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1 Abstract

Abstract

This study describes the ecology and taphonomy of planktic foraminifera in the eastern

Caribbean with special emphasis on the southwestern nearshore zone of Puerto Rico.

Three different datasets were analyzed and contain information about the temporal and

spatial distribution of foraminiferal assemblages from large-scale to small-scale (1-1000

km) dimensions in the water column and in the underlying sediments.

Sediment samples taken across the slope of southwestern Puerto Rico revealed

increasing accumulation rates from nearshore to offshore settings. The composition of

the foraminiferal assemblage >150 um did not change significantly across the transect.

The foraminifera in the sediments showed no signs of dissolution or reworking. As the

plankton net samples from the same transect did not reveal a clear ecological differen¬

tiation of the production area of planktic foraminifera, offshore transport during settling

of planktic foraminiferal tests is the most likely reason for the increasing accumulation

rates.

An analysis of plankton tows taken offshore Puerto Rico in short time-intervals during

two seasonal cruises revealed that the variation in the planktic foraminiferal abundance

and species distribution patterns are much greater than the variations in the physico-

chemical parameters. The seasonal abundance variations correspond to changes in the

surface water masses. Highest standing stocks of foraminifera were recorded in

September 1994, when temperature was higher (28.7°C) and salinity was lower (34.5

psu) than in March 1995 (26.6°C, 35.4 psu). Literature data indicates that offshore

Puerto Rico, the nutrient content of the surface waters is higher during September than

during the rest of the year. The nutrient content of surface waters in the southeastern

Caribbean is correlated with low salinities. This is due to riverine fertilization that

originates at the Orinoco River outflow. Therefore, the river outflow seems to have a

positive effect on foraminiferal standing stocks. As foraminifera are not primary

producers and therefore do not directly depend on dissolved nutrients, higher standing

stocks may be triggered by higher primary production and standing stocks of other

plankton that serve as prey for planktic foraminifera.

Plankton net samples from a transect along the Antilles island arc were used to analyze

the distribution of planktic foraminifera with respect to the different water masses in the
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Caribbean Sea. They clearly demonstrate that variations in the physico-chemical

properties of the water masses alone cannot account for the variability in the planktic

foraminiferal abundance and species distribution patterns. Highest standing stocks, for

example, were found offshore southern Puerto Rico, where the physico-chemical

parameters are very similar to the stations in the Lesser Antilles and where standing

stocks of foraminifera were half or less those off Puerto Rico. Chlorophyll a concen¬

tration and the abundance of planktic foraminifera do not seem to be directly related.

The most striking result from this study is that plankton samples and sediment samples

exhibit pronounced small-scale variations that are not correlated with variations in the

physical parameters of the upper water column. Especially in near-shore areas, there is

no homogeneous foraminiferal population to be expected. In relatively stable subtropical

to tropical environments, the distribution of living planktic foraminifera seems to be

controlled by biotic interactions. The deposition of foraminiferal tests is subject to

significant lateral transport by currents that affect the sinking trajectory of those tests on

spatial scales of tens to hundreds of kilometers. Therefore, depositional assemblages and

abundances of planktic foraminifera do not accurately reflect the production of tests in

the upper water column.
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Zusammenfassung

Diese Arbeit beschreibt die Ökologie und Taphonomie planktischer Foraminiferen in der

östlichen Karibik. Ein Schwerpunkt liegt dabei auf dem küstennahen Bereich vor SW

Puerto Rico. Die drei analysierten Probensätze enthalten Informationen über die zeitliche

und räumliche Verteilung von Foraminiferen-Vergesellschaftungen in der Wassersäule

und in den darunterliegenden Sedimenten in Grössenmassstäben von einem bis

tausenden von Kilometern.

Sedimentproben von einem Transekt über den südwestlichen Kontinentalabhang von

Puerto Rico zeigen, dass die Akkumulationsraten planktischer Foraminiferengehäuse

von küstennahen zu küstenfernen Bereichen hin zunehmen. Die Zusammensetzung der

Foraminiferen-Vergesellschaftungen >150 pmi wies keine deutlichen Änderungen

entlang des Transekts auf. Auch zeigten die Foraminiferengehäuse keine Anzeichen von

Aufarbeitung. Da die Planktonnetzproben aus der gleichen Region keine deutliche

ökologische Differenzierung des Produktionsgebiets anzeigen, ist der wahrscheinlichste

Grund für die ansteigenden Akkumulationsraten ein Transport der Gehäuse während

ihres Sinkens durch die Wassersäule.

