-1 70 0.774 0.530 0.676 0.190
-1 81 0.793 0.887 0.072 0.042
-1 174 0.324 0.065 0.560 -0.075
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Table 2.4 (continued)

latitude depth communality north equatorial south equatorial subtropical
-2 6 0.935 0.314 0.790 0.461
-2 16 0.895 0.444 0.711 0.440
-2 30 0.934 0.282 0.742 0.551
-2 50 0.961 0.309 0.800 0.475
-2 71 0.836 0.228 0.755 0.462
-2 91 0.601 0.630 0.425 0.155
-2 125 0.508 0.458 0.486 0.249
-2 175 0.582 0.302 0.689 -0.126
-5 5 0.993 0.253 0.6 15 0.742
-5 16 0.926 0.210 0.552 0.759
-5 31 0.963 0.273 0.630 0.701
-5 51 0.984 0.282 0.609 0.731
-5 70 0.981 0.287 0.623 0.714
-5 90 0.947 0.272 0.634 0.687
-5 125 0.801 0.243 0.696 0.507
-5 175 0.209 0.112 0.440 0.053

-12 15 0.817 0.220 0.406 0.777
-12 70 0.894 0.120 0.214 0.913
-12 174 0.714 0.183 0.310 0.765
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(Figure 2.lc). This assemblage also had a weak subsurface maximum from 60 to 150 m

from 2°S to 9°N, just below the deep chlorophyll maximum.

The South Equatorial Assemblage (Figure 2.7b), composed of G. aequilateralis, G.

glutinata, G. menardii, and P. obliquiloculata, was associated with the flow of the SEC

from 2°S to the Equator (Figure 2.lc), at depths < 80 m. The assemblage explains 23% of

the data. Although G. glutinata and P.obliquiloculata were relatively important in this

region, their standing stock maxima were north of this region. P.obliquiloculata thus

contributes to both the North and South Equatorial Assemblages. The negative factor

scores of G. turn ida (Table 2.3) indicates that the relative abundance of this species was

inversely correlated to the abundance of South Equatorial Assemblage species.

The Subtropical Assemblage (Figure 2.7c), which included G. saccu1fer, G. ruber,

and G. con globatus, was most important within the upper 200 m in the northern reaches of

the NECC at 7°N and 9°N, as well as south of the SEC at 5°S and 12°S, within subtropical

waters. This assemblage was rare near the equator, especially at depths> 100 m. The

assemblage explains 24% of the data. High loadings of this assemblage at depths >lOOm

at 7°N and 9°N may represent a sinking flux in samples with very low counts and

communalities. High standing stocks in the upper water column indicate a preference for

shallow habitats (Figure 2.5).

2.5 Discussion

2.5.1 Forarninfera and Water Tenperature

El Nub conditions of early 1992 resulted in nearly isothermal (28°C) conditions

within the upper 100 m of the water column throughout the transect. The abundance and

species composition of foraminifera varied significantly within this nearly isothermal layer.

We conclude that temperature was not important in controlling the primary faunal shifts in

this study.

This conclusion is consistent with laboratory culture experiments for many species

of tropical planktic foraminifera. For example, there appears to be no significant effect of

temperature on growth rate, longevity, or reproductive potential of the species G. saccu1fer

from 19.5-28°C (Caron et al., 1987) or 23.5-29.5°C (Hemleben et al., 1987). Bijma et al.

(1990) suggested temperature tolerances for G. sacculifer and G. ruber of 14-32°C, for G.

con globatus of 13-30°C, for G. aequilateralis of 1 1-30°C, for G. nzenardii of 16-
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31°C, and for N. dutertrei of 15-32°C. These studies argued that temperature becomes

important only near the lower and upper tolerance limits for each species.

Temperatures near the reported lower thermal tolerance limits occurred in this study

only near the base of the thermocline. The abundance of most species decreased sharply

below 100 m. Only rare species G. adamsi and G. hexagona were most abundant at sub-

thermocline depths. However, the thermocline was at or below the base of the euphotic

zone from 115-150 m (defined by the 0.1% light level) for most of the transect. We

suspect that the decrease in foraminiferal abundance with depth was due more to low light

levels than limitation by low temperatures. Lower light levels may affect foraminifera by

limiting phytoplanktonic food supply, and also by suppressing the activity of algal

symbionts (Caron et al., 1981). One location where temperature control may have come

into play within the euphotic zone is 9°N, where temperatures of 18°C were found as

shallow as 80 m. Foraminiferal populations here dropped rapidly below 80 m (Figure

2.3), although concentrations of chl i and zooplankton biomass did not (Figures 2.2a,c).

Thus, we do not consider temperature to be a primary control of foraminiferal

populations or species distributions in this study. This does not imply that foraminifera

never respond to temperature. It does suggest that this equatorial transect which sampled

relatively constant near-surface temperatures provides an excellent opportunity to identify

other controls of foraminiferal populations such as physical circulation, frontal dynamics,

and ecosystem dynamics involving primary productivity and food supply.

2.5.2 Foraininfera and Water Mass Convergence

Circulation patterns clearly influenced the abundance of planktic foraminifera in this

study. Total standing stocks of living foraminifera (Figure 2.3) were concentrated in two

regions of convergence (Figure 2.1 d). The greatest abundances were between the SEC and

the NECC, near 3°N. A secondary high of standing stocks occurred near 60 m at 5°S,

where the SEC bordered subtropical waters to the south. Abundances were particularly

low in the near-surface divergence from the equator to 2°S. This distribution of

foraminiferal standing stock is not closely linked to that of> 64 pm carbon biomass

(Figure 2.2c), which approximates total macrozooplankton stocks (White et al., 1995).

Total macrozooplankton, including many mobile metazoan groups of a wide range of

trophic levels, responded to circulation and food sources in a different manner than the

more passive foraminifera.
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We considered two hypotheses for the association of foraminifera with convergent

zones; passive accumulation and enhanced growth. In the first scenario, successful

juvenile foraminifera would start life in the productive equatorial divergence, and after

being advected poleward they would accumulate passively at convergences a few degrees

away. This hypothesis follows the equatorial community succession model of Vinogradov

(1981). In this model, organisms with longer life spans, generally of higher trophic levels,

become more important with greater distance from the equator. Rapidly growing

phytoplankton can develop large populations within the equatorial upwelling region.

Herbivorous zooplankton, growing at slower rates, are advected away from the equator

before reaching their adult population maximum. Finally, plankton with longer life spans

reach convergence zones such as the SECINECC boundary. The concept of biomass

accumulation in fronts is well known, and requires some sort of "swimming" behavior, or

in this case, buoyancy regulation (Franks, 1992). With a typical foraminiferal lifetime of

about a month (Hemleben et al., 1989) and average poleward advection rates near 10 cm

sec, equatorial foraminifera could be advected more than 250 km away from the

divergent upwelling zone to accumulate at convergences. The adult foraminifera, collected

in the convergent front, would then release gametes that would sink and reseed the

equatorial divergence. A prediction of this model is that adult foraminifera would be

concentrated in the convergent zones, and juveniles would be more abundant near the

equator.

In the second scenario, foraminifera would actively exploit convergences,

reproducing and growing locally. The buoyancy of plankton allows them to remain

relatively stationary in a convergent front while utilizing a constant flow of food-rich water.

The high availability of food would stimulate high growth and reproduction rates, leading

to an abundance maximum. This process implies a locally enhanced rather than a remotely

advected population of foraminifera, and would predict a primarily juvenile population in

the convergence zones. Adult expatriates would be more abundant away from these zones.

We tested these hypotheses in two ways. First, we calculated the percentage of

juvenile specimens for P. obliquiloculata, a species important in both equatorial

assemblages. In this species, juveniles were easily identified. Their shells are

morphologically distinct from, as well as being smaller than, adults (see taxonomic notes).

The percentage of juvenile P. obliquiloculata relative to total specimens of this species

supports the second hypothesis. Adults were most common (30-50% of total) at the

equator (within the entire water column) and below 60 m for the rest of the transect (Figure

2.8). Juveniles dominated the convergent zones both north and south of the equator (more

than 85% of the total). Second, we compared the fauna of the northern and southern
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Figure 2.8 Percentage of juvenile specimens of P. obliquiloculata relative to total
numbers of this species. Note high proportion of juveniles north of the equator
where species standing stocks were high (see Figure 2.4c), suggesting local
reproduction in the convergent zone, rather than reproduction at the equator and
passive advection to the convergence.
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convergences. There was little evidence of an equatorial fauna that had been symmetrically

advected toward both convergences. Only P. obliquiloculata and N. dutertrei were

common to both the Northern and Southern Equatorial Assemblages.

2.5.3 The North Equatorial Assemblage and Phytoplankton

The North Equatorial Assemblage was closely associated with the regionally high

chlorophyll concentrations within the upper 100 m of the water column north of the

equator. This association makes ecological sense, as the assemblage was dominated by the

non-spinose, herbivorous species G. con glomerata, G. tumida, P. obliquiloculata, and N.

dutertrei. Standing stocks of P. obliquiloculata and N. dutertrei are related to surface chl

concentrations (Figure 2.9), and emphasize the dependence of these species on

phytoplankton food. These patterns are consistent with the observations of Fairbanks and

Wiebe (1980), Fairbanks et al. (1982), and Ravelo and Fairbanks (1992) who also

associated the abundance of such foraminifera with chl and phytoplankton.

However, vertical patterns of foraminiferal standing stocks and chl were more

uniform than the patterns of the prior studies. We extend the discussion of the association

of deep chlorophyll maxima (DCM) with foraminiferal standing stock maxima. DCM do

not always represent maxima of phytoplankton biomass or primary productivity (Pak,

1988). Except at 9°N, primary productivity was highest in the upper 10 m. Beam-c

(representing <20 tm particle biomass, assumed to be primarily autotrophic cells) was

also highest near the surface (J. Bishop, JGOFS data system). In the upper 80-100 m, chl

concentration is uniform or increases with depth as beam-c decreases. From 100-150 m,

chi and beam-c decrease together following a linear relationship. Thus, through most of

the transect, the weak DCM may simply have reflected photoadaptation of phytoplankton to

low light levels.

How can high foraminiferal standing stocks extend to 80 m, although most

phytoplankton food production appears to occur in the upper surface waters? Physical

mixing and grazers could distribute phytoplankton production throughout the upper mixed

layer. The vertical distribution of foraminiferal abundance is consistent with the depth of

the Levitus mixed layer (near first isotherm below surface in Figure 2.1) and the vertical

gradients of> 64 tm zooplankton biomass. The large foraminifera of our study are

probably separated by a few trophic levels from the picophytoplankton (<2 tiM)

responsible for more than 90% of primary production in this area at this time (R. Bidigare,

personal communication).
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At 9°N, strong stratification isolates the high nutrient thermocline habitat at 80 m

from the nutrient depleted surface mixed layer. The sharp DCM associated with the

thermocline represented significant maxima of primary productivity and plankton biomass,

and was associated with North Equatorial Assemblage fauna and the standing stock

maxima of foraminifera. However, this subsurface primary productivity maximum is

much lower than the productivity maxima within the mixed layer from l-5N, due to the

low light levels at 80 m. The lower productivity of phytoplankton probably contributes to

the relatively low standing stocks of North Equatorial Assemblage species.

Therefore, North Equatorial Assemblage species thrive where phytoplankton are

abundant. In some regions, this may coincide with a DCM, but may also extend to the sea

surface. Our data are inconsistent with the hypothesis that N. dutertrei is restricted to cool

temperatures associated with a shallow thermocline (Ravelo and Fairbanks, 1992). Clearly

this species was thriving in very warm temperatures near the sea surface, and exploiting

phytoplankton food, in this study.

Through the association of the North Equatorial Assemblage with phytoplankton

food, and the high standing stocks of its key species in the convergence at 3°N, we infer

that this assemblage collects at the convergence, and actively exploits the high

phytoplanktonic food stocks. These species may control their buoyancy, either in rising to

remain within convergent flow, or being neutrally buoyant in maintaining their position

above the pycnocline away from the convergence. These inferences benefited from a

relatively complete hydrographic and biological data set in a transect, and identification of

juvenile and adult populations of this protistan group at the species level. It is not clear

whether they apply generally to other zooplankton, but we speculate that this life strategy of

utilizing phytoplanktonic food sources in convergent zones may apply to other groups,

with significant implications for where packaging and export of carbon to the deep sea

occurs.

2.5.4 The South Equatorial Assemblage and the South Equatorial Current

The South Equatorial Assemblage, characterized by the high relative abundance of

G. aequilateralis, G. glutinata, G. ,nenardii and P. obliquiloculata, appeared in factor

loadings to be related to the South Equatorial Current (Figure 2. lc). This was also true for

standing stocks of G. ,nenardii (Figure 2.6c). Integrated standing stock of this species was

correlated with average zonal current velocity(Figure 2.10). G. aequilateralis, G. glurinata,
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and P. obliquiloculata were more widespread, but their relative abundance was also related

to zonal current velocity.

G. aequilateralis is a spinose species dependent on zooplankton prey and also hosts

obligate prymnesiophyte endosymbionts. G. glutinata, G. menardii, and P.

obliquiloculata, common equatorial residents, are non-spinose herbivorous species which

may harbor facultative symbionts (Gastrich, 1987). Their relative abundance pattern within

the SEC suggests that they may have been advected westward by the current. This

assemblage's lack of association with local chlorophyll concentrations, primary

productivity or any other oceanographic structures other than current intensity suggests that

this was an expatriate fauna, perhaps transported from the more productive waters in the

east. In a one-month time span, an SEC flowing westward at 60cm sec could carry live

foraminifera up to 1500 km. We speculate that these species are successful residents of

equatorial upwelling settings, perhaps east of the JGOFS transect during this season. This

is consistent with core-top distributions of G. menardii, which is most abundant in the

eastern tropical Atlantic and Pacific (Be, 1977).

2.5.5 The Subtropical Assemblage and Oligotrophic Environments

The Subtropical Assemblage, composed of G. sacculifer, G. ruber, and G.

conglobatus, dominated the oligotrophic stations (9°N and 12°S) of the transect. This is

consistent with previous studies, that have generally found these species in tropical and

subtropical settings with a relatively deep thermocline (Ravelo and Fairbanks, 1992).

These species are ecologically similar. All are spinose, have obligate dinoflagellate

symbionts, and are omnivorous feeders. Utilization of zooplankton prey, symbiotic

association with other organisms, and protection (e.g. spines) are all classical adaptations

of organisms to oligotrophic environments, and are all exhibited by the genus

Globigerinoides of the Subtropical Assemblage. Algal symbionts may fulfill many of the

nutritional needs of their hosts with their photosynthetic products, providing a selective

advantage in regions with sparse food. The importance of symbiont photosynthesis for the

growth and survival of G. sacculifer has been demonstrated in culture experiments (Caron

et al., 1981). These symbionts require light, which could be reduced to limiting levels by

turbidity in productive waters.

Culture experiments have defined the light requirements for some of these species.

Jørgensen et al. (1985) measured symbiont photosynthesis in G. sacculifer using oxygen

microelectrodes. The compensation light level, at which oxygen consumed in respiration
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equaled that produced by photosynthesis, was 26-30 p.Einst m2sec'. With an average

surface irradiance of 35 Einst m2 d-1, this species would need to live above the 6.5% light

level to meet its respiration needs for one day. During February, this light level

corresponds to a depth near 50 m from 5°S-9°N, and 65 m at 12°S. The equatorial

maximum of surface chl appears to have little influence on subsurface light levels.

Subtropical species were most abundant within the upper 80 m of the water column,

extending slightly deeper than the estimated compensation level. Light levels do not appear

to be a major factor contributing to the latitudinal patterns of standing stock or percent

abundance for these species in surface waters.

Culture experiments have also confirmed that G. sacculifer depends on zooplankton

food; its growth significantly decreases at low feeding rates of less than one prey item daily

(Be et al., 1981). However, even in oligotrophic regions, foraminifera appear to have no

problem in capturing one prey item daily (Spindler et al., 1984). In this study, G.

saccuitfer, G. ruber, and G. conglobatus were abundant from 2-3°N to about 100 m

(Figure 2.5), within a zone of high macrozooplankton biomass (>0.5 rnmol C rn-3) and

chlorophyll a (>0.20 mg rn-3) (Figure 2.2). However, they reached similarly high

standing stocks within regions with lower biomass (0.2-0.3 mmol C rn-3) from 5-12°S. In

oligotrophic regions where chl (<0.1 mg rn-3) and zooplankton biornass (<0.1 mmol C

rn3) are very low, such as in surface waters of 9°N, standing stocks of G. saccu1[er were

concentrated at depth. In these conditions, the DCM located within the thermocline

represents a food source for G. sacculifer and their zooplankton prey.

Although standing stocks of these species are weakly positively correlated to

primary productivity and 1 % light level depth, the relative abundance of G. saccu1fer is

negatively correlated to integrated productivity (Figure 2.11). The dominance of the

Subtropical Assemblage in oligotrophic regions emphasizes that these species are able to

thrive in low-productivity environments where other species, which either lack symbionts

or don't use them, are excluded. This versatile life strategy accounts for the wide

distribution of these subtropical species in the geologic record.

2.5.6 Foraininfera as Paleoceano graphic Proxies

In the JGOFS plankton tows, faunal gradients were associated with biological and

circulation features in the absence of horizontal temperature gradients. This association

suggests that planktic foraminifera can be important proxies of ecosystems in the geologic
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record. Patterns of relative abundance, rather than standing stocks of individual species,

best illustrated gradients of biological properties and circulation within the upper water

column. This is useful, as deep sea sediments often contain better records of relative

abundance of planktic foraminiferal species than absolute fluxes.

Mix (1989a,b) attempted to reconstruct primary productivity of the past from

preserved planktic foraminifera. The relative abundance of our Subtropical Assemblage,

composed of species adapted to low productivity settings by exploiting algal symbiont

photosynthesis, does appear to be inversely related to photic zone integrated primary

productivity (Figure 2.11), and thus may provide information on primary productivity in

the geologic record. In Atlantic core tops, a similar Tropical Assemblage, composed of G.

ruber and G. sacculifer, was also negatively correlated with primary productivity (Mix,

1989). For the other assemblages, primary productivity did not appear to be the most

relevant control. The North Equatorial Assemblage was more closely tied to chlorophyll

and physical convergence, perhaps through control of the effective standing stock of food.

Zonal advection may have influenced the South Equatorial Assemblage. Thus, we question

here which aspects of the biological environment are best recorded by the total planktic

foraminiferal fauna. We suspect that foraminiferal transfer functions may reconstruct

autotrophic biomass better than primary productivity.

A key challenge for designing paleoceanographic indices of productivity will be to

isolate the interacting roles of physical forcing, such as temperature and circulation, with

that of biological control. This study highlights the role of food availability, the role of

symbionts and light intensity, and the redistribution of faunas by circulation. It does not

preclude control of faunal character by temperature in some instances. For environments in

which temperature and productivity are highly correlated, such as in active upwelling

systems, it may be difficult to isolate the effects of temperature and productivity from

foraminiferal species abundances. But for others, such as open-ocean systems where

productivity and temperature are not so closely linked, we are optimistic that both physical

and biological aspects of the environment can be reconstructed for past oceans.

In any paleoceanographic application, preservation must be considered. The North

Equatorial and Subtropical water column assemblages defined here in plankton tows

resemble the Dissolution Resistant and Dissolution Susceptible tropical sediment

assemblages that Thompson (1981) defined in tropical Pacific core tops. Thompson

attributed the existence of these two tropical assemblages in deep-sea sediments to

differential dissolution, which selectively isolated the more robust shells such as those of

P. obliquiloculata from a single tropical water-column fauna that included subtropical

elements such as G. ruber. However, our observation of two living tropical assemblages



that correspond to those on the sea floor suggest that they record upper-ocean processes.

We agree with Parker and Berger (1971), who also suggested that certain sea-floor samples

rich in P. obliquiloculata were better interpreted as the sedimentation of a high-fertility

equatorial assemblage rather than as an artifact of dissolution. Dissolution may still be

important in modifying the relative weighting of ecological assemblages, but it does not

appear to be the origin of the assemblages.

2.6 Conclusions

Foraminifera in this study illustrated classical biological adaptations, ranging from

species optimized for survival in stable low-productivity environments (the oligotrophic

subtropics in which there is a strong advantage to utilize algal symbionts) to species

successful in dynamic upwelling environments with high food supply (where targeting

zones of food concentration is important). Foraminifera may thus be a good proxy for

poorly preserved microzooplankton groups that use similar ecological strategies. Total

foraminiferal standing stock did not mirror total > 64 .tm zooplankton biomass, suggesting

that protozoan strategies may differ considerably from those of more mobile, metazoan

macrozooplankton.

We note the importance of convergence zones for concentrating both food and

foraminifera. Species dependent on phytoplanktonic food appeared to control their

buoyancy to stay concentrated within convergence zones. We do not support the idea of

passive advection of foraminifera away from an equatorial source and subsequent

concentration in the convergence, based on the distribution of juvenile and adult specimens.

Planktic foraminifera may provide an opportunity to trace ecosystem changes of the

past via the relative abundance of different species assemblages. The living planktic

foraminifera of this equatorial transect exhibited the shift from a productive open-ocean

upwelling system to an oligotrophic environment. The success of paleoceanographic

transfer functions in estimating productivity and temperature probably depends on the lack

of covariance of these parameters. The February-March JGOFS transect illustrated one

example of a system in which productivity and temperature were not strongly linked, and in

this setting the foraminifera demonstrated a response to their biological environment.
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3. Living Planktic Foraminifera in the Central Tropical Pacific Ocean:
Articulating a "Cold Tongue" During La Nina, 1992

3.1 Abstract

In "cold tongue" conditions of August-September, 1992, living planktic

foraminifera in the equatorial Pacific tracked circulation features and phytoplankton

abundance. An Equatorial Assemblage, associated with the cool and productive

equatorial region, contained G. bulloides, an herbivorous asymbiotic species often

associated with tropical coastal upwelling, as well as other herbivores G. menardii, G.

glutinata, P. obliquiloculata and N. dutertrei previously associated with equatorial

environments. Within surface subtropical waters poleward of 5°N and 5'S, G. sacculifer,

G. ruber, and G. con globatus dominated foraminiferal populations. These species have

successfully adapted to oligotrophic conditions by exploiting dinoflagellate

endosymbionts. High standing stocks of these species in equatorial regions suggest that

they can also thrive within equatorial light levels and temperatures. A Deep Southern

Assemblage, dominated by non-spinose G. con glomerata and G. tumida and spinose G.

aequilateralis had a subsurface maximum at 80-200 m outside of active upwelling, and

outcropped to the surface at 1'S. From El Niño to "cold tongue" conditions, equatorial

fauna reflected higher primary productivity and an increase in the role of advection by the

South Equatorial Current.

3.2 Introduction

In this paper, we compare living planktic foraminifera in the equatorial Pacific

water column during "cold tongue" conditions of August, 1992 with those associated with

warm El Niño conditions of the previous February (documented by Watkins et al., in

press). We assess the change in the distribution and production of foraminifera, as well

as infer environmental causes of these faunal changes. By identifying the environmental

controls of tropical foraminifera, we contribute to the understanding of modern and past

ecosystems.

The JGOFS Equatorial Pacific program sought to evaluate the impact of physical

forcing, such as upwelling, on carbon cycling in the region. Rates of nutrient uptake,

primary productivity, and flux in open-ocean systems strongly depend on food web
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structure (Michaels and Silver, 1988). In High Nutrient/Low Chlorophyll (HNLC)

systems such as the Equatorial Pacific, low iron concentrations may limit large

phytoplankton species. The dominant picophytoplankton are grazed to near constant

levels by microzooplankton. Community shifts initiated by physical and biological

forcing can lead to changes in primary productivity and flux. We look in detail at one

part of the biotic community, foraminifera, to help assess whether faunal structure in the

Equatorial Pacific changed from El Niño to "cold tongue" conditions, to suggest

contributing causes, and to evaluate implications for biological rates.

Preserved planktic foraminifera in the geologic record hold the potential for

reconstructing surface conditions of the past. Transfer function estimates of past sea-

surface temperature and integrated primary productivity constrain global climate and

carbon cycle models. Where temperature and primary productivity covary, such as

upwelling regions, their effect on the distribution of foraminifera can be confused. El

Niño samples within a deep isothermal surface layer provided the opportunity to test the

sensitivity of foraminifera to primary productivity gradients independent of temperature

(Watkins et al., in press). However, integrated primary productivity and surface

temperature strongly covaried within the stronger upwelling during the August La Nina.

By contrasting the two sampling surveys, we evaluate whether tropical foraminifera

consistently track temperature, primary productivity or other environmental variables.

3.3 Methods

3.3.1 Environmental Data

CTD/Rosette casts taken at dawn prior to each plankton tow provided

hydrographic information (temperature, salinity, density) at each station from 0-400 m.

Zonal and meridional current velocities along the transect were measured using a

continuous acoustic doppler profiler (ADCP) (Murray et al., 1995). Subsurface PAR was

measured during daily optical profiles (C. Trees, JGOFS data system).

Chlorophyll was measured daily using Reverse-Phase High Performance Liquid

Chromatography (HPLC). Water samples collected by the CTD/Rosette casts every 10 m

from 0 to 150 m were filtered using GFIF filters, and pigments were extracted with

acetone (Bidigare, JGOFS data system). 14C uptake estimates of primary productivity

were measured daily from water samples taken at eight depths to 120 m using trace-metal
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free techniques and incubated in-situ for 24 hours (R. Barber, JGOFS data system). The

discrete measurements were integrated from the surface to the deepest depth (0.1 % light

level) to yield integrated primary productivity. The carbon biomass of four size fractions

of> 64 1m zooplankton (subsampled from the same MOCNESS samples as the

foraminifera) was measured using a C-H-N analyzer (White et al., 1995). Plankton

displacement volume (PdV) was measured by settling the preserved plankton sample in a

50 ml graduated cylinder. The volume (in mis) of plankton was multiplied by the sample

split and divided by volume filtered measured by the MOCNESS to yield units of ml

plankton m3 seawater.

3.3.2 Foraininiferal Analysis

The upper 200 m at 12 stations (9°N, 7°N, 5°N, 3°N, 2°N, 1°N, Equator, l°S, 2°S,

3°S, 5°S, 12°S) was sampled in August-September, 1992 using a 64 Lm mesh MOCNESS

plankton tow. Table 3.1 lists the date, time, and location of each tow. Eight depth

intervals (0-10 m, 10-20 m, 20-40 m, 40-60 m, 60-80 m, 80-100 m, 100-150 m, and 150-

200 m) were sampled during each tow. All tows were in the morning, except for the

early afternoon tow at 2°N. The methods section of chapter 2 describes sample

preservation and processing.

Table 3.1 64 j.tm MOCNESS tows taken along 140°W from 0 to 200 m during
August-September, 1992.

tow # date latitude longitude time(local)

57 8/13/92 8° 58' N 139° 59' W 10:12
60 8/17/92 7°01'N l39°53'W 08:18
62 8/20/92 4° 56' N 139° 48' W 09:39
63 8/22/92 2° 55' N 140° 12' W 08:28
65 8/26/92 2°03'N 141°29'W 13:24
66 8/27/92 1° 08 N 140° 00' W 08:04
68 8/30/92 0° 18'N 139°40'W 09:21
69 9/01/92 1°03'S 139°88'W 08:30
71 9/04/92 2°20'S 140° 19W 09:02
72 9/06/92 3° 12' S 140° 15W 08:27
74 9/09/92 5°15S 139°55'W 09:09
78 9/14/92 11°52'S 134°54'W 09:10
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3.3.3 Data Analysis

Contoured cross-sections present the distribution of foraminiferal species standing

stocks and environmental variables between 12°S and 9°N, from 0 to 200 m. The

environmental data were machine contoured with a grid size of 1 latitude by 10 m depth

after linear interpolation between data points. The ADCP data, gridded by 0.50 latitude

by 16 m depth was machine contoured with a grid size of 10 latitude by 20 m depth. The

species data were hand contoured. Species standing stocks were averaged from the

surface to 100 m for comparison to parameters such as sea-surface temperature,

integrated primary productivity, or 1% light level depth.

The methods section of Chapter 2 describe the Q-mode factor analysis, which

emphasizes patterns of relative abundance between samples (Watkins et al., in press).

For the August-September data set, G. bulloides was included with the eleven species

analyzed in the February-March data set. Species percent abundance data were

logarithmically transformed prior to factor analysis, in order to produce more gaussian

sample distributions (Chapter 2.3.3). This transformation prevents dominant species

from swamping the unweighted cosine theta similarity index.

3.4 Results

3.4.1 Physical Environment

Foraminifera, as other plankton, have specific temperature and salinity tolerance

ranges. Because of their relatively long life span, they are subject to redistribution by

advection and frontal dynamics. Therefore, understanding the physical setting of a region

is crucial for any plankton survey. Fine-scale vertical profiles of hydrography and current

velocity accompanied the plankton tows.

The 140°W transect crossed the physically dynamic equatorial region. It spanned

subtropical waters from 12-5°S, the South Equatorial Current (SEC) from 5°S-3°N, the

North Equatorial Countercurrent from 5-9°N, and the southern boundary of the North

Equatorial Current (NEC) at I 0°N. The position of the Intertropical Convergence Zone

(ITCZ), where southeast and northeast tradewinds converge, controls this zonal structure.

This feature shifts north to near 9°N in boreal fall. In response, the South Equatorial

Current and North Equatorial Countercurrent shifted I -2°N north from February to
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August. In acoustic doppler current profiles (ADCP), the eastward flowing Equatorial

Undercurrent (EUC) shoaled to 100 m during the August transect, and its velocity

increased to 100cm sec-1 (Figure 3.la). The shoaling EUC bisected the western flowing

SEC into northern (1-3°N) and southern (1-5°S) branches with maximum velocities of 60

cm sec* The eastward flowing NECC was weak (20 cm sec1), and bounded to the

north by the westward flowing NEC. South of the SEC, from 5-1 2°S, zonal velocities

were low and westward within subtropical waters (Johnson and Murray, in press).

In the ADCP transect of meridional velocity (Figure 3. ib), the expected

circulation driven by wind-driven equatorial divergence was obscured by the much

stronger flows (up to 60 cm sec) associated with a tropical instability wave (TIW)

(Johnson and Murray, in press). Satellite sea-surface temperature images observed this

feature, commonly seen in equatorial regions during boreal fall, across the eastern-central

Pacific in August (Yoder et al., 1994). A strong convergent front was present within the

SEC near 2°N, associated with the leading edge of a TIW cold cusp. Downwelling on the

south side of the front reached velocities of 1 cm sec-1. At 140°W, the cusp boundary

moved from 1.8°N on August 21, 1992 to 2.4°N on August 25, 1992 as the TIW

propogated westward (Yoder et al., 1994). The front was crossed by R.V. Thompson at

2.1 1°N on August 27, 1992. Thus, the MOCNESS tow at 2.9°N (# 63) on August 22 was

north of the front, and the tow at 2.05°N (#68) on August 26 was just south of the front.

A weaker convergence was present from 2-5°S associated with the boundary of the SEC

and subtropical waters to the south.

Near the equator, strong winds and a shallow thermocline produced strong

upwelling signatures in temperature and nutrients (Murray et al., 1994). The surface

temperature minimum at 2°N of 24.2°C was 2-4°C cooler than the adjacent subtropical

regions (Figure 3.lc) and 4°C cooler than equatorial region temperatures in February-

March, 1992. Isotherms from 0-3°N shoaled within the upper 100 m due to upwelling,

yet the thermocline (20°C isotherm) was >100 m across most of the transect (Figure

3. Ic). The northern convergent front was a sharp thermal boundary, separating 24.2°C

surface equatorial water from 27°C water to the north. Equatorial surface nitrate

concentrations reached 7 tiM, while nitrate north of 5°N and south of 9°S was

undetectable (Murray et al., 1995).

Salinity reflected regional evaporation/precipitation patterns and advection. The

Intertropical Convergence Zone, a region of high precipitation, is near its most northern

annual position in August, from 5-9°N. Within the NECC north of 5°N, advection and

high precipitation produced low surface salinity ranging from 34-34.6 psu (Figure 3.ld).
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Figure 3.1 Physical environmental data for comparison to foraminiferal distributions
(see text for references). The meridional transect was along 140°W during the August-
September 1992 JGOFS survey II cruise TTO11. Triangles on the latitude axis represent
the locations of MOCNESS plankton tows. Boxes opposite the depth axis approximate
the eight depth intervals of the 0 to 200 m MOCNESS plankton tows. A) Zonal current
velocities (cm sec1) based on gridded (10 latitude, 16 m depth) continuous acoustic
doppler current profiler (ADCP) data. Positive values represent eastward currents. The
darkly hatched region represents the two cores of the westward flowing South Equatorial
Current (SEC). The shaded regions represent the cores of the eastward flowing North
Equatorial Countercurrent (NECC) and the Equatorial Undercurrent (EUC). B)
Meridional current (cm sec) based on ADCP. Positive values (solid) represent
northward velocities, negative (hatched) represent southward velocities. C) Water
temperature (°C). Note the surface temperature minimum. D) Salinity distributions from
same samples as in (C). Note the subsurface salinity maximum at 150 m, indicating
isopycnal spreading of subtropical water toward the equator.
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Well mixed by strong upwelling and divergence, the equatorial region and the SEC had

uniform salinity near 35.0 psu. In the south, a strong subsurface salinity maximum (36

psu) at 150 m was present from 12°S to the equator, produced by isopycnal advection of

dense, salty water produced in subtropical regions to the south by high evaporation.

The depth of the mixed layer is often defined by thermal gradients. However, in

the western Pacific, the isothermal layer differs from the isohaline layer, so the use of a

density increase with depth is more appropriate. Gardner et al. (1995) empirically

defined the mixed layer depth in the equatorial Pacific as the depth at which density is

0.03 density units higher than at the surface. In August-September, the mixed layer

defined by this standard density difference was only 10-20 m at 2°N and 7°N, and

descended to 40-60 m from the equator to 12°S, and at 3°N and 9°N. The mixed layer

definition of Levitus (1982), using a 0.125 density units standard density difference,

better represents the isothermal layer than the actual depth of mixing in this region

(Gardner et al., 1995). The Levitus mixed layer of 10 m at 2°N descended to 60-80 m to

the north and south. We used the Levitus definition for comparing our results with those

of Ravelo et al.(1990).

3.4.2 Light Levels

Surface irradiance and attenuation within the water column influence the

subsurface light levels that control symbiont photosynthesis. Daily integrated values

ranged from 30-40 Em m2 d -1 for August and February, and were consistent with the

small seasonal variation of surface irradiance in low-latitude regions (J. Newton and J.

Murray, JGOFS data system). However, subsurface light regimes changed from February

to August. The 1% light level shoaled to 55-65 m from 1-2°N and 3°S, 75 m at the

equator and 3°N, and 83 m from 1-2S. North of 5°N and south of 5'S, the 1% light level

was at 90-100 m, and reached 120 m at 12°S (Figure 3.2a).

3.4.3 Biological Environment

The distribution and productivity of other plankton groups influence foraminiferal

abundance. Most non-spinose foraminiferal species are herbivorous, while many spinose
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Figure 3.2 Biological environmental data for comparison to foraminiferal distributions
(see text for references). A) Chlorophyll "a' concentrations (mg chi m3). The
dashed line is the depth of the 1% light level. Note surface chl maxima from 5°S to
5°N, particularly at 2°S and 2°N. The deep chlorophyll maxima at 7-9°N from 75 to 100
m was associated with high concentrations of particles. B) Primary productivity (mmol
C m3 d) based on '4C uptake is highest at the surface in the equatorial region,
particularly at 2°N and 2°S. The dashed line is the depth of the 1% light level. C) >64
Lm carbon concentrations (mmol C m3) from MOCNESS plankton tows, representing

the biomass of macrozooplankton.
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species consume rnacrozooplankton prey such as calanoid copepods (Spindler, 1984).

The turbidity of productive waters lowers subsurface light levels, and could limit algal

symbionts. These symbionts play a variable role in meeting the nutritional needs of

several foraminiferal species (Gastrich, 1987).

Surface chlorophyll concentrations surpassed 0.20 mg chl m3 within the SEC

from 5°S-3°N (Figure 3.2a). Poleward of the SEC, surface chlorophyll concentrations

decreased to less than 0.15 mg m3. The association of the SEC with higher chi and

nutrients suggests that advection from the east supplements local upwelling to support

phytoplankton populations.