Entlang des Puerto Rico Transekts wurden in kurzen zeitlichen Abständen während

zweier jahreszeitlicher Kampagnen Planktonnetze genommen. Die Analyse dieser

Planktonproben zeigte, dass die Veränderungen in Häufigkeit und Zusammensetzung der

planktischen Foraminiferen-Vergesellschaftun g stärker sind als die Änderungen der

physiko-chemi sehen Eigenschaften des Meerwassers. Nur die jahreszeitlichen

Variationen gehen einher mit deutlichen Veränderungen der oberflächlichen

Wassermassen. Die grössten Besiedlungsdichten planktischer Foraminiferen wurden in

den Proben vom September 1994 gezählt, als die Temperatur des Oberflächenwassers

höher und die Salinität geringer war als im März 1995. Daten aus der Literatur weisen

darauf hin, dass vor Puerto Rico der Nährstoffgehalt des Oberflächenwassers im

September deutlich höher ist als während des restlichen Jahres. Der Nährstoffgehalt der

karibischen Oberflächenwässer ist mit abnehmender Salinität korreliert. Dies hängt

damit zusammen, dass nährstoffhaltiges Süsswasser aus dem Orinoco sich im Sommer

und Herbst über die östliche Karibik ausbreitet. Der hohe Nährstoffgehalt scheint also

einen positiven Effekt auf die Häufigkeit planktischer Foraminiferen zu haben. Da
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Foraminiferen keine Primärproduzenten sind und daher nicht direkt vom Nährstoffgehalt

abhängen, könnten die grösseren Häufigkeiten durch höhere Primärproduktion und

grösseres Nahrungsangebot für planktische Foraminiferen ausgelöst werden.

Planktonnetzproben von einem Transekt entlang des Antillenbogens wurden verwendet

um die Verteilung planktischer Foraminiferen in Abhängigkeit verschiedener Wasser¬

massen in der Karibik zu analysieren. Die Daten zeigen deutlich, dass Veränderungen in

den physiko-chemisehen Eigenschaften der Wassermassen nicht der alleinige Kontroll¬

mechanismus für die Häufigkeit und Artverteilung planktischer Foraminiferen sein

können. An einzelnen Stationen mit vergleichbarer Wassermassenstruktur wurden sehr

unterschiedliche Foraminiferen-FIäufigkeiten gefunden. Die Konzentration von

Chlorophyll a und das Vorkommen planktischer Foraminiferen zeigten ebenfalls keinen

direkten Zusammenhang.

Alle drei Probensätze weisen deutliche kleinräumige Variationen auf, die in keinem

klaren Zusammenhang mit den physikalischen Eigenschaften der darüberliegenden

Wassermassen zu stehen scheinen. Vor allem in küstennahen Bereichen ist keine

homogene Foraminiferenpopulation zu erwarten. In relativ stabilen tropisch-

subtropischen Regionen scheint die Verteilung planktischer Foraminiferen vor allem

durch das Nahrungsangebot bestimmt zu werden. Die Ablagerung der Gehäuse

planktischer Foraminiferen ist offensichtlich von signifikantem lateralem Transport

beeinflusst, der sich auf den Sinkpfad der Gehäuse auswirkt. Die Schlussfolgerung

daraus ist, dass Sediment-Vergesellschaftungen und Häufigkeiten planktischer

Foraminiferen nicht unbedingt die lokale Produktion neuer Gehäuse in der oberen

Wassersäule widerspiegein.
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Chapter 1: Introduction and Approach

Globigennoides saccuhfer

Introduction

Planktic foraminifera are a group of open oceanic, unicellular Zooplankton that are

widely used in paleoceanographic studies. Their tests consist of calcite and are frequent

constituents of calcareous marine sediments. The rate of production and deposition of

tests plays an important role in the global carbon cycle. In order to understand the factors

controlling their abundance and distribution in fossil sediments, it is important to study

the conditions influencing their modern distribution. Furthermore, paleontologists use

the fossil remains of foraminifera for reconstructing ancient environments, e.g. the

paleotemperature of oceans. This is done with transfer functions based on assemblages

of planktic foraminifera (eg. CLIMAP, 1981). Transfer functions are based on the

assumption that the species composition of an assemblage is characteristic for the

temperature and salinity conditions that prevailed when the tests were produced. Another

method for reconstructing paleoenviionments is the measurement of stable isotopes of

oxygen and cat bon m foraminiferal shell calcite. In aquatic organisms, 180/160 ratios are
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a function of the ratio in the surrounding sea water and the calcification temperature

(Epstein et al., 1953). In contrast, 13C/I2C ratios are controlled by the ratio of dissolved

inorganic carbon in sea water and physiological processes such as respiration and

symbiont photosynthesis (Spero et al., 1991). These geochemical processes have been

used with analyses of foraminifera to reconstruct past temperatures (Emiliani, 1953),

global ice volumes (Shackleton and Opdyke, 1973) and ocean-circulation changes (Haug

and Tiedemann, 1998; Lynch-Stieglitz et al., 1999). In order to accurately interpret stable

isotopic data from fossil assemblages, a sound knowledge of the temporal and spatial

distribution of living planktic foraminifera is needed.

The Caribbean is a marginal sea that is separated from the adjacent subtropical Atlantic

Ocean by the Antilles island arc. The surface waters that flow from the Caribbean

through the Gulf of Mexico later join the Antilles Current to form the Gulf Stream. As
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Figure I: Map of the Caribbean Sea displaying the major surface currents (grey arrows). The large arrows

display the major trajectories of the Caribbean Current and the Antilles Curtent. After Gordon (1967).

the heat transport of the Gulf Stream is of major importance to the northern hemisphere

climate (Duplessy, 1999). it is crucial to investigate the Caribbean Sea as a source region

of this heat. In addition, the Caribbean is very sensitive to changes in the formation rate

of the North Atlantic Deep Water (NADW) and the Antarctic Intermediate Water

(AAIW), both major components of the global circulation "'conveyor belt" (Haddad and

Droxler, 1996; Haug and Tiedemann, 1998). In times of a lower formation rate of

NADW, the corrosive waters of the AAIW extend farther north. This leads to a shallow

calcite lysocline which results in stronger fragmentation of planktic foraminifera] tests.