Highest off the equator, surface chlorophyll reached > 0.25 mg m3 at 2°S and

2N. The surface chlorophyll maxima at 2°N, with some patches measured at 5.0-29.0

mg chl m3, was associated with accumulation of the buoyant diatom Rhizosolenia at the

convergent front on the edge of the tropical instability wave (Yoder et al., 1994). Strong

upwelling at 1 °N, represented by shoaling isotherms, coincides with a strong subsurface

chlorophyll maximum (>0.4 mg rn-3) at 70 m. The equatorial minimum may be the

result of strong surface divergences and upwelling of low biomass water, represented by

low chlorophyll concentrations at 100-150 m from 1°S-1°N.

The weak subsurface chlorophyll maximum in this region may represent

photoadaptation of phytoplankton with depth, rather than biornass maxima (Pak et al.,

1988). Beam-c decreased with depth in the upper 80-100 m (Bishop, JGOFS data

system), while chl a concentrations increased, indicating an increase of chl :carbon

ratios with depth. From 100 to 150 rn, both beam-c and chi i linearly decreased.

Primary productivity maxima at 2°S and 2N (>2 rnmol C m3 d1) correspond to

both biomass (surface chl i) maxima and high PBmax ratios (120 rng C mg chl -1 m3

d) (Figure 3.2b). Across the transect, pBmax were within the upper 20 m, and ranged

from high values from 2°N-3°S (90-120 mg C mg chl -1 m3 d) to low values
poleward of this equatorial band (30-70 mg C mg chl -1 m3 d). At the surface, 10-30
% photoinhibition was observed. Lowest PBmax values (30 rng C mg chl -1 m3 d-1)

north of 5°N were associated with nitrate depletion in surface waters. Primary

productivity integrated to the 0.1 % light level depth peaked (>100 mmol C m -2 d1) from

3°S-2°N, with a slight equatorial minimum. South of 3°S and north of 2°N, integrated

productivity dropped sharply to less than 50 mmol C m2 d1 (Barber, JGOFS data

system).

The carbon biornass of >64 tm zooplankton was highest (0.5-0.75 mmol C rn 3)

from 2°S-2°N within the upper 60 m, and reached values of 1-2 rnmol C nr3 in the

presence of high phytoplankton standing stocks at the 2°N front (White et al., 1995,



Figure 3.2c). Equatorial biornass was low (0.1 mmol C rn-3) in the upper 20 rn. A

subsurface maximum (0.5 mmol C m-3) was present from 60-100 m from 3-5°S and 3-

5°N. Biomass decreased to 0.1-0.2 mmol C m3 poleward of 5°N-5°S and below 100 rn

throughout the transect, consistent with primary productivity gradients.

3.4.4 Distribution of Foraminfera

Total standing stocks of living planktic foraminifera reached more than 100 shells

rn-3 within the upper 80 m from 3°S-3°N (Figure 3.3). Standing stock maxima (> 200

shells m-3) occurred off the equator, at the convergent front of 2°N from 10-20 m and

from 40-60 m at 3°S. Equatorial standing stocks were low, <50 shells m3.

Foraminiferal abundance decreased north of 3°N and below 100 m to less than 25 shells

m3.
Many species were most abundant within the upper 100 m in the equatorial region

from 5°S-3°N. Globorotalia menardii (Figure 3.4a) was present from 5°S -5°N, but

particularly abundant north of the equator. In the upper 60 m at 3°N, this species reached

abundances of 15 shells m3. Globigerinita glutinata was most abundant (20-30 shells

rn-3) in the upper 60 m from 3°S to 3°N, excluding the equator (Figure 3.4b). At l°N this

species was abundant to 100 m. Pulleniatina obliquiloculata (Figure 3.4c) and

Neogloboquadrina dutertrei (Figure 3.4d) were abundant (10-20 shells rn-3) from 1-3°S

and l-3N. The abundance of both species dropped sharply south of 5S and north of

3°N.

Globigerina bulloides, a species common in tropical upwelling systems but not

present in the February-March samples (Watkins et al., in press), was common within the

upper 100 rn from 3°S to 2°N (Figure 3.5a). From 3°S-3°N, excluding 2°S and the

equator, the standing stock averaged more than 10 shells rn3. The species reached its

highest standing stock, 86 shells m3, from 10-20 m at the convergence at 2°N. Other

abundance maxima were from 40-60 m at 3°S and 1 °N. Rare Globigerinella calida was

most abundant (3 shells rn-3) from l-3°N within the upper 60 m (Figure 3.5b).

The species Globigerinoides sacculfer, Globigerinoides ruber, and

Globigerinoides conglobatus were abundant within the upper 80 m south of 5°N. G.

sacculifer had highest concentrations (more than 20 shells m3) within the upper 60 m

from 3-5°S (Figure 3.6a). G. ruber had comparable maximum abundances within the

upper 60 m from 1-3°S and and 1-3°N (Figure 3.6b). G. conglobatus was rare, most
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Figure 3.3 Standing stocks of live planktic foraminifera (>150 pm shells m3)
recovered from 64 pm mesh MOCNESS plankton tows. Dots signify the midpoint
of each sample interval, represented by the boxes on the right. The zero contour
bounds samples with >0.5 shells m3.
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Figure 3.4 Standing stocks of foraminifera species common in the equatorial region
(>150 im shells m3). A) G. menardii, B) G. glutinata, C) P. obliquiloculata, D) N.
dutertrei.
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Figure 3.5 Standing stocks of more foraminifera species common in the
equatorial region (>150 urn shells m3). A) G. bulloides and B) G. calida.
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Figure 3.6 Standing stocks of foraminifera relatively important in the subtropical regions
(>150 tm shells m3). A) G. sacculfer, B) G. ruber, C) G. conglobatus.

Figure 3.7 Standing stocks of foraminifera common south of the equator (>150 Im
shells rn-3). A) G. conglomerata, B) G. tumida, C) G. aequilateralis.
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abundant south of 5-12°S, as well as from 2-3°N <40 rn (Figure 3.6c). Maximum

abundances of this species reached 5-8 shells m3.

Globoquadrina conglomerata (Figure 3.7a) and Globorotalia tumida (Figure

3.7b) were common south of the equator. Both species were abundant (10-20 shells rn-3)

<60 m at l°S. The species also had prominent subsurface maxima south of this apparent

outcrop area. Live G. tumida were abundant (10-15 shells m-3) between 80 and 100 m

from 2-5°S. The subsurface standing stock maximum of live G. conglomerata (also 10-

15 shells rn-3) extended to 12°S from 100-150 m, slightly deeper than G. tumida. G.

aequilateralis was most abundant (10-15 shells rn-3) from 2-3°S from 40-100 m and at

lN within the upper lOOm (Figure 3.7c).

3.4.5 Foraminiferal Faunal Assemblages

A Q-rnode factor model simplified the patterns of logarithmically transformed

species percent abundance of the August plankton tows. Three orthogonal assemblages

account for 86% of the data (Table 3.2). The sample loadings of these assemblages

reflect the spatial patterns of relative abundance (Table 3.3).

Table 3.2 Factor scores from logarithmically transformed species
percent abundance data from MOCNESS tows of August-
September, 1992.

species equatorial subtropical southern deep total
G. menardii 0.51 -0.21 0.00
G. glutinata 0.48 0.08 0.03
P. obliquiloculata 0.45 -0.10 0.17
N. dutertrei 0.32 0.11 0.09
G. bulloides 0.31 0.03 -0.05
G. calida 0.21 -0.12 0.17

G. sacculifer 0.06 0.66 0.00
G. ruber 0.14 0.56 -0.07
G. conglobatus -0.03 0.34 0.00

G. con glomerata 0.06 -0.20 0.78
G. tuniida -0.08 0.01 0.46
G. aequilateralis 0.19 0.05 0.33
Fraction of data 28% 38% 21% 86%

explained



Table 3.3 Faunal factor loadings from logarithmically transformed species
percent abundance data from MOCNESS tows of August-September, 1992.

latitude depth communality equatorial subtropical deep southern

9 30 0.784 0.162 0.864 0.108
9 50 0.761 0.150 0.829 0.227
7 5 0.807 0.241 0.854 0.139
7 50 0.951 0.338 0.912 0.077
7 70 0.876 0.221 0.900 0.131
7 90 0.805 0.170 0.773 0.422
5 5 0.869 0.720 0.560 0.195
5 15 0.853 0.381 0.712 0.448
5 30 0.945 0.718 0.629 0.182
5 50 0.918 0.740 0.545 0.270
5 70 0.860 0.558 0.203 0.713
5 90 0.740 -0.142 0.145 0.836
5 125 0.708 -0.125 0.159 0.8 17
5 175 0.803 0.548 0.065 0.707
3 5 0.953 0.818 0.493 0.202
3 15 0.941 0.834 0.465 0.172
3 30 0.931 0.811 0.484 0.198
3 50 0.886 0.804 0.409 0.269
3 70 0.660 0.63 1 0.247 0.448
3 90 0.840 0.769 0.293 0.403
3 125 0.627 0.734 0.071 0.289
3 175 0.590 0.635 -0.084 0.424
2 15 0.895 0.773 0.515 0.178
2 50 0.958 0.861 0.437 0.163
2 70 0.933 0.876 0.360 0.188
2 90 0.952 0.942 0.180 0.177
2 125 0.943 0.944 0.197 0.119
2 175 0.924 0.897 0.309 0.151
1 5 0.904 0.651 0.676 0.152
1 15 0.928 0.807 0.485 0.203
1 30 0.949 0.822 0.493 0.174
1 50 0.946 0.832 0.477 0.160
1 70 0.915 0.809 0.473 0.195
1 90 0.946 0.878 0.354 0.222
1 125 0.807 0.886 -0.085 0.121
1 175 0.669 0.773 0.266 0.03 1
0 5 0.859 0.703 0.463 0.388
0 15 0.949 0.844 0.467 0.138
0 30 0.937 0.793 0.413 0.369

-1 5 0.943 0.641 0.503 0.528
-1 15 0.951 0.624 0.502 0.556
-1 30 0.946 0.625 0.556 0.496
-1 50 0.955 0.611 0.521 0.556
-1 70 0.825 0.572 0.340 0.618
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Table 3.3 (cont.)

latitude depth communality equatorial subtropical deep southern
-1 125 0.162 0.185 0.044 0.355
-1 175 0.507 0.547 -0.118 0.441
-2 5 0.930 0.623 0.608 0.417
-2 15 0.932 0.594 0.634 0.421
-2 30 0.956 0.503 0.610 0.575
-2 50 0.988 0.717 0.480 0.494
-2 70 0.966 0.600 0.494 0.602
-2 90 0.972 0.569 0.398 0.700
-2 125 0.915 0.644 0.326 0.627
-2 175 0.739 0.396 0.432 0.629
-3 5 0.929 0.629 0.602 0.4 14
-3 15 0.905 0.607 0.595 0.426
-3 30 0.942 0.622 0.589 0.456
-3 50 0.894 0.597 0.59 1 0.433
-3 70 0.864 0.632 0.506 0.457
-3 90 0.934 0.4 15 0.372 0.790
-3 125 0.969 0.569 0.149 0.790
-3 175 0.632 0.667 -0.230 0.367
-5 5 0.942 0.56 1 0.695 0.379
-5 15 0.958 0.495 0.705 0.464
-5 30 0.952 0.487 0.742 0.406
-5 50 0.950 0.498 0.662 0.513
-5 70 0.905 0.378 0.587 0.645
-5 90 0.880 0.276 0.353 0.824
-5 125 0.942 0.070 0.202 0.947
-5 175 0.853 0.330 0.205 0.838

-12 5 0.900 0.242 0.910 0.120
-12 70 0.864 0.266 0.890 -0.027
-12 90 0.856 0.194 0.822 0.377
-12 125 0.699 0.054 0.595 0.584
-12 175 0.860 0.106 0.637 0.666

An Equatorial Assemblage (Figure 3.8a) composed of G. menardii , G. glutinata,

P. obliquiloculata, N. dutertrei, and G. bulloides was most prominent within the upper

200 m from 1-3°N, within strong subsurface upwelling and near high accumulations of

biomass at the strong convergent front on the edge of the tropical instability wave at 2°N.

Its large scale distribution reflects the influence of the South Equatorial Current (SEC)

and high phytoplankton biomass from 3°S to 3°N (Figure 3.la). The assemblage

explained 38% of the species percent abundance data.

A Subtropical Assemblage composed of G. sacculifer, G. ruber, and G.

con globatus dominated the subtropical region south of 5°S and north of 5N within the
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Figure 3.8 Factor loadings of Q-mode faunal factors, based on logarithmically
transformed species percent abundance data. See Table 3.2 for factor scores. Note that
patterns of factor loadings represent simplifications of the relative abundance patterns of
the species, rather than standing stocks. A) The Equatorial Assemblage, dominated by
non-spinose herbivorous species G. menardii, G. glutinata, P. obliquiloculata, N.
dutertrei and spinose herbivores G. bulloides and G. calida. B) The Subtropical
Assemblage, containing spinose, dinoflagellate symbiont bearing species G. sacculfer,
G. ruber, and G. con globatus. C) The Deep Southern Assemblage, containing non-
spinose species G. con glomerata and G. tumida, and spinose G. aequilateralis.
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upper 100 m (Figure 3.8b). This assemblage explained 28% of the data. The assemblage

was notably absent from 5°S to 5N at depths > 80 m. Surface loadings were lowest from

I °S-3°N.

The Deep Southern Assemblage (Figure 3.8c; 21% of the data) composed of G.

con glomerata, G. tumida and G. aequilateralis was important> 60 m from 2-1 2°S and at

5N, outside of strongest subsurface upwelling indicated by shoaling isothenns (Figure

3.lc). The assemblage shoaled to the surface at 105, within high phytoplankton standing

stocks, equatorial divergence and the SEC.

3.5 Discussion

3.5.1 The Equatorial Assemblage

The Equatorial Assemblage (Figure 3.8a) consisting of herbivorous species G.

menardii, G. glutinata, P. obliquiloculata, N. dutertrei, and G. bulb ides confirms

previous observations of these species in cool and productive tropical upwelling settings.

G. menardii and P. obliquiloculata are equatorial species, with G. menardii most

abundant to the east and P. obliquiloculata more common in the central equatorial Pacific

(Bradshaw, 1959). Wider ranging N. dutertrei thrives in temperate and tropical coastal

upwelling settings, as well as living in equatorial open-ocean environments (Bradshaw,

1959; Fairbanks et al., 1982), G. bulloides, although common in subpolar regions,

seasonally dominates cool surface waters of tropical coastal upwelling in the eastern

equatorial Pacific (Thiede, 1983), the Arabian Sea (Prell and Curry, 1981; Auras-

Schudnagies, 1989), Venezuela (Cifelli and Smith, 1974), and Northwest Africa

(Oberhansli et al., 1992). G. glutinata occurred at high frequencies just outside of coastal

upwelling off Peru (Thiede, 1983).

The abundance of these species are associated with phytoplankton abundance and

productivity. Standing stocks (0-100 m average) of P. obliquiboculata (r= 0.91) and N.

dutertrei (r=0.78) increase linearly with integrated primary productivity (Figure 3.9a).

Standing stocks of G. bulloides and G. menardii also increase at high productivity levels,

but suggest a threshold near 90 mmol C m2 d1, above which both species standing

stocks increase exponentially (Figure 3.9b). The relative abundance of G. bulloides also

increases exponentially above this level of productivity (Figure 3.9c). These

relationships are consistent with their herbivorous diet.
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Figure 3.9 Relationship of herbivorous species standing stock to integrated primary
productivity (mmol C m2 d-1). A) P. obliquiloculata (open circles, y=-1 .66+0.09x,
r2=0.83) and N. dutertrei (filled circles, y=-O.41+O.06x, r2=O.61)) are linearly related to
productivity. Standing stock is averaged from 0 to 100 m.B) Standing stock (shells m3)
of G. bulloides (filled circles, y=0.0O27e°070', r2=0.69) and G. menardii (open circles,
y=O.054e0.057X, r2=0.83) exponentially increase at productivity levels > 90 mmol C m2
d-1. Note one observation of high standing stock for G. menardii at 3°N, just north of
TIW front, which is not included in regression equation. Standing stock is averaged from
0 to 100 m. C) Percent abundance of G. bulloides. Percent abundance is percentage of
total foraminifera from 0 to 100 m. The percent abundance of this species exponentially
increases at productivity levels > 90 mmol C m2 d1 (y=0.0048e0.069X, r2=0.80).
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Standing stocks of these species were low directly on the equator (Figure 3.3),

consistent with patterns of phytoplankton and macrozooplankton biomass (Figures 3.2a

and c). This pattern reflects water recently upwelled from depths > 80 m (Murray et al.,

1994) with low plankton biomass. Strong divergence (20-60 cm seH) could advect this

recently upwelled water 10 off the equator in less than a week, so that high standing

stocks of foraminifera 10 north and south of the equator (four fold increase) reflect a rapid

response by foraminifera. Standing stocks were also high at convergent fronts near 2°N

and 3°S, where water downwells and recirculates back to the equator. High standing

stocks of the buoyant diatom species Rhizosolenia were observed at the front at 2°N

associated with the tropical instability wave (Yoder et al., 1994). The rapid growth of

foraminifera and their similar use of buoyancy in regions of convergence may be

responsible for the strong correlation of herbivorous species standing stocks and

integrated primary productivity in August.

High standing stocks of the Equatorial Assemblage from 3°S-3°N were also

associated with the zonal advection by the South Equatorial Current (SEC) (Figure 3.8a,

Figure 3.la). As observed in February, the strong SEC (up to 60cm sec) may advect

foraminiferal fauna from equatorial upwelling regions east of the transect (Watkins et al.,

in press). In August, highest standing stocks of foraminifera were within the current.

Therefore, advection by the SEC is a potentially important source and sink for local

foraminiferal populations at 140°W. The productive local conditions could support these

species, thus they are unlikely to be "terminal immigrants" (Bradshaw, 1959). Therefore,

we consider the foraminiferal fauna a good proxy of local conditions.

Equatorial Assemblage species were abundant throughout the upper 60-100 m,

and did not have a consistent subsurface maximum. Standing stocks dropped sharply

below these depths near the base of the euphotic zone (60-80 m) and the thermocline (120

m). Phytoplankton prey and facultative algal symbionts (Gastrich, 1987) depend on light

and therefore may influence the distribution of these species below the euphotic zone.