As planktic foraminifera often form the basts of past climate reconstructions, detailed
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studies of their present day distribution are needed for calibration. Up to now, only three

studies with investigations of planktic foraminifera from plankton net samples in the

Caribbean Sea have been published: Jones (1968) analyzed two plankton nets from the

central and western Caribbean, and Miro (1971) investigated monthly plankton net

samples from three stations off Venezuela. Bé (1971) investigated the winter distribution

of live planktic foraminifera in the Sargasso Sea and northern Caribbean. His

southernmost station was located close to St. Croix island. This thesis presents the first

study of living planktic foraminifera in the eastern Caribbean Sea.

Figure 2: Schematic North to South transect through
the eastern Caribbean showing the approximate depth
distribution of the water masses. After Kumar et al.

(1991)

Ocean margins are important places of deposition of organic and inorganic carbon and,

therefore, play an important role in the global carbon cycle (e.g. Berger et al., 1989;

Wollast, 1991; Bauer and Druffel, 1998). Hence, information on carbonate production

and deposition along margins is important to the global carbonate budget. Planktic

foraminiferal carbonate comprises a significant part of the total carbonate flux to the

oceans. It is, therefore, crucial to determine the accumulation rate of planktic

foraminifera in slope settings. The first part of this thesis deals with planktic foramin¬

iferal accumulation rates and investigates the possible processes that determine their

distribution on the slope off southwestern Puerto Rico.

For paleoceanographic reconstructions, not only the absolute accumulation rate of

planktic foraminifera is of interest, but also the ratio of planktic to benthic foraminifera

(p/b-ratio) that is preserved in sediments. The p/b-ratio is a frequently applied method for

the reconstruction of depositional water depth in continental slope sediments (Grimsdale

and van Morkhoven, 1955; Gibson, 1989). This method is based on the fact that in

shallow water sediments the tests of planktic foraminifera are relatively rare compared to

the number of benthic foraminiferal tests, whereas in deeper water settings, planktic
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foraminifera dominate the foraminiferal assemblage. One of the objectives of this study

was to investigate if this trend is caused by differential accumulation of foraminiferal

tests in nearshore and offshore areas.

Approach

Surface sediment samples taken along a transect across the island slope off southwestern

Puerto Rico (PRIST) were analyzed in order to adress the following questions: How fast

do planktic foraminiferal tests accumulate on the slope off southwestern Puerto Rico?

What are the main ecological and sedimentary processes that control their accumulation?

What are the main processes that control the increase of the p/b-ratio with increasing

water depth? The results of this study indicate that the accumulation rates of planktic

foraminifera increase by a factor of 3 between 435 and 1800 m water depth, while

benthic foraminiferal accumulation rates decrease across the transect by a factor of 4. As

a result, the p/b-ratio increases across the slope from 0.63 to 0.99. It is suggested that in

vicinity to the shelf, planktic foraminiferal tests are transported offshore by shelf outflow

currents. Yet, it can not be excluded that the production of planktic foraminifera in the

overlying surface waters is lower close to the shelf than in offshore areas. Chapter 2

summarizes the findings of this study. This chapter is currently in press at Marine

Geology.

The causes for the diminishing abundance of planktic foraminifera in near-shore settings

might include higher variability of oceanic parameters (e.g. temperature and salinity).

Furthermore, the phyto- and Zooplankton assemblage, which forms the basis of foramin¬

iferal nutrition, is different in shelf vicinity. To study the distribution of planktic

foraminifera in nearshore environments, we examined plankton net samples taken along

a transect across the island slope off southwestern Puerto Rico (PRIST) together with

recordings of temperature and salinity. The samples represent the fauna of two different

seasons, i.e. September/October, 1994, and March, 1995. Those two seasons represent

the two seasonal extremes in this region and, therefore, give us informations about the

seasonal distribution of planktic foraminifera. As the samples were taken in relatively

short time-intervals of 3 to 10 days, the dataset also contained information about the

short-term variability of the planktic foraminiferal assemblages. The most striking result

of this study is that a pronounced patchiness exists in abundance and composition of the
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planktic foraminiferal assemblages off Puerto Rico. This patchiness is not clearly related

to changes in the physico-chemical environment. Chapter 3 summarizes the results of

this investigation.