Water temperatures from 100-200 m ranged from 12-20°C. N. dutertrei and G. bulloides,

common in temperate-subpolar regions, are thought to bloom when upwelling shoals

their cool habitat within the productive photic zone (Curry et al., 1982; Reynolds Sautter

and Thunell, 1991; and Ravelo and Fairbanks, 1992). In this study, the two species lived

within 22-25°C water of the upper 80 m, consistent with previous observations in tropical

upwelling regions (Prell and Curry, 1981 and Oberhansli et al., 1992).
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3.5.2 The Subtropical Assemblage and Oligotrophic Regions

Outside the 5°N-5°S equatorial zone, foraminifera were dominated by the

Subtropical Assemblage composed of G. sacculifer, G. ruber, and G. con globatus (Figure

3.8b). These species have adaptated to oligotrophic conditions by exploiting

dinoflagellate endosymbionts, which contribute substantially to the growth of their hosts

(Caron etal., 1981; Gastrich and Bartha, 1988). In this study, these species tolerated low

integrated primary productivity levels (20-40 mmol C m2 d) and low concentrations of

surface chlorophyll (<0.15mg m3) and >64 tm zooplankton biomass (<0.2 mmol C m
3).

Neither the cooler temperatures or lower subsurface light levels within the

equatorial "cold tongue" influenced standing stocks of Subtropical Assemblage species.

Within the upper 60 m, these species were as abundant in equatorial waters as within the

subtropical region south of 5°S (Figure 3.6). Their success within 22-28°C water is

consistent with the thermal tolerance ranges of G. sacculifer (14-32°C), G. ruber(14-

32°C) and G. conglobatus (13-30°C) from controlled culture experiments (Bijma et al.,

1990). In genera], the vertical distribution of these species was also consistent with

subsurface light levels. Assuming a compensation light level for G. sacculifer of 26-30

pEinst m2 s (Jørgenson, 1985) and an average surface irradiance of 35 Einst m-2 d'
(Newton and Murray, JGOFS data system), this species needed to live above the 6.5%

light level to balance its respiration needs for one day. For most of the transect, this light

level corresponds to a depth of 45-50 m and is consistent with the sharp decrease in the

abundance of G. sacculifer below 60 m (Figure 3.6a). However, the vertical distribution

of this species at 1-2°N or 3°S, where this compensation light level shoals near 35 m,

does not differ from its vertical distribution at l2°S, where the compensation light level is

near 70 m.

Average standing stocks for G. sacculifer are poorly correlated (r=0.40) to

integrated primary productivity. However, the percent abundance of G. sacculifer

exponentially increases at low productivity levels <40 mmol C rn-2 d (Figure 3.10).

Subtropical Assemblage species dominate the relative abundance of foraminifera off the

equator, but are not most abundant there. Their dominance is produced by the rarity of

herbivorous species within low-productivity waters (Figure 3.9).
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Figure 3.10 Relationship of the percent abundance of G. sacculifer
with integrated primary productivity (mmol C m2 d-1). Percent abundance
of G. sacculifer exponentially increases (y=3 1.45 e°°1 Ox, r2=O.5 1) at

productivity levels less than 40 mmol C m2d'. Percent abundance
is percentage of total foraminifera from 0 to 100 m. Note the high percentage
of G. sacculifer within productivity levels of 70 mmol C m2 d1 at 5°S (not
included in regression).
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3.5.3 The Deep Southern Assemblage

The Deep Southern Assemblage, composed of G. con gloinerata, G. tumida, and

G. aequilateralis dominated from 80-200 m in the Southern Hemisphere (Figure 3.8c).

The deep standing stock maxima (80-150 m) of G. conglomerata and G. tumida are the

most prominent feature of this assemblage, which otherwise dominates deep samples

with very low total standing stocks. These species were abundant near the base of the

euphotic zone, and well below abundance maxima of phytoplankton and zooplankton.

They lived above the deep thermocline, within water temperatures ranging from 22-26C.

From l-3°S, low standing stocks below 100 m were associated with a shallow (125 m)

thermocline.

Standing stocks of G. conglomerata and G. tumida shoaled at 1°S, and indicate

that the species also live in the upper ocean. The strong surface divergence south of the

equator is consistent with the upwelling of the deep fauna (Figure 3. lb). However,

temperature (Figure 3.lc) and nutrient profiles at 105 do not confirm upwelling. Primary

productivity and chl concentration are high here (Figure 3.2). However, surface waters

north and south of l°S also had high phytoplankton activity, and low standing stocks of

these species. At 5°N, G. conglomerata was evident from 10-150 m, but at much lower

standing stocks than south of the equator (Figure 3.7a). From I -2°N, the rarity of this

species is associated with strong upwelling, where isotherms strongly shoaled.

3.5.4 Comparison to El Niño Fauna: G. bulloides

The appearance of G. bulloides in "cold tongue" conditions signifies a major

fauna! shift. In interpreting the appearance of this species, common in tropical coastal

upwelling settings, we need to separate contributions of food abundance, SEC advection,

and water temperature. The abundance of food, rather than temperature, was associated

with the abundance of this herbivorous, asymbiotic species within the temperate

California Current coastal upwelling system (Ortiz, 1995). High standing stocks of the

species occurred only within turbid coastal waters with high >64 pm plankton

displacement volumes (Pdv) from 5-9 ml m3. This food threshold was consistent with

our> 64 im Pdv measurements of 5 ml rn-3 (0.55-0.75 rnmol C m3 in carbon biornass

measurements) associated with high standing stocks of this species from l-2°N.

However, Pdv measurements were lower (2 ml m3, 0.4-0.5 mmol C rn3) where the



species was abundant at 1°S and 3°S. Pdv did not reach 3 ml m3 within El Niño

samples. Integrated primary productivity nearly doubled from February to August to>

100 mmol C m2 d-' from 3S-2°N (Murray et al., 1994). The standing stock and percent

abundance of G. bulb ides were low within waters of productivity levels <90 mmol C m

2d-1, above which both exponentially increase (Figure 3.9). Therefore, the appearance

of G. bulloides in August is consistent with a significant increase in food resources

represented by autotrophic and heterotrophic standing stocks.

G. bulloides not only tracked the increase in equatorial food abundance and

primary productivity in August, but also paralleled community shifts which may be

responsible for this change. Diatoms, including many large species common to coastal

upwelling regions, increased from <0. 1% of total chlorophyll in February to 6% in

August (Murray et al., 1994). Diatom abundance has been previously correlated (r=0.78)

to integrated primary production in this region (Chavez et al., 1990). Iron supply from

the shoaled EUC may have stimulated the growth of large phytoplankton in August

(Murray et al., 1994). However, an alternative explanation for the success of these

phytoplankton is the higher survival of seed populations within the SEC. The appearance

of foraminifera common in coastal upwelling ecosystems (e.g. G. bulloides) is consistent

with an advective influence. Aided by SEC advection, immature upwelling communities

expanded westward during the intensification of upwelling. We infer that G. bulboides

tracks this process in the central equatorial Pacific, and thus may be a good geologic

proxy for high biomass waters.

In constrast to patterns observed during La Nina cool conditions, phytoplankton

and foraminiferal abundance were relatively low within the SEC core at 2°S during El

Niño (Watkins et al., in press). Both were most abundant north of the equator within a

convergence at the SEC/NECC boundary. Flowing at a consistent velocity, the SEC

appears to contain more phytoplankton and foraminifera during 'cold tongue" conditions

than during the El Niflo. This increase in particle load is consistent with stronger

upwelling and higher productivity east of the 140°W transect in August. The La Nina

SEC could be more successful in seeding local populations within favorable high-food

conditions along its transit across the Pacific than within the food-poor El Niflo setting.
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3.5.5 Comparison to El Niño Fauna: South Equatorial and Equatorial

Assemblages

The Equatorial Assemblage of August and the North Equatorial Assemblage of

February were both important north of the equator. However, the presence of G.

menardii and G. glutinata and the absence of G. con glomerata and G. tumida suggests a

closer association of the August Equatorial Assemblage with the South Equatorial

Assemblage of February. Species of February's South Equatorial Assemblage, associated

with the SEC, had low standing stocks. We have interpreted the assemblage as a

population advected into unfavorable conditions (Watkins et al., in press).

Also generally associated with the SEC, August's Equatorial Assemblage

represented the transect's highest foraminiferal standing stocks. This reflects the

intensification of upwelling and higher primary productivity in August. Local productive

conditions in August were considerably more favorable to assemblage species seeded by

SEC advection, including upwelling indicators G. menardii and G. bulloides. Higher

standing stocks of the two species, although often off the equator at convergent fronts,

were consistent with the westward expansion of upwelling communities. P.

obliquiloculata, N. dutertrei , and G. glutinata had high standing stocks from 3°S-3°N in

August, rather than only within a northern convergent setting as in February. Their

higher standing stocks south of the equator, within the SEC, suggest higher primary

productivity and plankton populations east of the 140°W transect.

3.5.6 Comparison to El Niño Fauna: Subtropical Assemblages

In both February and August, a Subtropical Assemblage composed of G.

sacculfer, G. ruber, and G. conglobatus dominated oligotrophic regions outside the 5°S

5°N equatorial zone. Their persistent dominance of subtropical regions reflects

unchanged conditions. Surface chlorophyll concentrations (0.10-0.15 mg chi m3),

integrated primary productivity (<50 mmol C m2 d) and surface nutrients

(undetectable) were consistently low in February and August. Low zonal velocities and

isolation from equatorial meridional circulation may impede the importation of fauna

from other regions.



G. sacculfer maintained consistent populations of 10-20 shells m3 for February

and August. From February to August, the 24°C isotherm shoaled from 125 m to 50 m

and the 1 % light level shoaled from 85 m to 60 m near the productive convergent front

(l-2°N). However, these temperatures and light levels do not limit the species in

controlled culture experiments, and are consistent with stable standing stocks.

Although associated with subtropical environments, the abundance of G. ruber

from 3°S-3°N in the upper 60 m increased from < 6 shells m3 in February to > 20 shells

m3 in August. Standing stock of this species was correlated to integrated primary

productivity (r=.75) in August. G. ruber has been previously associated with higher

productivity regions. For example, G. ruber replaces G. sacculifer as the dominant

species in the plankton and sediments of the southern Red Sea as productivity increases

toward the Arabian Sea. This shift has been attributed to G. rubers greater dependence

on phytoplankton food (Auras-Schudnagies et al., 1989) or symbiont photosynthesis

(limited by nutrients, Bijma et al., 1990) relative to G. sacculifer's primarily zooplankton

diet. A shorter life cycle (14 relative to 28 days as inferred by Bijma et al., 1990) may

permit G. ruber to thrive in the highly variable environment of fertile regions as an

opportunistic species. However, the role of this species in the Subtropical Assemblage

still emphasizes this species has high relative abundances within low productivity

regions.

3.5.7 Comparison to El Nino Fauna: North Equatorial and Deep Southern

Assemblages

In February and August, G. con glomerata and G. tumida were associated with

each other. These species, particularly G. con glomerata, had deep abundance maxima

from 80-150 m, near the base of the euphotic zone. However, their abundance maxima

rarely extended below the deep thermocline, and suggests the influence of temperatures

below 20°C. From February to August, their standing stocks dramatically decreased

within the 0-5°N region as mixed layer depth shoaled from 100 to 50 m. Their

association with deep mixed layers is consistent with their affinity to western equatorial

Pacific settings (Bradshaw, 1959).

These species were also abundant in the upper surface ocean, usually within high

chl a concentrations. However, they were much more common in surface waters during

February. In February, the two species, joined by P. obliquiloculata and N. dutertrei,



represented the highest foraminiferal standing stocks in the region, within a local

convergence from l-3°N with high concentrations ofphytoplankton biomass. In August,

they were abundant at the surface only at l°S.

3.5.8 Comparison to El Niño Fauna: Role ofMeridional Circulation

During El Niflo conditions, meridional velocities near the equator were relatively

weak (10 km d1). Foraminifera within equatorial waters could have been advected for a

month, a timescale close to their lifespan, before the water recirculates at convergences

north and south of the equator. Different fauna north and south of the equator (Figure

2.7), suggests that meridional advection of equatorial fauna was not important in

February (Watkins et al., in press). Slow meridional circulation provides time for fauna

advected north and south of the equator to diverge through the influence of other

processes. Fauna north of the equator were influenced by a population within a region of

convergence observed at 3°N, 1400W, while fauna south of the equator, within the SEC,

may have had time to be advected from regions of upwelling far to the east. Within La

Nina conditions, meridional velocities were very strong (up to 50 km d-1) due to the

passage of the tropical instability wave. A single equatorial fauna spread from 3°N-3°S

(Figure 3.8) suggests that the dynamic meridional circulation thoroughly mixed

foraminifera in this region. Surface water of this region may not have upwelled on the

equator later than a week before, little time to alter foraminiferal fauna. Water

recirculates at convergent fronts near 2°N and 30S, resulting in a barrier to the dispersal of

equatorial fauna out of this region.

High concentrations of foraminifera at convergent fronts suggests that

foraminifera use buoyancy to maintain their position within these food-rich zones.

During February, foraminifera were most abundant (130 shells rn3) within a weak

convergence at 3°N near the SEC/NECC boundary. In August, high standing stocks (250

shells rn-3) occurred at the strong convergent front of 2°N associated with the tropical

instability wave. Strong convergences north of the equator have been attributed to the

shear of the SEC with the NECC. In August, high standing stocks of foraminifera and

diatoms at 1-3°S suggest that buoyancy is also used within convergent fronts south of the

equator, near the boundary of the SEC with subtropical waters to the south.



3.5.9 Foraminfera as Paleoceanographic Proxies

The faunal assemblages we have identified in living planktic foraminiferal

populations of February and August at 140°W in the Equatorial Pacific strongly

correspond to three core-top sediment assemblages in the tropical Atlantic Ocean (Ravelo

et al., 1990). These sediment faunal assemblages were weakly correlated to modern sea-

surface temperatures (ranging from 17-30CC) in the tropical Atlantic Ocean. They were

more strongly associated with changes in mixed layer depth (using definition of Levitus,

1982).

Our Subtropical Assemblage, dominated by G. ruber and G. saccu1fer,

corresponds to Ravelo et al.s (1990) Mixed Layer Factor in the Atlantic Ocean

sediments, associated with deep (>35 m) mixed layers. Mixed Layer Factor loadings

were exponentially related to mixed layer depth, and highest within deep mixed layers.

N. dutertrei , G. tumida, P. obliquiloculata and G. menardii , important components of our

equatorial fauna, dominate Ravelo et al.'s (1990) Tropical Atlantic Thermocline Factor.

G. bulloides, observed only in our equatorial fauna during August, is an important

component of Ravelo et al.s (1990) Tropical Atlantic Seasonal Succession Factor. The

sum of the Thermocline and Seasonal Succession Factor loadings were inversely

correlated with mixed layer depth, and suggested that these species prefer shallow (<35

m) mixed layers.

Ravelo et al.s (1990) observations suggest that Subtropical Assemblage species

would dominate surface waters above the deep (60-100 m) thermocline of our central

Pacific transect. Our observation of diverse fauna in the JGOFS transect suggests that

other parameters, including primary productivity, can play a more important role here

than thermocline depth. Ravelo, et al. (1990) did not evaluate the influence of primary

productivity, although integrated primary productivity and average mixed layer depth

based on tropical Atlantic atlas data are inversely correlated (r=-0.63). This inverse

relationship holds best for stratified settings with depleted surface nutrients. However,

our transect includes equatorial stations with a deep thermocline but high productivity

stimulated by the upwelling of nutrients. This upwelling influence results in a weak

overall correlation of primary productivity and mixed layer depth within our data set

(r=-0. 16). We observed a range of primary productivity comparable to that of the entire

tropical Pacific in a transect with a deep thermocline. The faunal changes we observed

are more closely associated with primary productivity levels than with mixed layer depth.



3.6 Conclusions

The occurrence of G. bulloides, a species commonly found in tropical coastal

upwelling, in equatorial surface waters in August was consistent with higher primary

productivity and advection within the SEC 'cold tongue". The standing stock and

relative abundance of this species exponentially increased within integrated primary

productivity levels above 90 mmol C m2 d1. The species also accompanied an increase

in the role of large diatoms. Both associations reflect a high biomass system. The SEC

may have seeded these coastal species from the east as their productive upwelling habitat

expanded westward.
One equatorial faunal assemblage dominated the high surface standing stocks of

foraminifera from 3°S-3°N, consistent with seeding by the SEC and vigorous meridional

circulation. Convergent fronts 2-3° north and south of the equator, where water advected

from the equator recirculates, represent physical barriers to the dispersal of equatorial

fauna. High standing stocks of foraminifera within these productive features reflects their

use of buoyancy to take advantage of high food stocks.

The ecology of species in the two surface assemblages is consistent with the shift

along the transect from oligotrophic subtropical settings, dominated by symbiont bearing

species, to productive upwelling settings, dominated by herbivorous species. The

herbivorous species of the Equatorial Assemblage were rare within subtropical surface

waters, apparently limited by low phytoplankton abundance. High standing stocks of

symbiont bearing species within the productive equatorial region indicate that these

species benefit from high food abundance.
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4. Testing Planktic Foraminiferal Fauna as a Proxy of Surface Ocean
Parameters in an Equatorial Upwelling Setting

4.1 Abstract

Statistical transfer functions relate living planktic foraminiferal fauna in the central

Equatorial Pacific to measured sea-surface temperature, integrated primary productivity,

and mixed layer depth. These multiple regressions explain nearly 60% of each parameter's

variance and successfully reconstruct latitudinal patterns in temperature and productivity

observed in El Niño (February-March, 1992) and La Nina (August-September, 1992)

settings. Although these equations are calibrated using data combined from both seasons

with an overall inverse correlation (r=-0.70) of temperature and productivity, they

successfully reconstruct very different seasonal correlations of these parameters during El

Niño and La Nina. This suggests that temperature and productivity estimates are

remarkably robust. Estimates of mixed layer depth were successful in one season, but

failed in another, suggesting that they are not robust in this setting. Correlations between

residual errors in temperature and productivity point to either some interaction between

these variables on the fauna that is not captured by current transfer function methods, or to

bias induced by a third, unmeasured variable.

4.2 Introduction

How do planktic foraminifera represent sea-surface temperature in the tropics?

Transfer functions based on planktic foraminifera estimate that annually averaged surface

temperatures of tropical oceans during the Last Glacial Maximum (LGM) were 1-2°C

cooler than today (CLIMAP, 1981). However, low-latitude terrestrial snow cover and

vegetation patterns (Rind and Peteet, 1985) and some chemical paleothermometers

(Guilderson et al., 1994) suggest a 5-6°C cooling of tropical sea-surface temperatures.

There are several potential sources of error for faunal based transfer functions which could

contribute to this discrepancy. First, fauna may not be sensitive to the narrow surface

temperature variability in the tropics, and may therefore poorly track surface temperature

change. Second, the influence of other parameters, such as food supply (i.e. primary

productivity) could be confused as a temperature signal. Third, subsurface habitats of
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tropical foraminifera could make them more dependent on subsurface temperatures (or

mixed layer depth) than surface temperature. We closely examine how living planktic

foraminifera represent three environmental parameters previously linked to core-top

distributions; sea-surface temperature, integrated primary productivity, and mixed layer

depth. In particular, we address whether tropical foraminiferal fauna best track a specific

parameter, and whether parameter covariance affects the faunal signal.

On global scales, sea-surface temperature and primary productivity are weakly

correlated, and indicate that estimates of paleoproductivity are independent of sea-surface

temperature (Mix, 1989). However, on smaller spatial scales, surface temperature and

integrated primary productivity often covary. We attempt to examine this effect on the

foraminiferal fauna by contrasting two equatorial upwelling settings. During the El Niflo of

February, 1992, upwelling of warm, nutrient rich water stimulated equatorial primary

productivity rates (80 mmol C m2 d) up to four times higher than rates off the equator,

without influencing surface temperatures. These conditions provide a controlled

experiment to evaluate the effect of primary productivity on faunal-based temperature

estimates. During the La Nina of August, 1992, equatorial upwelling of cool, nutrient rich

water produced a strong inverse relationship of surface temperature and integrated primary

productivity over a large range. These conditions provide the dynamic range in temperature

necessary to evaluate whether fauna are sensitive to surface temperature change. We test

whether statistical transfer functions, calibrated with data from both seasons, preserve the

different parameter covariance patterns of each season.

4.3 Methods

Populations of living planktic foraminifera were sampled with 64 jim MOCNESS

plankton tows along the JGOFS Equatorial Pacific transect (9°N-12°S, 140°W) in the

central Equatorial Pacific Ocean in February-March and August-September, 1992. Species

percent abundances at each station were calculated from standing stocks integrated from 0

to 100 m. A Q-mode factor model simplifies the combined data set of logarithmically

transformed species percentages, from 11 stations of February and 12 stations of August,

into orthonormal faunal assemblages.

On the day of each plankton tow, sea-surface temperature was measured during

routine CTD/Rosette casts (Murray et al., 1995). Primary productivity was measured by

the incorporation of added 14C into particulate matter during a 12 hour in-situ incubation of

water sampled from eight depths using clean techniques (R. Barber, personal
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communication). These estimates were integrated from the surface to the 0.1% light level

depth (ranging from 55 to 120 m) to yield an estimate of "integrated" primary productivity

(mmol C rn-2 d) (R. Barber, JGOFS data system). Mixed layer depth (m) was estimated

from CTD profiles, using the Levitus (1982) definition as the depth at which density is

0.125 density units higher than at the surface. This density difference corresponds to a

0.5°C temperature change with constant salinity.

We performed a separate step-wise nonlinear multiple regression of the assemblage

factor loadings (including squared terms and interactions) onto each environmental

parameter. All included terms met an added sum of squares F-statistic cutoff of 4.35 (i.e.,

95% significance level).

4.4 ResuLts

The Q-mode factor model simplifies the logarithmically transformed integrated

species percentage data into three faunal assemblages which explain 92% of the relative

abundance data obtained from both transects (Table 4.1). Table 4.2 lists fauna! assemblage

loadings and the measured sea-surface temperature, primary productivity, and mixed layer

depth. These assemblages are comparable to those from factor analyses of discrete samples

from the individual surveys (see Chapter 2 and 3). The Spring Equatorial Assemblage,

including G. con glomerata and G. tumida, had a northern distribution in February and a

southern distribution in the fall. The Fall Equatorial Assemblage, including herbivorous

species G. menardii, G. glutinata, and G. bulloides, had highest factor loadings at 2°S in

February, and 0-3°N in August. Herbivorous species P. obliquiloculata and N. dutertrei

were primary members of both equatorial assemblages. A Subtropical Assemblage

including spinose, symbiont bearing species G. sacculfer, G. ruber, and G. conglobatus

was most prominent off the equator (Figure 4.1). The analysis of integrated data produced

low loadings of the Subtropical Assemblage relative to those from factor analysis of

discrete samples because of the shallow distribution of these species (Chapters 2 and 3).

The dynamic range of primary productivity expanded from 20-80 to 20-140 mmol

C m2 d1 from February to August, while the range in temperature expanded from nearly

isothermal conditions of 28°C to 24-28°C (Table 4.2). Mixed layer depth generally ranged

from 50 to 120 rn in both seasons. During August, mixed layer depth was only 10 m near

a strong convergent front at 2°N. Correlations between these three environmental

parameters differed during the two seasons (Table 4.3). Productivity was positively

correlated to surface temperature (r=0.60) during the first survey, during upwelling of
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Table 4.1 Factor scores from logarithmically transformed integrated species
percent abundance data from both surveys.

species spring equatorial fall equatorial subtropical total
G. conglomerara 0.61 -0.12 -0.01
G. tumida 0.60 -0.22 -0.10

G.menardii -0.06 0.45 -0.15
G.glutinata 0.07 0.45 0.06
G. bulloides -0.07 0.35 -0.13
P. obliquiloculata 0.35 0.37 -0.27
N. dutertrei 0.22 0.27 -0.02
G.aequilateralis 0.14 0.22 0.12
G. rubescens -0.05 0.22 0.16

G.sacculjfer 0.17 0.04 0.63
G.ruber 0.02 0.24 0.42
G. sacculjferw -0.08 -0.04 0.36
G. conglobatus 0.12 -0.03 0.30
0. universa 0.02 -0.02 0.15

G. tenellus -0.01 0.05 0.03
G. dehiscens 0.02 -0.02 0.00
G. adamsii 0.01 0.03 0.05
G.calida 0.06 0.13 0.07
G.falconensis -0.01 0.09 -0.03
G. humilis 0.04 0.00 -0.02
G. hexagona 0.08 -0.08 0.06
G.scitula 0.03 -0.01 0.00
H. pelagica 0.00 -0.02 0.07

Fractionofdata 37.8% 32.5% 21.4% 91.6%



Table 4.2
Loadings for faunal assemblages from integrated 0-100 m percent abundance data and surface parameters.

JGOFS
Latitude

Equatorial Pacific Survey 1 (February-March, 1992)
communality spring equatorial fall equatorial subtropical

temperature
C

productivity
mmole C m-2 day-i

mixed layer
meters

9N 0.76 0.75 0.03 0.44 26.5 27.2 70

7N 0.94 0.79 0.33 0.45 27.9 38 70

SN 0.97 0.90 0.30 0.25 28.4 54.4 90

3N 0.94 0.84 0.41 0.27 28.4 63 100

2N 0.96 0.82 0.45 0.29 28.3 64.1 100

IN 0.97 0.81 0.49 0.25 28.5 64.6 110

0 0.89 0.74 0.56 0.19 28.3 45.7 50

iS 0.84 0.73 0.51 0.20 28.5 82.7 70

2S 0.89 0.40 0.75 0.41 28.6 48.9 90

5S 0.94 0.30 0.66 0.65 28.7 60.2 80

12S 0.89 0.26 0.41 0.81 28.5 33.6 54

JGOFS
Latitude

Equatorial Pacific Survey 2 (August-September, 1992)
communality spring equatorial fall equatorial subtropical

temperature
C

productivity
mmole C m-2 day-i

mixed layer
meters

9N 0.88 0.27 0.26 0.86 28.3 23.6 55

7N 0.94 0.25 0.36 0.86 28.3 22.4 77

5N 0.95 0.59 0.68 0.37 28.1 41.9 50

3N 0.94 0.37 0.82 0.37 27 57.3 55

2N 0.94 0.28 0.90 0.24 24.2 134.7 10

iN 0.95 0.28 0.88 0.30 24.7 45

0 0.93 0.46 0.81 0.25 24.9 94.4 50

iS 0.95 0.67 0.62 0.33 25.3 92.6 75

2S 0.97 0.69 0.62 0.32 25.3 111.6 100

3S 0.91 0.65 0.63 0.31 25.3 115.2 60

5S 0.99 0.80 0.39 0.44 25.9 67.1 85

12S 0.75 0.52 0.21 0.66 26.4 34 65
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warm, nutrient rich water. Within the stronger upwelling of the second survey, primary

productivity was strongly inversely correlated to surface temperature (r=-O.92). The

transfer functions are calibrated with data from both seasons, where overall, temperature

and productivity are inversely correlated (r=-0.70). In February and August, mixed layer

depth was weakly correlated to sea-surface temperature and productivity.

Table 4.3 Correlation Coefficients of Environmental Parameters

T
P
D

M

M

T P D

60 1 SURVEY 1 (February-March, 1992)
23 .50 1

-.92 1 SURVEY 2 (August-September, 1992)
.17 -.22 1

-.70 1 COMBINED
.40 -.16 1

T sea-surface
temperature

P integrated primary productivity
D mixed layer depth

The multiple regressions of faunal assemblages against environmental parameters

explain nearly 60% of the variance of each environmental parameter for the combined data

sets from February and August (Table 4.4). Standard errors of the estimates were 1°C for

surface temperature, 20 mmol C m2 d' for primary productivity, and 16 m for mixed

layer depth. Within these equations, fauna including G. menardii, G. bulloides, and G.

glutinata were associated with cooler surface temperatures, higher integrated primary

productivity, and shallow mixed layers; while G. saccu1fer, G. ruber, and G. con globatus

were associated with warmer temperatures, lower primary productivity, and deeper mixed

layers. Fauna including G. conglomerata and G. tumida were weakly related to

temperature or productivity, and most closely associated with deeper mixed layers.

Transfer function estimates were more strongly correlated to actual values in August

than in February for primary productivity (r2=0.65) and mixed layer depth (r2=0.69)
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Table 4.4 Transfer function equations relating living faunal assemblages to surface
parameters.

Sea-surface temperature

SST(°C) 32.7 - 13.2(f)2 16.7(sp X su) + 17.6(f X su) 5.6(su)2

62.4% of variance
average residual = 0.7°C
standard error of estimate= 1.0°C

Integrated primary productivity

PP(mmol C m2 d-)= 27.9 + 126.7(f) 152.l(f X su)

59.5% of variance
average residual = 14.4 mmol C m2 d-1
standard error of estimate= 21.1 mmol C m2 d-1

Mixed layer depth

MLD(m) = 7.7 + 96.6(sp)2 + 187.8(f X su) - 36.3(1)2

58.7% of variance
average residual = 11.6 m
standard error of estimate= 16.8 m

terms
sp spring equatorial assemblage
f fall equatorial assemblage
su subtropical assemblage

Extra Sum-of-Squares F-test cutoff >4.35 (i.e., 95% significance level for
added terms with 20 degrees of freedom)

(Figures 4.2a-c). For February samples, the estimates for all three parameters poorly

explain the variance of the measured parameters. However, these estimates fall within the

reasonable error envelopes of the regressions, which are based on data from both surveys.



Figure 4.2 Model estimate vs. actual plots for three environmental parameters. A) Sea-
surface temperature (°C). B) Integrated primary productivity (mmol C m2 d1). C)
Mixed layer depth (m). Open circles are samples from Survey I (February-March, 1992),
filled circles are samples from Survey 2 (August-September, 1992). Model is based on
combined data set.
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4.5 Discussion

The faunal-based transfer functions are reasonably successful in reconstructing the

latitudinal patterns of sea-surface temperature and integrated primary productivity for the

two surveys (Figures 4.3-4.4). The temperature equation reproduces both the observed

decrease in temperatures to the north in February, and the sharp temperature minimum at

2°N observed in August (Figure 4.3b). The productivity equation reproduces the broad

equatorial maximum of primary productivity apparent during both seasons (Figure 4.4a,b).

The transfer functions also preserve the different relationships of temperature and

productivity in the two seasons. Temperature and productivity estimates are uncorrelated

(r=0.03) for February samples, and are strongly inversely correlated (r=-0.80) for August

samples (Figure 4.5a,b), similar to the different seasonal patterns of actual values (r=0.60

for February, and r=-0.92 for August). Transfer functions convey the weak correlation of

temperature and productivity in February, even though the equations are calibrated with the

combined data set, in which the two parameters are inversely correlated (r=-0.70). The

success of the equations in reproducing the latitudinal patterns and seasonal correlation

structure of temperature and productivity is encouraging for the use of preserved fauna to

reconstruct past values of both parameters.

The transfer functions are less successful in tracking surface temperature and

productivity at finer scales. For example, in the El Niño setting where surface temperatures

were uniform at 28.5°C, (February-March, 1992), faunal variability produced an erroneous

range of temperature estimates of 27-29°C (Figures 4.3a). Thus, foraminiferal

paleotemperature estimates may be biased by other oceanographic variables. Although

primary productivity of February samples ranged from 20-80 mmol C m2 d-1,

temperature estimate errors were weakly correlated to productivity (Figure 4.6b, open

circles).

Fauna reflect surface water temperatures poorly from 25-28°C during La Nifla

conditions (August-September, 1992) (Figure 4.2b) Within this surface temperature range,

fauna that predicted 26.5-27°C temperatures in the regression model occurred in both

cooler (25°C at 1-3°S) and warmer (28°C at 5°N) conditions, and resulted in residuals up to

1.5°C (Figure 4.3b). These erroneous estimates contribute to an inverse correlation of

temperature model residuals and surface temperature (Figure 4.6a). The inverse correlation

of temperature and productivity in August results in a positive relationship of temperature

residuals and productivity (Figure 4.6b).

Except for overestimates of productivity at the equator and 2°S, the residuals of the

productivity model are small within the warm conditions of February, and are uncorrelated
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Figure 4.3 Latitudinal patterns of actual (filled squares) and estimated (open squares)
sea-surface temperature (°C) for A) Survey 1 and B) Survey 2.
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Figure 4.4 Latitudinal patterns of actual (filled squares) and estimated (open squares)

integrated primary productivity (mmol C m2 d) for A) Survey I and B) Survey II.
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with temperature or productivity (Figure 4.7a,b). In August, residuals are weakly

negatively correlated with actual productivity and negatively correlated with sea-surface

temperature (regressions, Figure 4.7a,b). The residual patterns of August suggests that the

model underestimates primary productivity within cool, productive conditions.

Temperature and productivity residuals are inversely correlated in both seasons

(Figure 4.8). This implies either that some other variable induces bias in both estimates, or

some interaction between temperature and productivity, which influences foraminiferal

populations, is not captured by the transfer function methods. In both settings, the

temperature model residuals (0-1.5°C) are less than the 3-5°C discrepancy between fauna!-

based transfer functions and other proxies for tropical sea-surface temperatures of the

LGM.

Ravelo et al., (1990) hypothesized that tropical fauna! assemblages track mixed

layer depth, and suggested that subsurface habitats of tropical foraminifera may influence

faunal-based estimates of sea-surface temperature. During both of the seasons we studied,

residuals of the temperature equation were only weakly correlated with mixed layer depth.

Therefore, mixed layer depth did not appear to bias surface temperature estimates. Our

study, in the central Pacific with a deep thermocline, may not be representative of portions

of the tropics such as the eastern boundary, where the pycnocline is much shallower.

Our observation that tropical foraminifera reflect primary productivity more

consistently than mixed layer depth has important implications for the study of Ravelo et al.

(1990). Within the deep mixed layer of our central Pacific location, primary productivity

and mixed layer depth were uncorrelated. However, in the region covered by Ravelo et al.,

1990 (tropical Atlantic), annually integrated primary productivity and average mixed layer

depth based on atlas data are inversely correlated (r=-0.63), unlike primary productivity

and temperature. This correlation is consistent with discrete biological sampling in the

tropical Atlantic Ocean, where nitracline depth and integrated primary productivity were

inversely correlated (r2=-0.84; Herbiand and Voituriez, 1979). The core-top fauna that

appears to track mixed layer depth in the tropical Atlantic (Ravelo et al., 1990) may instead

reflect productivity. In short, we infer that productivity, as reflected by food supply, is a

more important control of foraminiferal population than mixed layer depth, and we believe

the Atlantic data are consistent with this inference.

Our transfer functions, although calibrated with in situ environmental

measurements, represent a small data set. The equations should not be applied to other

plankton and sediment data. We sampled a small region which may omit taxa important in

other. Different lifespans of species change the weighting of species in sedimentary

assemblages relative to plankton tows.
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Figure 4.6 Residual plots for the sea-surface temperature model. Open circles are
samples from Survey 1, filled circles are samples from Survey 2. The model is based on
the combined data set. Horizontal lines represent the standard error of the model estimate.
Sea-surface temperature model residuals(°C) on A) actual sea-surface temperature (°C) and

B) actual integrated primary productivity (mmol C m2 d1). Linear regressions are for
Survey 2 samples.
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Figure 4.7 Residual plots for the productivity model. Open circles are samples from
Survey 1, filled circles are samples from Survey 2. The model is based on the combined
data set. Horizontal lines represent the standard error of the model estimate. Productivity
model residuals (mmol C m d) on A) actual integrated primary productivity (mmol C
m2 d1) and B) actual sea-surface temperature (°C). Linear regressions are for Survey 2
samples.
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Figure 4.8 Residuals of the temperature model (°C) on residuals of the productivity
model (mmol C m2 d1). Open circles are Survey I samples, filled circles are Survey 2
samples. The solid line is a linear regression through Survey 1 samples, while the dashed
line is a linear regression through Survey 2 samples.



4.6 Conclusions

1) The distribution of living tropical foraminifera reflected latitudinal patterns of

sea-surface temperature and integrated primary productivity during El Niño and La Nina

conditions in the central Equatorial Pacific. Independent transfer functions based on the

living fauna explained about 60% of the observed variance of these parameters.