To understand possible ecological reasons for the observed microscale and mesoscale

patterns in planktic foraminifera and their seasonal distribution, we investigated the

ecological parameters that determine their distribution in the open oceanic waters of this

region. Furthermore, one suggested reason for the decreasing abundance of planktic

foraminifera in shallower waters was that the depth habitat of certain planktic species or

the depth migration during reproduction might limit their distribution. Therefore, we

analyzed depth-stratified Multi-Opening-Closing-Nets taken during cruise M35/1 of the

R/V Meteor along the Antilles island arc from Barbados to the Pedro Bank. The

horizontal and vertical distribution of the most important planktic foraminiferal species

were analyzed and their relation to the physico-chemical properties of the surrounding

water masses was investigated. The planktic foraminiferal fauna in the northern and

eastern Caribbean Sea was characterized by Globigerinoides ruber and Globigerinita

glutinata in surface waters and Globorotalia truncatulinoides in waters below the

thermocline. The abundance of G. ruber and G. glutinata seems to be mostly controlled

by food availability, while G. truncatulinoides seems to be related to the spreading of the

Subtropical Underwater (SUW) from the Sargasso Sea into the Caribbean. The results of

this study are presented in the fourth chapter of this thesis.

In the fifth chapter, the results of two short experiments about the morphology and stable

isotopic composition of Globigerinoides ruber are presented. These experiments do not

represent completed studies but only first tests that might serve future researchers on

related topics with preliminary results.

This thesis consists mainly of three stand-alone chapters that are or will be submitted to

scientific journals. Therefore, the chapters two, three and four each contain an abstract,

and introduction, methods, results and conclusions sections. Only the fifth chapter is not

intented for publication. The samples that are the basis of this work, were taken on two

different occasions: the R/V Meteor cruise M35/1 in 1995. and several sampling

campaigns of the Micropaleontology group of the ETH Zurich in Puerto Rico. Sampling



Chapter 1 6 Approach

on the R/V Meteor was carried out by the working group of Prof. Ch. Hemleben,

University of Tubingen. The sampling campaigns in Puerto Rico, where the PRIST

plankton and sediment samples were taken, were organized and carried out by Dr. Heinz

Hilbrecht from the ETH Zürich, with support of Prof. Hans R. Thierstein, Mr. Michael

Buck, the staff of the marine biological station at La Parguera/Puerto Rico, and myself.

The Puerto Rico samples were processed and analyzed at the ETH Zürich. The R/V

Meteor samples were stored and processed at the University of Tubingen and analyzed at

the ETH Zürich. The stable isotopic measurements were carried out at the stable isotope

laboratory of Prof. J.A. McKenzie at the ETH Zürich.
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Chapter 2: The influence of shelf vicinity on the

distribution of planktic foraminifera south of Puerto

Rico1

Rosalina globularis

Abstract

The effects of water masses and depth on the distribution of planktic foraminifera across

the island slope of southwestern Puerto Rico were studied in Holocene surface

sediments. Samples from the depth range of 432 to 4700 m covered 0.5 to 95 km

distance from the shelfbreak. Shallower samples in this region are altered by winnowing.

Plankton net tows through the upper 120 m of the water column sampled the living

planktic foraminiferal population in the same area. They contained shallow water benthic

foraminifera that were probably brought into suspension on the shelf and transported

seawards with the shelf outflow water, illustrating the exchange of water and suspended

particles from the shelf to the slope.

1. This chapter is currently in press

Schmuker B., 2000. The influence of shelf vicinity on the distribution of planktic foraminifera south

of Puerto Rico. Marine Geology.
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The grain size spectrum of the sediment samples shows no depth-related trend. The sand

fraction (>63 pirn) consists of foraminifera, pteropoda and, on the upper slope, of reef

detritus. The bulk carbonate content varies from 51 to 73 %. The abundance of planktic

foraminifera per gram sediment increases with depth, while the number of benthic

foraminifera decreases with water depth. The composition of the benthic assemblage

shows an increase of the ratio of agglutinated versus calcareous perforate forms. The

planktic foraminiferal assemblage (>150;nn) is dominated by Globigerinoides ruber

and shows no obvious trend over the sampled depth range. The plankton/benthos-ratio

increases with depth from 0.63 to 0.99 as a result of opposite trends in accumulation

rates of benthic and planktic foraminifera. Accumulation rates of planktic foraminifera

increase with distance from the shelfbreak and with water depth from 10,000 to 30,000

-9-1 *

specimens cm ka
, indicating the influence of écologie and/or depositional processes

on their distribution.

It is suggested that the tests of planktic foraminifera are displaced in a seaward direction

by lateral advection. Therefore, their place of deposition does not lie directly underneath

the place of production.

Keywords: Caribbean Sea, planktic foraminifera, sedimentary processes, sediment

accumulation rate, continental slope

Introduction

Planktic foraminifera are a unicellular marine Zooplankton group that is widely used in

paleoceanographic studies. In order to understand the factors controlling their

distribution in fossil sediments, it is important to study the conditions influencing their

modern distribution. Research on recent assemblages has revealed many insights into the

ecology and taphonomy of planktic foraminifera (e.g. Bé and Hamlin, 1967; Jones,

1968;Bé, 1971; Bé and Tolderl und, 1971; Boltovskoy, 1971: Parker, 1971; Bé, 1977;Bé

and Hutson, 1977; CL1MAP, 1981; Hemleben et al„ 1989; Culver, 1993; Giraudeau,

1993; Naidu, 1993; Ortiz et al., 1995; Rutherford and Hondt. 1996).

Ocean margins are important places of deposition of organic and inorganic carbon and,

therefore, play an important role in the global carbon cycle (e.g. Berger et al., 1989;

Bauer and Druffel, 1998; Wollast. 1991). Hence, information on carbonate production
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and deposition at these localities is important for understanding the global carbonate

budget. Oceanic carbonate deposition can sequester carbon for climatically significant

amounts of time (e.g. Wollast, 1991). Planktic foraminiferal carbonate comprises a

significant part of the total carbon flux to the oceans. It is, therefore, crucial to determine

the accumulation rate of planktic foraminifera at continental margins. The study

presented here, reports data on planktic foraminiferal accumulation rates and investigates

the possible processes that determine their distribution on the slope of southwestern

Puerto Rico.

The distribution of foraminiferal tests in sediments from ocean margins is controlled by

four processes: (1) the production of foraminiferal tests, (2) transport of sinking planktic

foraminiferal tests by ocean currents prior to deposition, (3) the destruction (e.g.

dissolution) of tests on the sea floor, and (4) reworking of sediment and subsequent

downslope transport and redeposition. Deposition of nonbiogenic (usually terrigeneous)

material influences the number of foraminifera per unit weight sediment but has no

effects on relative abundances of species and their accumulation rates.

(1) Neritic-oceanic gradients, e.g. differences in temperature, salinity and food

availability between the shelf and the open ocean can influence the productivity of

planktic organisms. In waters south of Puerto Rico, primary productivity increases in the

vicinity of the shelf relatively to the open ocean, as is indicated by satellite imagery

(SeaWTFs data). The biomass of selected Zooplankton groups is higher within 30 km

distance from the shoreline than farther offshore (Yoshioka et al., 1985). In contrast to

most species that contribute to the biomass in nearshore areas (e.g. copepods, larvaceans,

and chaetognaths), planktic foraminifera are oceanic organisms. Ecological competition

with neritic Zooplankton, variability in the physical and chemical environment and high

turbidity in the inner shelf areas are considered as possible causes of a lower productivity

of planktic foraminifera in shelf waters (Gibson, 1989). The tests of planktic

foraminifera are absent or rare in shelf sediments <40 m (e.g. Brooks, 1973; Hemleben et

al., 1989; Culver. 1993). At some locations, there is not only a general decline in

abundance closer to land, but some species are preferentially eliminated (Lipps and

Warme, 1966; Li et al., 1999).Those authors suggested that depth habitats and

reproductive cycles of planktic forammfera may determine their survival in shallow

water.
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(2) Transport with the flow of water masses takes place during the settling of empty tests

(e.g. after reproduction), i.e. while the tests sink through the water column (Deuser et al.,

1988). The displacement between sites of production and deposition is determined by

current patterns along the sinking trajectory of the tests. Sinking velocities of planktic

foraminifera (>100 jim in test size) range between 100 and 2000 m per clay (Takahashi

and Bé, 1984; Schiebel and Hemleben, (in press)).

(3) At water depths below the calcite lysocline the shells of planktic foraminifera are

affected by fragmentation through dissolution (Berger, 1975b; Berger, 1975a; Bonneau

et al., 1980; Berger et al., 1982; Wu and Berger, 1989; Wu et al.. 1990). This process

leads to taxonomic changes in the foraminiferal sediment assemblage by differential

destruction of dissolution susceptible species, until all calcific tests are dissolved below

the calcite compensation depth (CCD) (Bonneau, 1978; Bonneau et al., 1980; Berger et

al., 1982; Wu and Berger, 1989; Wu et al., 1990; Sautter and Sancetta, 1992).

(4) After deposition, assemblages can be reworked and redeposited by winnowing or

gravity transport. Sediments affected by reworking often exhibit sorted grain-sizes and

the faunal assemblages can contain older fossil or allochthonous components.

The abundance ratio of planktic and benthic foraminifera in slope sediments is a widely

applied tool for paleobathymetric reconstructions based on the fact that with increasingly

deeper water the proportion of benthic foraminifera of the total foraminiferal fauna

decreases. The underlying reasons may be differences in productivity between planktic

and benthic foraminifera (Gibson, 1989).

Up to now, only few studies on the depth distribution of planktic foraminiferal shells

have addressed the depth range between the shelf break and the lysocline (e.g. Orr, 1969;

Miro, 1971; Boltovskoy, 1976; Reiss and Halicz, 1976; Naidu, 1993). This study

investigates variations in the abundance of living planktic foraminifera with distance

from the shelfbreak and considers transport processes in the water column for interpre¬

tations of accumulation rates of planktic foraminiferal tests in sediments.
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Geographic and Océanographie Setting

The data presented here derive from a transect across the northern Caribbean island slope

of southwestern Puerto Rico covering a water depth range from 435 to 4701 m (fig. 1).

The coast is characterized by a narrow shelf (approximately 10 km wide), with mangrove

vegetation along the coast, an inner shelf dominated by muddy sediments and sea gras,

and the outer shelf with isolated coral reef buildups. The shelf water depths rarely exceed

about 20 m. The shelfbreak exhibits a nearly vertical cliff that ranges from 20 m to about

200 m depth over a lateral distance of 200-300 m. The slope consists of a steep upper

slope (25°) from about 200 m to 500 m depth, that passes into a more gentle middle slope

(10°) at water depths between 500 and 1000 m. The outer slope dips about 4°, and grades

into the floor of the Venezuela Basin. The cliff is cemented and the steep upper slope is

mostly covered by hardgrounds and, therefore, did not deliver muddy sediments. These

features are often described from the Caribbean (e.g. Dullo and Schauer, 1998).