2) Transfer functions preserved the seasonal relationship of temperature and

productivity in each setting, even though the equations were calibrated with data from both

seasons combined, with an overall inverse relationship of the two variables. These

observations suggest that preserved fauna may also reflect these parameters, and supports

their use in the reconstruction of past conditions. Estimates of mixed layer depth were

successful in one season, but failed in the other, suggesting that these estimates may not be

robust in the area.

3) Foraminiferal paleotemperature estimates may in some instances be biased by

other oceanographic variables. There may be a third variable that was not measured, or

some interaction of temperature and productivity that was not captured by the transfer

function method. Mixed layer depth variation did not bias temperature estimates in this

deep thermocline setting.

4) These sources of error for faunal based paleotemperature estimates are small (0-

1.5°C) relative to the 3-5°C discrepancy with other proxies in reconstructing tropical sea-

surface temperatures during the LGM.
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5. Conclusions

Transfer functions suggest that the living planktic foraminifera of our study

reasonably represent sea-surface temperature and integrated primary productivity, two

important components of paleoceanographical models. The nature of the exact relationship

between these parameters and foraminiferal abundance has been poorly understood. Are

the ecological observations of Chapters 2 and 3 consistent with the transfer functions?

Our observations confirm a basis for the correlation of tropical foraminiferal fauna

with integrated primary productivity. Vertically, the distribution of foraminifera is weakly

correlated to phytoplankton proxies such as chlorophyll or primary productivity.

However, integrated primary productivity appears to reflect poleward changes in the

abundance of foraminiferal food, which is ultimately derived from phytoplankton

production. For example, 0-100 m integrated standing stocks of several herbivorous

species are strongly correlated with integrated primary productivity. Relative abundance

patterns suggest that some species dominate regions with high phytoplankton productivity,

whileothers dominate regions with low productivity. Herbivorous species G. bulloides

and G. menardii were only abundant within the very productive waters of August. In both

seasons, symbiont-bearing species G. sacculifer and G. ruber dominated off the equator in

low productivity regions where species without algal symbionts or not using their

symbionts for nutrition were largely excluded. These faunal relationships may generally

apply to large regions in the tropics, because the productivity range of this study (80-600 g

C m2 yr) is comparable to the productivity range of tropical open-ocean settings.

The similar success of our transfer functions in tracking sea-surface temperature

suggests that temperature tolerances could also influence foraminiferal distribution.

However, our observations do not support a direct effect of temperature within tropical

surface waters. Vertical distributions of foraminifera during both seasons confirm that

most species live above the deep thermocline, and can tolerate water temperatures from 20-

28°C. Although fauna mirrored poleward sea-surface temperature patterns in August, sea-

surface temperature was strongly inversely correlated to integrated primary productivity in

this season because of strong upwelling. In February, comparable faunal gradients existed

within a deep and isothermal warm mixed layer. Fauna reflected phytoplankton biomass

maxima stimulated by the supply of nutrients by upwelling, which surface temperature and

mixed layer depth patterns failed to indicate because the upwelling source was above the

deep thermocline. Therefore, the warm equatorial setting of February successfully

separated the influence of productivity from surface temperature. This separation has not
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been possible when observing foraminifera within cool upwelling settings (as in August) or

deep chlorophyll maxima (as in eastern basins with shallow thermoclines).

Our equation for sea-surface temperature does not completely mimic the relationship

of fauna with integrated primary productivity. Their independence suggests that tropical

foraminifera reflect other parameters which covary with surface temperature. For example,

sea-surface temperature reflects geography and current structure in this transect, which may

influence fauna through water mass or advective relationships. The 24-28°C surface

temperature range we observed is significant relative to tropical surface temperature

variation. However, because foraminifera appear to reflect surface temperature changes in

terms of local water mass geography, rather than in terms of specific limits to growth, we

doubt whether the relationship of fauna to surface temperature in our study will apply to the

entire tropical region.

Our results support the independent reconstruction of both parameters using a large

core-top calibration data set of preserved fauna, even for settings in which temperature does

not directly control foraminifera. With our study as a model, the separation of the effects

of temperature and food on species in eastern regions with shallow thermoclines should be

a high priority for future research toward a complete evaluation of the use of transfer

functions in tropical oceans.
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Appendix 1 Taxonomy

We identified twenty four species using the classification of Parker (1962), updated

by the taxonomic volume of Saito et al. (1981). In most cases, adult specimens were easily

identified following these published notes. Below, we address the most problematic

issues; those of distinguishing the juvenile forms of species. All but the smaller species

were represented by a wide ontogenetic range within the tow samples. The illustrations of

Parker (1962) covered many growth stages for these species and were very helpful.

Pulleniatina obliquiloculata (Parker and Jones, 1862)

Neogloboquadrina dutertrei (D'Orbigny, 1839)

Adult specimens of P. obliquiloculata have a distinctive polished outer cortex

enveloping the streptospiral final whorl, with an arched extraumbilical aperture. N.

dutertrei is a low trochospiral with 4-5 distinct inflated chambers, a coarsely pitted texture

and an umbilical aperture which may or may not have a prominent tooth.

The trochospiral juvenile forms of these species can be difficult to differentiate.

There are often 4-4.5 chambers in the final whorl for both species. Individuals with 5

chambers in the final whorl or with apertural teeth were assigned to N. dutertrei. Juveniles

of both species have texture that ranges from smooth to coarsely perforate. Aperture shape

was the primary characteristic used to differentiate juveniles without umbilical teeth. For P.

obliquiloculata, the aperture is more rounded in shape and opens more to the middle of the

umbilicus. For N. dutertrei, the aperture tends to be more angular in shape and opens to

the side of the umbilicus. The angle that the rim of the final chamber makes with the final

suture is acute for N. dutertrei, and obtuse for P. obliquiloculata.
Bronnimann and Resig (1971) and Burt and Scott (1975) have described the entire

ontogenetic sequence of P. obliquiloculata. The "adult specimens referred to in Figure 2.8

are individuals with complete outer cortexes and an arched aperture. 'Juvenile' specimens

have distinct final whorl chambers with no highly polished outer encrustation. The

aperture is rounded, open, and umbilical.
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Globoquadrina conglomerata (Schwager, 1866)

Globorotaloides hexagona (Natland, 1938)

Juvenile N. con glomerata have six chambers, with a flat spiral side and a convex

umbilical side, and an umbilical to extraumbilical aperture. Chambers rapidly inflate with

growth, circling a large open triangular or quadrate umbilicus with a prominent umbilical

tooth. The test is coarsely pitted. Adults are larger and more inflated than, and have a less

cancellate texture than adults of G. hexagona. Juveniles are more convex, and have less

distinct sutures than juvenile forms of G. hexagona. Juveniles of both species often have a

well developed apertural flap.

Globo rota/ia tuinida (Brady, 1877)

Globorotalia menardii (Parker et al., 1865)

G. tumida has a more elongate outline than G. menardii and a prominently raised

spiral and umbilical side. G. menardii individuals in tow samples were very flat (axially

compressed), with a distinctly more rounded outline. As observed in the quantitative

morphometric study of Schweitzer and Lohman (1991), the morphology of juvenile forms

of both species converge toward a rounded form with relief, making differentiation very

difficult.

Most of the G. tumida individuals in our tows were not encrusted, but had the

distinct G. tumida shape. This form has sometimes been referred to as G. ungulata

(BermUdez, 1960). Parker (1962) referred to elongate, smooth walled specimens such as

ours as G. tumida. A few encrusted forms typical of G. tumida were found within deeper

samples.

Globigerinoides saccu1fer (Brady, 1877)

A few individuals observed in tow samples at 100-200 m had terminal chambers

(with sac). Most specimens were normalform without a deformed terminal chamber.

Reference to this species in the text includes both forms.
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Globigerinella aequilateralis (D'Orbigny, 1839)

Globigerinella calida (Parker, 1962)

Globigerinella adamsi (Banner and Blow, 1959)

Hastigerina pelagica (D'Orbigny, 1839)

Juvenile forms of these species were often difficult to differentiate. The

generalization that G. aequilateralis, G. adamsi, and H. pelagica are planispiral, while G.

calida is a low trochospire was not consistently followed for juvenile forms. For example,

planispiral, loosely coiled individuals with elongate chambers were assigned to G. calida.

G. aequilateralis and H. pelagica have tightly coiled and more spherical chambers relative to

the other two species. A fragile and less hispid test distinguishes H. pelagica. G. calida

and G. adamsi have loosely coiled, elongate chambers. If not by the spiral, the two were

distinguished by proloculus relief and suture depth. In G. calida, the proloculus tends to

be slightly convex relative to the flat or sometimes indented initial chambers of G. adainsi.

The sutures between chambers deepen from G. aequilateralis to G. calida to G. adamsi,

whose digitate chambers join near the base.
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Appendix 2 Standing stock of living,> 150 im planktic foraminifera

in 64 tm MOCNESS tow samples along 140'W during February-March, 1992

Latitude,tow volume sample live dead live dead 0. univ G. cnglb G. ruber G. ten G. sacc G. saccw S. dehis G. adam

depth filtered split raw raw standing standing
interval m'3 count count stock stock

9N, M-04
0-7m 36.5 0.15 11 0 2.0 0.0 0.0 0.2 0.0 0.0 0.7 0.0 0.0 0.0

18-38 m 17.4 0.15 32 0 12.3 0.0 0.0 0.8 0.0 0.0 7.3 0.0 0.0 0.0

38-57 m 16.9 0.15 20 0 7,9 0.0 0.0 0.0 0.0 0.0 7.5 0.0 0.0 0.0

57-77 m 22.0 0.15 105 5 31.8 1.5 0.0 0.6 0.3 0.0 18.2 0.0 0.0 0.0

77-98m 25.3 0.15 18 2 4.7 0.5 0.0 0.0 0.0 0.0 1.3 0.0 0.5 0.0

98-144 m 32.1 0.15 15 1 3.1 0.2 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0

144-199 m 37.4 0.15 9 0 1.6 0.0 0.0 0.0 0.2 0.0 0.2 0.0 0.0 0.0

7N, M-06
9-19m 84.2 0.15 233 2 18.4 0.2 0.3 1.2 1.3 0.0 5.5 0.0 0.0 0.0

59-67 m 67.9 0.15 276 9 27.1 0.9 0.1 3.7 4.6 0.0 3.9 0.6 0.0 0.0

67-96m 36.7 0.15 81 8 14.7 1.5 0.4 1.1 2.7 0.0 0.9 0.0 0.0 0.0

142-199m 104.9 0.15 27 9 1.7 0.6 0.0 0.1 0.5 0.0 0.4 0.0 0.0 0.0

SN, M-07
9-18m 47.4 0.15 275 2 38.7 0.3 0.0 2.4 2.5 0.0 4.4 0.6 0.0 0.0

58-79 m 25.2 0.15 255 3 67.5 0.8 0.5 1.1 1.3 0.0 2.9 0.3 0.0 0.0

79-95 m 25.2 0.15 63 4 16.7 1.1 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0

147-197 m 146.4 0.15 26 16 1.2 0.7 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0

This table is two pages wide. All standing stock measurements are in shells per cubic meter. Species include

0, univ=0. universa, G. conglb=G. conglobatus, G. ruber-G. ruber(white), G. ten=G. tenellus, G. sacc=G. saccuitfer, G. saccw-G. saccultfer(w terminal chamber)

S. dehis= S. dehiscens, G. adam=G. adamsi, C. aequi-G. aequilateralis, G. cal=G. calida, G. bul-G. bulloides, G.falc=G.falconensis, C. rubes-G. rubescens

T. hum=T. humilis, N. dut=N. dutertrei, G. cnglm=G. con glomerata, C. hex=G. hexagona, P. obliq=P. obliquiloculata, G. scit=G. scitula, G. men=G. menardii

G. tum=C, rumida, C. glut=G. glutinata, H. pelag-H. pelagica



Appendix 2 (continued)

MOC G, aequi G. cal G. bul G. faic . rubes 1 hum N. dut G. cnglm G. hex P. obliq G. scit G. men G. turn G. glut i. pelag other

depth mt

9N, M-04
0-7m 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0

18-38 m 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 3.8 0.0 0.0 0.0

38-57 m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0

57-77 m 0.6 0.3 0.0 0.0 0.0 0.0 1.8 3.0 0.0 0.6 0.0 0.0 6.4 0.0 0.0 0.0

77-98 m 0.0 0.3 0.0 0.0 0.0 0.0 0.0 1.3 0.3 0.0 0.0 0.0 1.1 0.0 0.0 0.0

98-144 m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.1 0.2 0.2 0.0 0.0 0.0 0.0 0.0

144-199 m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0

7N, M-06
9-19m 1.2 0.4 0.0 0.0 0.2 0.0 1.6 0.1 0.0 1.6 0.0 0.0 4.5 0.5 0.1 0.1

59-67 m 0.3 0.2 0.0 0.2 0.1 0.0 1.7 3.6 0.0 2.3 0.0 0.5 5.0 0.2 0.0 0.1

67-96 m 0.4 0.2 0.0 0.0 0.0 0.0 1.1 2.4 0.4 0.9 0.0 0.0 3.6 0.7 0.0 0.0

142-199m 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.1 0.1 0.0 0.1 0.1 0.0 0.0

5N,M-07
9-18m 2.0 0.0 0.0 0.3 1.0 0.0 2.5 1.3 0.0 10.0 0.0 0.0 6.2 5.6 0.0 0.0

58-79 m 5.6 0.8 0.0 0.0 0.5 0.0 2.9 25.1 0.0 2.1 0.0 0.3 23.5 0.3 0.3 0.0

79-95 m 1.6 0.0 0.0 0.0 0.5 0,0 2.1 5.0 0.0 2.6 0.0 0.0 4.0 0.3 0.0 0.0

147-197 m 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.3 0.0 0.0 0.1 0.2 0.0 0.1



Appendix 2 (continued)

Latitude,tow volume sample live dead live dead 0. univ G. cnglb G. ruber G. ten G.saccG. saccw S. dehis G. adam

depth filtered split raw raw standing standing

interval mA3 count count stock stock

3N, M-09
10-20m 6.5 0.15 161 11 165.1 11.3 0.0 3.1 6.2 2.1 13.3 0.0 0.0 0.0

61-80m 25.2 0.15 538 29 142.3 7.7 0.0 1.6 7.7 0.0 13.5 0.3 0.0 0.0

81-lOOm 25.2 0.15 423 22 111.9 5.8 0.0 3.2 4.8 0.5 6.6 0.5 0.0 0.0

149-195 m 34.5 0.15 14 9 2.7 1.7 0.0 0.0 0.4 0.4 0.0 0.0 0.0 0.0

2N, M-12
0-3 m 57.6 0.15 206 4 23.8 0.5 0.1 1.4 2.0 0.0 3.8 0.0 0.0 0.0

3-12m 30.8 0.15 313 7 67.7 1.5 0.4 1.7 3.9 0.0 6.9 0.2 0.0 0.0

12-33 m 88.6 0.15 729 3 54.9 0.2 0.2 1.1 2.4 0.0 5.3 0.2 0.0 0.0

33-53 m 99.6 0.15 940 2 62.9 0.1 0.7 2.5 6.2 0.0 7.5 0.0 0.0 0.0

53-72 m 56.0 0.15 537 10 63.9 1.2 1.3 3.7 6.3 0.0 10.0 0.1 0.0 0.0

72-91 m 38.6 0.15 440 15 76.0 2.6 0.0 0.9 4.3 0.3 8.6 0.0 0.0 0.0

91-143 m 113.9 0.15 656 46 38.4 2.7 0.0 0.9 0.6 0.0 0.4 0.4 0.0 0.0

143-193 m 139.8 0.15 70 53 3.3 2.5 0.0 .0.0 0.0 0.3 0.1 0.0 0.0 0.0

iN, M-13
12-21 m 36.7 0.15 186 1 33.8 0.2 0.5 0.4 0.9 0.0 2.0 0.0 0.0 0.0

61-80m 65.8 0.15 489 9 49.5 0.9 0.1 0.8 0.9 0.2 4.7 0.1 0.0 0.0

80-104 m 46.6 0.15 463 8 66.2 1.1 0.6 1.9 2.4 0.0 5.9 0.3 0.0 0.3

151-191 m 62.7 0.15 22 9 2.3 1.0 0.1 0.1 0.2 0.0 0.1 0.0 0.0 0.0

Eg, M-15
0-11 m 51.5 0.15 198 1 25.6 0.1 0.4 0.4 1.4 0.0 2.2 0.1 0.0 0.0

12-22m 79.5 0.15 371 12 31.1 1.0 0.0 0.4 1.0 0.1 3.9 0.2 0.0 0.0

22-39 m 47.0 0.15 232 4 32.9 0.6 0.0 0.1 1.6 0.1 2.8 0.3 0.0 0.0

40-62m 30.9 0.15 143 3 30.9 0.6 0.2 0.4 0.2 0.0 1.3 0.2 0.0 0.0

62-105 m 127.4 0.15 495 9 25.9 0.5 0.0 0.0 0.0 0.0 0.4 0.0 9.0
0.2

100-150 m 120.8 0.15 254 18 14.0 1.0 0.0 0.1 0.0 0.0 0.2 0.0 0.1 0.6



Appendix 2 (continued)