In the investigated depth range of the Puerto Rico Slope Transect (PRIST) there are

several water mass layers with distinctly different salinities, temperatures and nutrient

contents. The mixed layer depth varies seasonally between 50 and 80 m and is underlain

by highly saline (>36.5 psu) Subtropical Underwater (Gordon, 1967; Morrison and

Nowlin, 1982). Between 200 and 400 m the 18°C Sargasso Sea Water is characterized

by high oxygen contents that distinguish it clearly from the underlying Tropical Atlantic

Central Water with lower oxygen contents (Morrison and Nowlin, 1982). The Antarctic

Intermediate Water (AAIW) with a salinity of <35 psu. accompanied by high nutrient

contents ranges from 600 to 1000 m water depth (Gordon. 1967; Morrison and Nowlin,

1982; Kumar et al., 1991). It is depleted in [C03^~| and in a state of near-saturation in

aragonite, thus leading to dissolution of metastable carbonate minerals (Haddad and

Droxler, 1996). Below 2200 m, the Caribbean waters are undersaturated in aragonite,

which leads to dissolution of metastable carbonate minerals. Below the AAIW, the North
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Atlantic Deep Water (NADW), fills the Caribbean Basin. The NADW is nutrient depleted

and has higher salinities than the overlying AAIW (Morrison and Nowlin, 1982).

Table 1: Average standing stocks (tests m~3) of planktic and benthic foraminifera from plankton tows and

average temperatures and salinities with standard des iations at the four different stations in fall 1994 and

spring 1995.

station/

season

planktic
foraminifera

benthic

foraminifera
T2m (°C) T100m (°c) S2m (psu) S]00m(psu)

I fall 1.31 ±0.85 0.30+0.34 28 8 ±0.3 no data 34.5 +0 0 no data

II fall 3.57+2.53 0.18 ±0.19 28.7+0.3 25.7 ±0.3 34.5 ±0.2 36.7+0.1

III fall 4.55 +6.03 0.11 ±0.15 28.7+0.2 25.7 ±0.1 34.4 ±0 1 36.7 ±0 0

IV fall 6.45 +6.89 0.05 ±0.10 28 6+0.1 25.7 ±0.4 34.5 ±0.1 36.7 +0 1

I spring 0.35 +0.50 0.77 ±1.12 26 8 ±0.2 no data 35.3 ±0.1 no data

II spring 1.98 ±2 03 056+1.21 26.7+0.1 24.5 ±0.3 35.3 ±0.1 37.0 ±0.1

III spring 1.46+1.33 0 01 ±0.01 26.6+0.1 24.4 ±0.4 35.4 ±0.2 37.0 +0 0

IV spring 1.18+1.33 0 00+0.01 26.5 ±0.2 24.7 ±0 5 35.4+0.2 37 0 ±0 1

The waters on the adjacent shelf of southwestern Puerto Rico are in constant exchange

with the upper slope waters. Tidal currents and breaking waves carry the upper slope

waters onto the shelf. Outflowing rip currents can reach velocities up to 2 m s~J, and

transport suspended sediment seawards. Because of the content of suspended load, the

waters of those rip currents have higher densitiy than the surrounding clear waters, and

stratify themselves in a layer of appropriate density. At the southwestern Puerto Rican

coast, the shelfwaters have similar temperatures and salinities as the upper slope waters

(table 1, station I) and are, therefore, only distinguishable by their suspended load.

Suspended load consists of e.g. benthic foraminiferal tests that were sampled by

plankton nets (see discussion below). Outflowing shelfwaters with high suspended load

are usually referred to as nepheloid layers (e.g. McGrail and Carnes, 1983).

Material and Methods

Sample selection was strongly restricted by the topographic and sedimentary regimes on

the slope. Sediments from the shelf (<20 m water depth) did not contain planktic

foraminifera and were, therefore, excluded from analysis. They consisted mostly of reef

detritus (fragments of corals and mollusc shells) and benthic foraminiferal tests. The

benthic foraminiferal assemblages were similar to the shallow assemblages described by

Brooks (1973). Samples from the cliff and the upper slope between 200 and 430 m water
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depth were either cemented by early diagenesis or showed signs of reworking like slump

structures and large mud pebbles. The samples down to 1006 m water depth were taken

with a Shippek grab sampler and with a short-core device, developed at the ETH Zürich.