MOC G. aequi G. cal G. bul G. faic . rubes T. hum N. dut G. cnglm G. hex P. obliq G. scit G. men G. turn G.glut I. pelag other

depth mt

3N, M-09
10-20m 2.1

61-80m 2.9

81-lOOm 5.3

149-195m 0.0

2N, M-12
0-3m 0.1

3-12m 0.6
12-33m 1.4

3 3-53 m 2.6
53-72 m 2.9

72-9 1 m 2.6

91-143m 0.2
143-193m 0.0
IN, M-13
12-21 m 2.5

61-80m 3.6

80-104m 4.0
151-191 m 0.2

Eg, M-15
0-urn 3.0
12-22 m 2.0

22-39 m 4.0
40-62 m 3.0
62-105m 1.2

100-150m 0.3

7.2 0.0 0.0 4.1 0.0 24.6 12.3 0.0 30.8 0.0 0.0 34.9 24.6 0.0 0.0

3.7 0.0 0.0 4.5 0.0 7.7 36.2 0.0 24.3 0.0 0.0 31.2 8.7 0.0 0.0

1.3 0.0 0.3 10.1 2.1 9.5 27.5 0.0 13.2 0.0 0.0 20.9 5.0 0.0 1.1

0.2 0.0 0.2 0.0 0.0 0.4 0.2 0.0 0.2 0.0 0.0 0.2 0.6 0.0 0.0

0.2 0.0 0.0 0.0 0.0 2.4 2.3 0.1 6.7 0.0 0.0 2.2 2.1 0.0 0.3

1.1 0.0 0.0 0.6 0.0 6.9 8.2 0.0 18.2 0.0 0.0 10.8 7.8 0.2 0.0

0.6 0.1 0.7 2.3 0.5 4.7 8.1 0.0 11.1 0.0 0.2 7.3 8.0 0.0 0.8

0.6 0.0 0,3 0.0 0.0 5.0 8.3 0.0 14.3 0.0 0.1 10.0 4.9 0.0 0.0

1.1 0.0 1.5 3.5 0.0 4.6 2.3 0.0 16.1 0.0 0.7 1.3 8.3 0.2 0.0

1.0 0.3 1.0 1.9 0.3 5.2 9.2 0.2 22.5 0.0 0.0 8.3 7.6 0.3 1.4

0.8 0.0 0.2 0.4 0.1 0.7 13.8 0.0 5.3 0.0 0.1 10.6 3.8 0.0 0.2

0.0 0.0 0.1 0.4 0.8 0.0 0.1 0.0 0.2 0.0 0.0 0.3 0.8 0.0 0.0

0.2 0.0 0.0 0.0 0.0 7.3 3.1 0.0 12.2 0.0 0.2 2.4 2.0 0.0 0.2

0.3 0.0 0.0 0.5 0.0 5.2 7.2 0.0 18.3 0.0 0.8 3.0 3.7 0.0 0.0

1.3 0.0 0.0 0.9 0.4 7.7 12.4 0.0 15.6 0.0 0.4 5.9 4.3 0.0 2.0

0.0 0.0 0.0 0.2 0.0 0.1 0.4 0.0 0.5 0.0 0.0 0.2 0.1 0.0 0.0

0.1 0.0 0.0 0.0 0.0 5.3 0.9 0.0 7.9 0.0 1.8 0.0 1.9 0.1 0.0

0.7 0.0 0.0 0.3 0.0 4.2 3.0 0.0 11.3 0.0 1.8 0.4 1.8 0.0 0.0

0.1 0.0 0.0 0.3 0.0 3.8 2.7 0.0 13.2 0.0 1.1 0.4 2.3 0.0 0.0

1.7 0.0 0.0 0.4 0.0 3.0 8.6 0.4 7.8 0.0 1.9 1.1 0.4 0.0 0.0

2.4 0.0 0.1 0.0 0.0 0.3 16.0 0.0 3.8 0.0 0.8 0.4 0.3 0.0 0.1

1.6 0.0 0.0 0.0 0.0 0.6 7.1 0.0 2.3 0.0 0.4 0.3 0.7 0.0 0.0

t'J
00



Appendix 2 (continued)

Latitude,tow volume sample live dead live dead 0. univ G. cnglb G. ruber G.ten G.sacc G. saccw S. dehis G. adam

depth filtered split raw raw standing standing
interval rn"3 count count stock stock

IS, M-18
10-21m 32.5 0.15

59-8 1 m 42.7 0.15

81-101 m 63.6 0.15

147-200m 38.5 0.15

2S, M-20
0-12m 93.4 0.15

12-19 m 14.3 0.15

19-40m 16.6 0.15

40-61 m 108.0 0,15

61-81 m 35.5 0.15

81-101 m 29.0 0.15

101-150 m 105.8 0.15

150-200m 44.1 0.15

5S, M-21
0-urn 51.6 0.15

11-21m 41.9 0.15

22-41 m 70.4 0.15

41-61 m 65.8 0.15

61-80m 74.7 0.15

81-lOOm 36.6 0.15

101-150 m 67.7 0.15

151-201 m 83.7 0.15

12S, M-23
10-20m 28.4 0.15

60-79 m 36.3 0.15

151-197m 152.6 0.15

116.0 0 23.8 0.0 0.0 0.6 0.6 0.4 1.2 0.4 0.0 0.0

27 0 4.2 0.0 0.0 0.0 0.0 0.0 0.2 0.5 0.0 0.0

142 8 14.9 0.8 0.0 0.1 0.0 0.0 0.2 0.2 0.1 0.5

1 1 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

54 1 3.9 0.1 0.0 0.0 0.4 0.2 0.3 0.0 0.0 0.0

51 0 23.8 0.0 0.5 0.0 2.8 0.5 1.9 0.0 0.0 0.0

79 2 31.7 0.8 0.0 1.6 4.0 0.4 4.4 0.0 0.0 0.0

375 10 23.1 0.6 0.3 0.0 2.8 0.0 2.4 0.1 0.0 0.0

47 1 8.8 0.2 0.0 0.0 0.8 0.0 1.3 0.2 0.0 0.0

10 1 2.3 0.2 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0

45 15 2.8 0.9 0.0 0.0 0.0 0.0 0.1 0.1 0.0 1.5

5 5 0.8 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2

186 0 24.0 0.0 0.1 0.5 4.4 0.1 11.1 0.3 0.0 0.0

211 0 33.6 0.0 0.0 1.9 4.0 0.8 15.1 0.2 0.0 0.0

264 0 25.0 0.0 0.1 0.4 3.8 0.3 10.2 0.4 0.0 0.0

497 0 50.4 0.0 0.4 1.7 8.2 0.7 22.5 0.6 0.0 0.0

307 0 27.4 0.0 0.2 1.2 4.0 0.7 10.9 0.3 0.0 0.0

117 0 21.3 0.0 0.0 1.1 2.7 0.0 8.2 0.9 0.0 0.0

78 38 7.7 3.7 0.1 0.0 0.1 0.0 0,7 0.1 0.0 0.0

12 21 1.0 1.7 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

192 0 45.1 0.0 0.2 0.2 3.8 0.5 27.7 0.2 0.0 0.0

23 0 4.2 0.0 0.4 0.4 0.7 0.0 1.7 0.7 0.0 0.0

39 10 1.7 0.4 0.0 0.0 0.3 0.0 0.4 0.0 0.0 0.0



Appendix 2 (continued)

MOC

depth mt
G. aequi G. cal G. bul G. faic 2 rubes T. hum N. dut G. cnglrn G. hex P. obliq G. scit G. men G. turn G. glut I. pelag other

iS, M-18
10-21m 3.9 0.0 0.0 0.0 0.6 0.2 2.5 0.8 0.0 5.9 0.0 2.7 0.2 3.1 0.2 0.4

59-81 m 0.9 0.3 0.0 0.0 0.3 0.0 0.0 0.6 0.0 0.6 0.0 0.5 0.0 0.3 0.0 0.0

81-101 m 0.3 0.3 0.0 0.0 0.0 0.1 0.0 11.4 0.0 0.2 0.0 0.2 1.2 0.0 0.0 0.0

147-200 m 0.2 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

2S, M-20
0-12m 0.4 0.1 0.0 0.0 0.1 0.0 0.5 0.0 0.0 0.4 0.0 0.1 0.0 1.4 0.0 0.0

12-19 m 1.9 1.4 0.0 0.5 1.4 0.0 2.3 0.5 0.0 3.3 0.0 0.0 0.0 6.1 0.0 0.9

19-40 m 4.4 0.0 0.0 0.8 3.2 0.0 2.0 0.0 0.0 3.2 0.0 3.2 0.0 4.0 0.0 0.4

40-61 m 3.9 0.0 0.0 0.3 2.9 0.0 1.3 0.1 0.0 3.8 0.0 0.9 0.0 4.4 0.0 0.0

61-81 m 0.8 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 2.1 0.0 2.1 0.0 1.3 0.0 0.0

81-101 m 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0

101-150m 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.1 0.0 0.4 0.0 0.2

150-200 m 0.2 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0

5S, M-21
0-urn 1.6 0.3 0.0 0.0 0.8 0.0 0.8 0.0 0.0 0.9 0.0 0.8 0.0 2.5 0.0 0.0

11-21 m 2.1 0.0 0.2 0.5 1.9 0.2 1.6 0.0 0.0 0.3 0.0 1.8 0.0 3.0 0.0 0.2

22-41 m 2.7 1.3 0.0 0.0 0.9 0.0 0.8 0.0 0.0 0.9 0.0 0.4 0.0 2.7 0.1 0.2

41-61 m 4.6 0.9 0.0 0.0 1.5 0.0 1.5 0.1 0.0 1.7 0.0 1.1 0.0 4.5 0.0 0.3

61-80m 2.7 0.7 0.0 0.0 0.5 0.1 0.8 0.0 0.0 1.3 0.0 0.4 0.0 3.1 0.0 0.5

81-lOOm 4.0 0.0 0.0 0.0 0.2 0.2 0.7 0.0 0.0 1.3 0.0 0.4 0.0 1.5 0.0 0.2

101-150 m 0.6 0.4 0.0 0.0 2.9 0.0 0.1 0.0 0.0 0.1 0.0 0.1 0.0 2.3 0.0 0.3

151-201 m 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.1 0.1 0.0

12S, M-23
10-20m 1.9 0.0 0.0 0.0 0.7 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 7.3 1.2 0.7

60-79 m 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 0.4 0.0 0.0

151-197 m 0.0 0.3 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.2
C



Appendix 3 Standing stock of living,> 150 ji.m planktic foraminifera
in 64 im MOCNESS tow samples along 140°W during August-September, 1992

Latitude,tow volume sample live dead live dead 0. univ G. cnglb G. ruber G. ten G. sacc G. saccw

depth filtered split raw raw standing standing

interval m'3 count count stock stock

9N, M-57
20-40 m 39.0 0.15 25 0 4.3 0.0 0.0 0.3 0.5 0.0 2.7 0.2

40-60m 40.8 0.15 22 0 3.6 0.0 0.0 0.0 0.7 0.0 1.1 1.1

7N, M-60
0-10m 63.8 0.15 37 0 3.9 0.0 0.0 0.2 0.6 0.0 2.5 0.0

40-60 m 32.6 0.15 120 0 24.5 0.0 0.4 2.2 6.7 0.0 7.8 4.3

60-80m 41.8 0.15 60 0 9.6 0.0 0.3 0.5 1.9 0.0 2.6 1.8

80-lOOm 44.8 0.15 11 0 1.6 0.0 0.1 0.0 0.4 0.0 0.1 0.1

5N. M-62
0-10 m 10.2 0.15 31 0 20.3 0.0 0.0 0.7 3.9 0.0 1.3 0.0

10-20m 73.9 0,15 224 0 20.2 0.0 0.0 1.9 3.0 0.0 3.2 0.0

20-40m 129.6 0.15 438 0 22.5 0.0 0.3 1.5 4.5 0.0 4.1 0.0

40-60m 37.1 0.15 266 0 47.8 0.0 0.4 3.4 8.3 0.2 2.7 0.2

60-80m 43.0 0.15 64 0 9.9 0.0 0.2 0.3 0.5 0.0 0.0 0.0

80-lOOm 24.2 0.15 7 0 1.9 0.0 0.0 0.0 0.0 0.0 0.Q 0.0

100-150m 44.5 0.15 11 0 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0

150-200m 153.7 0.15 19 0 0.8 0.2. 0.0 0.0 0.0 0.0 0.0 0.0

This table is three pages wide. All standing stock measurements are in shells per cubic meter. Species are

0. univO. universa, G. conglb-G. conglobatus, C. ruber=G. ruber(white), G. ten-G. tenellus, G. sacc=G. sacculifer, C. saccw=G. sacculzfer(w terminal chamber)

S. dehis- S. dehiscens, G. adam'=G. adamsi, C. aequi=G. aequilateralis, C. cal=G. calida, G. bul=G. bulloides, G.falc=G.falconensis, G. digG. digitata

G. rubes=G. rubescens, T. hum-T. humilis, N. pac=N. pachyderma, N. dut=N. dutertrei, G. cnglm=G. conglonierara, G. hex=G. hexagona, P. obliq=P. obliquiloculata

G. scit=G. scitula, G. men-G. menardii, G. tum=G. rumida, C. nitid=C. nitida, C. glut-C. glutinata, G. pum=G. pumilio, H. pelagH. pelagica



Appendix 3 (continued)

Latitude,tow S. dehis G. adam G. aequi G. cal G. bull G.falc G. dig G.rubes T. hum N. pac N. dut G. cnglm G. hex

depth
interval

9NM-57
20-40 m 0.0 0.0 0.2 0.2 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0

40-60 m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.2 0.2 0.0

7N,M-60
0-lOm 0.0 0.0 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0

40-60 m 0.0 0.0 0.6 0,2 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.2

60-80 m 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.6 0.0 0,0

80-lOOm 0.0 0.3 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0

5N, M-62
0-10 m 0.0 0.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.3 0.0 0.0

10-20 m 0.0 0.0 1.2 0.5 0.0 0.5 0.0 0.8 0.0 0.0 1.7 3.2 0.0

20-40m 0.0 0.0 0.7 0.6 0.2 0.0 0.0 0.2 0.0 0.0 2.1 0.0 0.0

40-60 m 0.0 0.0 2.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 5.4 0.9 0.0

60-80 m 0.0 0.0 2.0 0.8 0.0 0.0 0.0 0.2 0.0 0.0 0.9 1.7 0.0

80-lOOm 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 0.0

100-150 m 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0

150-200m 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.1 0.0



Appendix 3 (continued)

Latitude,tow P. obliq G. scit G. men G. turn C. nitid G. glut G. purn H. pelag

depth
interval

9N, M-57
20-40 m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

40-60 m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

7N. M-60
0-10 m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

40-60 m 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0

60-80 m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

80-100 m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

SN. M-62
0-10 m 2.6 0.0 0.7 0.0 0.0 5.9 0.0 0.0

10-20m 0.0 0.0 0.1 0.0 0.0 4.3 0.0 0.0

20-40m 3.0 0.0 0.4 0.1 0.0 5.0 0.0 0.0

40-60m 8.3 0.2 2.3 0.0 0.4 12.8 0.0 0.0

60-80m 0.3 0.0 1.1 1.1 0.0 0.9 0.0 0.0

80-100 m 0.0 0.0 0.0 0.0 0,0 0.0 0.0 0.0

100-150m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

150-200m 0.2 0.0 0.0 0.0 0.0 0.1 0.0 0.0



Appendix 3 (continued)

Latitude,tow

depth
interval

volume
filtered

mA3

sample
split

live

raw

count

dead

raw

count

live

standing
stock

dead

standing
stock

0. univ G. cnglb G. ruber G. ten G. sacc G. saccw

3N, M-63
0-lOm 62.4 0.15 1345 0 143.7 0.0 0.4 7.2 14.1 0.6 13.4 0.0

10-20m 33.0 0.15 384 0 77.6 0.0 1.0 3.8 6.1 0.0 9.3 0.0

20-40m 21.5 0.15 370 0 114.7 0.0 1.6 2.8 13.6 0.0 11.8 1.6

40-60m 28.0 0.15 188 0 44.8 0.0 0.0 0.2 3.6 0.0 5.5 0.0

60-80 m 33.3 0.15 15 0 3.0 0.0 0.0 0.0 0.2 0.0 0.2 0.0

80-lOOm 31.7 0.15 75 0 15.8 0.0 0.4 0.0 0.6 0.0 1.1 0.6

100-150m 83.4 0.15 23 13 1.8 1.0 0.0 0.0 0.0 0.0 0.1 0.0

150-200m 161.5 0.15 20 15 0.8 0.6 0.0 0.0 0.0 0.0 0.0 0.0

2N. M-65
10-20 m 26.8 0.08 498 0 247.8 0.0 0.0 7.5 27.4 0.5 22.4 0.5

40-60m 44.5 0.15 554 0 83.0 0.0 0.0 0.9 12.3 0.1 5.4 0.3

60-80m 43.5 0.15 216 0 33.1 0.0 0.0 0.3 3.1 0.0 0.9 0.2

80-100 m 79.5 0.15 535 0 44.9 0.0 0.0 0.3 2.9 0.1 0.5 0.1

100-150m 80.0 0.15 68 23 5.7 1.9 0.0 0.0 0.2 0.1 0.3 0.0

150-200 m 79.9 0.15 107 131 8.9 10.9 0.0 0.3 0.5 0.0 0.2 0.0

iN. M-66
0-lOm 16.5 0.15 74 0 29.9 0.0 0.4 0.4 5.3 0.0 6.5 0.4

10-20 m 12.7 0.15 130 0 68.2 0.0 0.0 1.0 7.9 0.0 7.3 0.0

20-40 m 20.7 0.08 172 0 110.8 0.0 0.0 0.6 20.0 0.0 8.4 0.0

40-60 m 35.5 0.04 197 0 148.0 0.0 0.0 0.0 22.5 0.8 13.5 0.0

60-80m 64.0 0.04 349 0 145.4 0.0 0.0 2.1 13.8 0.4 13.3 0.0

80-100 m 35.8 0.08 237 0 88.3 0.0 0.0 0.4 6.3 0.4 3.7 0.0

100-150 m 65.6 0.15 25 1 2.5 0.1 0.0 0.0 0.0 0.0 0.0 0.0

150-200 m 50.7 0.15 36 49 4.7 6.4 0.1 0.0 0.1 0.0 0.1 0.0



Appendix 3 (continued)