Four multicorer samples taken during R/V Meteor cruise 35/1 (Hemleben et al., 1998)

from 1781, 1813, 3815, and 4701 m water depth complete the transect to the deep water

(table 2). The sample locations were situated mostly on ridges between the canyons on

the slope. These locations proved to provide undisturbed samples, whereas the sediments

from intercanyon areas often showed clear signs of reworking. Reworked and winnowed

samples were excluded from the analysis. Criteria for undisturbed sediments include the

absence of mud clasts, flow structures and of planktic foraminiferal sands. Winnowed

samples had higher percentages of the coarser grain sizes and, therefore, higher

sedimentation rates of foraminifera. Downslope transport of sediments by slumping and

gravity flows would result in enhanced accumulation rates of sediment components

downslope and in lower p/b-ratios. The sediment surface was characterized by a thin

pteropod layer covered by organic detritus. Overall, the upper 0-1 cm of 20 samples were

examined.

The sediment was soaked in buffered Caigon-solution for 4-6 hours and wet-sieved over

63,150, and 250//m screens. Only the size-fraction larger than 150 pirn was examined in

this study. For investigation of the foraminiferal assemblages, quantitative splits

containing at least 300 individuals of planktic foraminifera were counted. A census of

twentynine planktic foraminiferal species was made (see appendix) and their relative and

absolute (number per 1 g dry sediment) abundances were calculated. The benthic

foraminifera were classified according to their wall structure (agglutinated, calcareous

perforate and imperforate) and at least 50 specimens were counted. The number of intact

and fragmented foraminifera was counted in the 125-150 \im fraction and a carbonate

dissolution index (F%) according to Berger et al. (J 982) was determined as F (%) = 100

x fragments/(fragments + whole tests). Only broken tests which showed a proloculus

were counted as fragments.

The p/b-ratio is calculated as (planktic foraminifera) (planktic + benthic foraminifera)"1.

For absolute abundances, the 95 9c Confidence Limits were determined using the

following formula given by Stahel (1995): CL=((X,+0.982)°-5±0.98)2 with CL=



Material and Methods 17 Chapter 2

Confidence Limit and X,=number of counted specimens. The relative and absolute

abundance values of replicate samples always plotted within the errorbars of the original

samples.

For comparison of absolute abundances, counts of all samples are normalised to 1 gram

of dry sediment. The sample number 17 from 1781 m water depth is underlain by

reworked sediment and shows a much younger 14C age than the other sediment surface

samples (see table 1). This sample is probably reworked and, therefore, excluded from

analysis of absolute abundances.

Accumulation rates were determined based on samples from the top and the base of the

short cores and of two of the multicores. At least 20 mg of planktic foraminifera from the

size fraction >150 |im were picked, cleaned in an ultrasonic bath and measured with an

accelerator mass spectrometer (AMS) at the R.J. Van de Graaf Laboratory of the

University of Utrecht and the Institute of Particle Physics at the ETH Zürich,

respectively, for C-dating (table I). Accumulation rates were determined based on the

corrected calendar ages, assuming a reservoir effect of 400 years (Bard, 1988). The

calibrations of the C-ages into Calendar Age has been carried through with the

program Calib3.0 by Stuiver and Reimer (1993) for the UTC-samples and for the ETH-

sample Nr. 19070, and with the program CalibETH by Niklaus et al. (1992) for the ETH

samples, respectively. Average accumulation rates were calculated assuming a linear
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Table 2: List of sampling locations and results of AMS- C-datings. ' Sample numbers

are sorted by distance from shelfbreak; B) PN=Plankton Net; SGS=Shippek Grab

Sampler; SC= Short Corer; MC=Multicorer

mpie
o.A)

Sample
Name

Latitude

(°N)

Lonsi tudc

(°W)
Device6)

Distance

(km)

Water Depth
(m)

Core Der.

(cm)