Latitude,tow

depth
interval

S. dehis. G. adam G. aequi G. cal G. bull G. faic G. dig G. rubes T. hum N. pac N. dut G. cnglm G. hex

3N. M-63

0-lOm 0.0 0.0 10.0 2.8 2.1 0.0 0.0 11.0 0.6 0.0 15.8 0.0 0.0

10-20m 0.0 0.0 2.0 2,0 0.6 0.0 0.0 0.8 0.2 0.0 8.1 0.0 0.0

20-40 m 0.0 0.0 3.7 2.2 0.3 0.0 0.0 1.6 0.0 0.0 19.2 0.3 0.0

40-60m 0.0 0.0 1.9 0.0 0.5 0.0 0.0 1.2 0.0 0.0 3.6 0.7 0.0

60-80 m 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0

80-lOOm 0.0 0.8 0.6 1.3 0.0 0.0 0.0 0.0 0.0 0.0 1.5 0.6 0.0

100-150m 0.0 0.0 0.2 0.5 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.2

150-200 m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.3

2N. M-65
10-20m 0.0 0.0 6.5 2.5 85.6 0.0 0.0 10.0 0.0 0.0 10.4 1.5 0.0

40-60m 0.0 0.0 3.7 2.1 16.5 3.3 0.0 2.1 0.0 0.0 7.0 0.0 0.0

60-80m 0.0 0.0 2.6 0.2 1.2 1.1 0,2 3.4 0.0 0.0 4.0 0.0 0.0

80-100 m 0.0 0.0 0,6 2.7 1.7 1.7 0,2 1.7 0.0 0.0 5.9 0.0 0.1

100-150m 0.0 0.0 0.0 0.3 0.3 0.0 0.0 0.7 0.0 0.0 0.8 0.0 0.0

150-200 m 0.1 0.0 0.0 0.2 0.7 0.3 0.0 1.8 0.0 0.0 1.3 0.0 0.2

iN. M-66
0-lOm 0.0 0.0 2.0 0.4 4.0 0.4 0.0 2.0 0.0 0.0 1.2 0.0 0.0

IO-20m 0.0 0.0 7.3 2.6 12.1 0.0 0.0 1.6 0.0 0.0 3.1 0.0 0.0

20-40m 0.0 0.0 9.0 0.6 11.0 0.0 0.0 7.7 0.0 0.0 18.0 0.0 0.0

40-60m 0.0 0.0 6.0 3.0 19.5 0.0 0.0 15.0 0.0 0.0 18.0 0.0 0.0

60-80m 0.0 0.0 10.8 7.9 33.3 0.0 0.0 12.5 0.0 0.0 13.3 0.0 0.0

80-lOOm 0.0 0.0 5.2 2.2 17.5 0.0 0.0 5.2 0.0 0.0 7.1 0.4 0.0

100-150m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0

150-200 m 0.0 0.0 0.0 0.1 0.3 0.0 0.0 2.1 0.0 0,0 0.0 0.0 0.5 -
LI



Appendix 3 (continued)

Latitude,tow
depth

interval

P. ob!iq G. scit G. men G. turn C. nitid G. glut G. purn H. pelag

3N. M-63

0-lOm 15.2 0.0 17.3 0.1 0.0 33.0 0.0 0.0

10-20m 9.1 0.0 11.7 0.0 0.0 22.8 0.0 0.0

20-40 m 10.2 0.0 17.4 0.0 0.0 28.5 0.0 0.0

40-60 m 7.6 0.0 15.0 0.0 0.0 5.0 0.0 0.0

60-80 m 0.2 0.0 0.6 0.0 0.0 0.8 0.0 0.0

80-100 m 2.3 0.0 4.8 0.0 0.0 1.1 0.0 0.0

l00-150m 0.2 0.1 0.3 0.0 0.0 0.2 0.0 0.0

150-200 m 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0

2N, M-65
10-20m 29.9 1.0 6.5 0.0 0.0 35.8 0.0 0.0

40-60m 10.2 0.0 7.3 0.0 0.0 11.7 0.0 0.0

60-80 m 3.5 0.0 8.0 0.0 0.0 4.6 0.0 0.0

80-lOOm 7.8 0.0 14.3 0.0 0.0 4.5 0.0 0.1

100-150m 0.4 0.0 1.7 0.0 0.0 1.1 0.0 0.0

150-200 m 0.8 0.2 0.8 0.1 0.0 1.7 0.0 0.0

iN, M-66
0-10 m 1.6 0.0 0.0 0.0 0.0 5.3 0.0 0.0

10-20 m 10.0 0.0 2.6 0.0 0.0 12.6 0.0 0.0

20-40m 11.6 0.0 7.1 0.0 0.0 16.7 0.0 0.0

40-60m 12.8 0.0 5.3 0.0 0.0 31.5 0.0 0.0

60-80 m 12.5 0.0 4.6 0.0 0.0 20.8 0.0 0.0

80-lOOm 9.7 0.0 7.1 0.0 0.0 23.1 0.0 0.0

100-150 m 0.3 0.0 1.1 0.0 0.0 0.8 0.0 0.0

150-200 m 0.0 0.0 0.4 0.0 0.0 0.9 0.0 0.0



Appendix 3 (continued)

Latitude,tow

depth
interval

volume
filtered

m'3

sample

split

live

raw

count

dead
-

raw

count

live

standing
stock

dead

standing
stock

0. univ G. cnglb G. ruber G. ten G. sacc G. saccw

Equator. M-68
0-lOm 31.9 0.15 143 1 29.9 0.2 0.0 0.2 3.8 0.2 3.3 0.0

10-20m 56.6 0.15 198 0 23.3 0.0 0.0 0.1 2.2 0.0 4.6 0.0

40-60m 70.5 0.15 260 0 24.6 0.0 0.0 0.0 3.5 0.1 2.6 0.1

iS. M-69
0-lOm 17.5 0.15 362 0 137.9 0.0 1.9 3.0 16.4 0.0 17.1 0.0

10-20m 8.9 0.15 179 0 134.1 0.0 0.7 0.7 20.2 0.0 18.7 0,0

20-40m 27.7 0.15 516 0 124.2 0.0 1.2 2.4 19.5 0.0 20.7 0.2

40-60 m 58.9 0.08 658 0 149.0 0.0 2.0 3.8 23.8 0.0 15.6 0.0

60-80m 24.2 0.15 104 0 28.7 0.0 0.8 1.9 0.0 0.0 4.1 0.0

100-150m 55.1 0.15 2 2 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0

150-200 m 63.3 0.15 5 6 0.5 0.6 0.0 0.0 0.0 0.0 0.0 0.0

2S. M-71
0-lOm 32.5 0.15 338 0 69.3 0.0 0.4 1.2 11.7 0.2 16.6 0,2

10-20m 17.1 0.15 195 0 76.0 0.0 0.0 0.8 16.0 0.0 18.3 0.0

20-40m 27.7 0.15 224 0 53.9 0.0 0.0 0.7 7.0 0.2 13.0 0.2

40-60m 24.1 0.15 304 0 84.1 0.0 0.0 1.1 11.6 0.0 9.7 0.0

60-80m 36.4 0.08 305 0 111.7 0.0 0.0 4.0 11.0 0.0 15.4 0.0

80-100 m 88.3 0.15 531 0 40.1 0.0 0.2 1.2 2.5 0.2 2.6 0.5

100-150 m 57.0 0.15 89 8 10.4 0.9 0.0 0.0 0.7 0.0 0.5 0.1

150-200m 40.5 0.15 18 9 3.0 1.5 0.0 0.0 0.2 0.0 0.2 0.0



Appendix 3 (continued)

Latitude,tow S. dehis. G. adam G. aequi G. cal G. bull G. faic G. di G. rubes T. hum N. pac N. dut G. cnglm G. hex

depth

interval

Equator. M-68

0-lOm 0.0 0.0 0.8 0.0 0.6 1.7 0.0 0.0

10-20m 0.0 0.0 0.6 0.0 1.4 0.0 0.0 0.0

40-60m 0.0 0.0 0.9 1.0 1.4 0.0 0.0 0.1

IS. M-69
0-lOm 0.0 0.0 3.8 1.1 10.7 0.0 0.0 2.3

10-20 m 0.0 0.0 6.7 0.7 9.7 0.0 0.0 0.0

20-40 m 0.0 0.0 5.8 0.2 10.8 0.0 0.0 3.6

40-60m 0.0 0.0 5.9 1.1 10.4 0.0 0.0 4.1

60-80m 0.0 0.0 1.4 0.8 1.9 0.0 0.0 0.8

100-150m 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0

150-200m 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

2S, M-711

0-10 m 0.0 0.0 5.3 0.2 4.5 0.0 0.0 3.1

10-20m 0.0 0.0 5.8 0.0 3.1 0.0 0.0 0.8

20-40m 0.0 0.5 3.1 0.5 1.9 0.0 0.0 0.2

40-60m 0.0 0.0 7.5 1.4 5.3 1.7 0.0 1.7

60-80m 0.0 1.5 9.5 1.1 7.3 0.0 0.0 0.0

80-100 m 0.0 0.0 2.7 1.5 1.4 0.0 0.0 0.5

100-150m 0.0 0.0 0.9 0.8 0.2 0.0 0.0 0.0

150-200 m 0.0 0.0 0.2 0.2 0.0 0.0 0.0 0.0

0.0 0.0 0.4 2.5 0.0

0.0 0.0 3.2 0.0 0.0

0.0 0.0 3.1 1.4 0.1

0.4 0.0 11.4 12.2 0.0

0.0 0.0 13.5 15.7 0.0

0.5 0.0 7.0 9.1 0.0

0.5 0.0 10.6 17.7 0.0

0.0 0.0 0.6 5.5 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 4.7 1,2 0.0

0.0 0.0 6.6 1.9 0.0

0.2 0.0 5.1 6.7 0.0

0.0 0.0 8.6 5.0 0.0

0.0 0.0 8.1 16.8 0.0

0.0 0.0 1.8 10.6 0.0

0.0 0.0 2.6 0.8 0.0

0.0 0.0 0.0 0.8 0.0

Co



Appendix 3 (continued)

Latitude,tow

depth
interval

P. obliq G. scit G. men G. turn C. nitid G. glut G. pum H. pelag

Equator. M-68
0-10m 7.9 0.0 2.7 0.0 0.0 5.6 0.0 0.0

10-20 m 4.7 0.0 3.3 0.0 0.0 3.2 0.0 0.0

40-60 m 2.4 0.0 4.1 0.0 0.0 3.8 0.0 0.0

iS, M-69
0-lOm 18.7 0.0 2.3 13.7 0.0 22.9 0.0 0.0

10-20 m 15.7 0.0 3.0 12.0 0.0 16.5 0.0 0.0

20-40m 15.2 0.0 2.6 9.4 0.0 15.9 0.0 0.0

40-60m 15.4 0.0 2.9 14.3 0.0 20.8 0.0 0.0

60-80 m 0.8 0.0 2.5 1.9 0.0 5.5 0.0 0.0

100-150m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

150-200m 0.1 0.0 0.0 0.2 0.0 0.1 0.0 0.0

2S, M-71
0-lOm 7.8 0.0 1.0 5.9 0.0 5.1 0.0 0.0

10-20 m 9.0 0.0 0.4 4.7 0.0 8.6 0.0 0.0

20-40m 4.3 0.5 0.0 4.1 0.0 5.5 0.0 0.0

40-60m 11.3 0.0 5.5 3.6 0.0 10.2 0.0 0.0

60-80 m 14.7 0.0 5.5 10.3 0.0 6.6 0.0 0.0

80-lOOm 2.4 0.0 2.5 5.8 0.0 3.7 0.0 0.2

100-150m 0.5 0.0 0.6 1.9 0.0 0.8 0.0 0.0

150-200m 0.2 0.8 0.0 0.0 0.0 0.5 0.0 0.0



Appendix 3 (continued)

Latitude,tow

depth
interval

volume

filtered

m"3

sample

split

live

raw

count

dead

raw

count

live

standing
stock

dead

standing
stock

0. univ G, cnglb G. ruber G. ten G. sacc G. saccw

3S, M-72
0-lOm 38.4 0.15 551 0 95.7 0.0 0.0 2.6 17.9 0.0 16.0 0.0

10-20m 22.8 0.15 294 0 86.0 0.0 1.2 0.6 19.0 0.0 14.9 0.0

20-40 m 27.0 0.15 498 0 123.0 0.0 0.5 3.2 23.2 0.0 19.8 0.0

40-60m 14.0 0.15 461 0 219.5 0.0 0.5 4.3 38.1 0.0 27.1 0.0

60-80 m 22.2 0.15 106 0 31.8 0.0 0.3 0.3 2.4 0.0 3.0 0.0

80-lOOm 19.2 0.15 212 0 73.6 0.0 0.3 0.3 2.1 0.0 4.9 0.0

lO0-150m 137.0 0.15 265 51 12.9 2.5 0.0 0.1 0.1 0.0 0.1 0.0

150-200m 42.6 0.15 22 77 3.4 12.1 0.0 0.0 0.0 0.0 0.0 0.0

5S, M-74
0-10 m 59.3 0.15 590 0 66.3 0.0 0.1 4.0 7.6 0.0 26.4 0.0

10-20 m 29.6 0.15 242 0 54.5 0.0 0.0 2.9 6.8 0.0 23.0 0.0

20-40m 52.7 0.15 569 0 72.0 0.0 0.4 4.6 8.7 0.0 31.2 0.1

40-60 m 28.7 0.15 275 0 63.9 0.0 0.0 3.0 9.3 0.7 19.7 0.0

60-SOm 63.7 0.15 249 0 26.1 0.0 0.9 0.3 2.4 0.3 7.7 0.0

80-lOOm 30.4 0.15 171 0 37.5 0.0 0.2 0.4 0.4 0.0 3.9 0.7

lOO-150m 67.3 0.15 235 4 23.3 0.4 0.0 0.4 0.1 0.0 0.2 0.2

15O-200m 64.2 0.15 92 15 9.6 1.6 0.0 0.2 0.0 0.0 0.5 0.0

.l2$M-7 8
0-lOm 38.6 0.08 127 0 43.9 0.0 1.0 8.3 11.7 0.0 17.6 0.0

60-80 m 51.5 0.04 39 0 20.2 0.0 1.6 3.1 6.2 0.0 7.8 0.0

80-100 m 45.1 0.04 10 0 5.9 0.0 0.0 1.2 1.2 0.0 1.2 0.0

100-150 m 92.3 0.04 49 3 14.2 0.9 0.3 0.3 0.9 0.0 1.2 0.0

150-200 m 134.1 0.08 31 3 3.1 0.3 0.1 0.2 0.4 0.0 0.2 0.0



Appendix 3 (continued)

Latitude,tow

depth
interval

S. dehis. G. adam G. aequi G. cal G. bull G. falc G. dig G. rubes T. hum N. pac N. dut G. cnglm G. hex

3S, M-72
0-lOm 0.0 0.0 3.5 0.9 10.9 0.0 0.0 0.9 0.0 0.0 11.1 3.3 0.0

10-20 m 0.0 0.0 4.1 0.3 9.6 0.0 0.0 0.9 0.0 0.0 9.1 2.9 0.0

20-40 m 0.0 0.0 5.4 0.2 14.6 0.0 0.0 1.7 0.0 0.0 13.3 7.7 0.0

40-60m 0.0 1.4 15.2 0.5 42.9 0.0 0.0 5.2 0.0 0.0 10.5 11.0 0.0

60-80m 0.0 0.0 3.0 0.0 9.0 0.0 0.0 0.3 0.0 0.0 3.6 1.8 0.0

80-100 m 0.0 0.0 10.1 0.0 1.4 0.3 0.0 0.3 0.0 0.0 3.8 26.7 0.0

100-150m 0.0 0.0 2.2 0.2 0.1 0.0 0.0 0.1 0.0 0.0 0.7 3.2 0.0

150-200 m 0.0 0.0 0.0 0.2 0.2 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0

5S, M-74
0-10 m 0.0 0.0 4.0 0.1 1.5 0.0 0.0 0.3 0.0 0.0 7.9 1.1 0.0

10-20m 0.0 0.0 3.2 0.2 0.9 0.0 0.0 0.0 0.0 0.0 6.1 2.5 0.0

20-40m 0.0 0.0 4.6 0.4 0.5 0.0 0.0 2.7 0.0 0.0 5.4 1.6 0.0

40-60 m 0.0 0.0 5.3 0.5 0.0 0.0 0.0 0.9 0.0 0.0 6.5 3.5 0.0

60-80 m 0.0 0.0 2.3 0.6 0.0 0.0 0.0 0.5 0.0 0.0 2.1 2.9 0.0

80-lOOm 0.0 0.0 0.9 2.0 0,0 0.0 0.0 0.0 0.0 0.0 2.0 12.7 0.0

100-150 m 0.0 0.2 0.9 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.2 12.8 0.0

150-200 m 0.0 0.0 0.3 0.4 0.0 0.0 0.0 0.1 0.0 0.0 1.0 3.5 0.0

12S, M-78

0-10 m 0.0 0.0 1.4 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.3 0.0

60-80 m 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

80-100 m 0.0 0.6 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0

100-150m 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10.1 0.0

150-200m 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.8 0.0



Appendix 3 (continued)

Latitude,tow

depth
interval

P. obliq G. scit G. men G. turn C. nitid G. glut G. pum H. pelag

3SM-72
0-lOm 9.2 0.0 0.3 5.4 0.0 13.7 0.0 0.0

10-20 m 7.3 0.0 0.3 6.1 0.0 9.6 0.0 0.0

20-40 m 8.4 0.0 2.2 7.7 0.0 15.1 0.0 0.0

40-60 m 19.5 0.0 0.5 8.6 0.0 34.3 0.0 0.0

60-80m 1.8 0.0 0.3 1.2 0.0 4.8 0.0 0.0

80-lOOm 2.4 0.0 2.4 15.3 0.0 3.1 0.0 0.0

100-150 m 2.0 0.0 0.7 2.0 0.0 1.3 0.0 0.0

150-200 m 1.4 0.0 0.5 0.6 0.0 0.0 0.0 0.0

5S. M-74
0-10 m 6.1 0.0 0.7 2.8 0.0 3,5 0.0 0.1

10-20 m 3.6 0.0 0.5 2.7 0.0 2.0 0.0 0.2

20-40 m 4.8 0.0 0.4 2.4 0.0 2.9 0.0 1.3

40-60 m 5.6 0.0 0.7 3.9 0.0 4,2 0.0 0.0

60-80 m 3.0 0.0 0.0 2.5 0.0 0.3 0.0 0.0

80-lOOm 2.2 0.0 0.0 11.6 0.0 0.4 0.0 0.0

100-150m 0.6 0.0 0.0 7.2 0.0 0.0 0.0 0.0

150-200 m 0.8 0.0 0.2 2.4 0.0 0.0 0.0 0.0

12S, M-78

0-10 m 0.0 0.0 0.0 0.0 0.0 3.1 0.0 0.0

6O-8Om 0.0 0.0 0.0 0.0 0.0 1.6 0.0 0.0

80-lOOm 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0

100-150 m 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0

150-200 m 0.0 0.0 0.0 0.1 0.0 0.2 0.0 0.0