Station 1 17°82.0 67°01.0 PN 0 10 -

Station 2 17°85.5 67°25.0 PN 1.3 120 -

Station 3 17°87.5 67°25.0 PN 3.1 120 -

Station 4 17°88.5 67°30.0 PN 6.7 120 -

1 IM-1-4 17°87.40 67°02.83 SGS 0.485 435 0-1

12 IM-1-6 17°85.72 67°02.95 SGS 1.333 920 0-1

9 IM-2-3 17°86.90 67°00.68 SGS 1.032 640 0-1

15 IM-2-6 17°85.07 66°99.60 SGS 1.939 1006 0-1

10 IM-2-7 I7°86.43 66°99.88 SGS 1.273 727 0-1

5 IM-3-1 17°86.3J 67°04.15 SGS 0.818 620 0-1

6 IM-3-2 17°86.53 67°04.63 SGS 0.848 540 0-1

13 IM-3-5 17°84.95 67°04.53 SGS 1.576 832 0-1

4 IM-5-1 17°86.93 67°03.08 SC 0.727 570 0-1

IM-5-1 17°86.93 67°03.08 SC 0.727 570 25-26

7 IM-5-2 17°86.32 67°04.82 SC 0.909 645 0-1

IM-5-2 17°86.32 67°04.82 SC 0.909 645 35-36

8 IM-5-3 17°86.28 67°04.07 SC 1.03 635 0-1

IM-5-3 17°86.28 67°04.07 SC 1.03 635 30-31

14 IM-5-4 17°84.82 67°04.52 SC 1.636 880 0-1

IM-5-4 17°84.82 67°04.52 SC 1.636 880 15-16

11 TM-5-5 I7°86.65 66°99.70 SC 1.303 990 0-1

IM-5-5 I7°86.65 66*99.70 SC 1.303 990 20-21

16 ÏM-5-6 17°84 84 66°99.92 SC 2.(21 995 0-1

IM-5-6 17°84.84 66°99.92 SC 2.121 995 20-21

2 IM-5-7 17°87.37 67°02.88 sc 0.576 480 0-1

IM-5-7 17°87.37 67°02.88 sc 0.576 480 25-26

3 IM-5-8 17°87.35 67°02.88 sc 0.579 475 0-1

IM-5-8 17°87.35 67°02.88 sc 0.579 475 30-31

17 M35025 17°75.2 67°00.8 MC 14.985 1781 0-1

18 M35027 17°65.0 67° 16.8 MC 23.31 1813 0-1

M35027 I7°65.0 67°16.8 MC 23.31 1813 19-21

20 M35024 I7°04.0 66°00.2 MC 94.35 4701 0-1

M35024 17°04.0 66°00.2 MC 94.35 4701 35-36

19 M35026 17°50.6 67°04.6 MC 41.514 3815 0-1
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Table 2 (Continued)

Sample
No.A>

Sample
Name

UTC Nr ETHNr 8nC 14C-Age
(BP)

Calendar Age

(calBP)"
avsî. Cal. Age

(cal BP)"

Station 1 - - - - -

Station 2 - - - - -

Station 3 - - - - -

Station 4 - - - - - -

1 IM-1-4 - - - - - -

12 IM-1-6 - - - - - -

9 IM-2-3 - - - - - -

15 IM-2-6 - - - - -

10 IM-2-7 - - - - -

5 1M-3-1 - - - - - -

6 IM-3-2 - - - - - -

13 IM-3-5 - - - - -

4 IM-5-1 6852 - 1.53 720+-35 407-299 353

IM-5-1 - 19064 1.1 2460+-50 2249-1959 2104

7 IM-5-2 6853 - 1.31 891+-37 519-478 498.5

IM-5-2 - 19065 1.3 1870+-50 1507-1300 1403

8 IM-5-3 6854 - 1.79 861+-33 502-463 482.5

IM-5-3 6855 - 1.47 3247+-36 3105-2986 3045.5

14 IM-5-4 6856 - 1.76 1009+-38 624-540 582

IM-5-4 - 19066 0.2 2385+-50 21 15-1878 1996

11 IM-5-5 6857 - 1.56 S26+-45 490-429 459.5

IM-5-5 6858 - 1.78 2821+-42 2679-2471 2575

16 IM-5-6 6859 - 1.59 S47+-43 500-466 483

IM-5-6 - 19067 2.5 3330+-50 3311-3026 3168

2 IM-5-7 6860 - 1.72 1835+-35 1393-1316 1354.5

IM-5-7 - 19068 0.6 3775+-50 3826-3571 3698

3 IM-5-8 6861 - 1.52 1574+-35 1161-1069 1115

IM-5-8 6862 1.59 4219+-39 4367-4239 4303

17 M35025 6863 - 1.68 699+-30 327-285 306

18 M35027 6864 - 1.64 2183+-38 1813-1710 1761.5

M35027 6865 - 1.81 4715+-42 4982-4851 4916.5

20 M35024 - 19069 1.6 2510+-45 2291-2043 2167

M35024 - 19070 2.8 1073+-70 J 1542-11133 11337.5

19 M35026 19071 0 1175+-70 627-834 730.5
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sedimentation rate between the bases and the tops of the cores. For one core, a very high

sedimentation rate in comparison with the other cores was determined (IM-5-2: 24.95

cm/ka). The relatively young age of the base of this core of 1507-1300 cal BP suggests

reworking that was not detectable from sedimentological or faunal analysis. I, therefore.

do not include the accumulation rate of this core in the analysis.

Grain size distribution data is based on the total dry weight of each sample and the

weights of the residues on the 63, 150, and 250 /mi screen after sieving. The bulk

carbonate contents were measured using a COULOMAT 702 (Ströhlein Instruments)

with a precision of+ 1 %.

Plankton net samples were taken at 3-8 day intervals in September and October, 1994,

and March, 1995, using a plankton tow net with 63 |im mesh size. Four stations were

sampled repeatedly, one directly above the shelfbreak and the others at distances of 1.3.

3.1, and 6.7 km from the shelfbreak. In each sampling season, each station was sampled

3-9 times. The vertical plankton tows covered the upper 120 m of the water column, and

reached well below the mixed layer as shown by T-S-profiles taken with a CTD (SBE 19

SEACAT PROFILER) just before plankton sampling. At the shelfbreak (20 m water

depth), the net was towed through the upper 10 m of the water column from the drifting

ship. The sampled water volume was measured with a General Oceanics flow meter

mounted in the net opening. Samples were stored in hexamine-buffered formaldehyde,

and freeze-dried before combustion in a low temperature asher (POLARON PT 7150 RF

Plasma Barrel Etcher) to remove the organic matter. Subsequently, the samples were dry-

sieved through a 150 |im screen and all foraminifera were counted.

The taxonomic composition of the living planktic foraminiferal assemblage and their

reaction to the changing physical environment are subject to an ongoing study.

All data are shown versus distance from the shelfbreak. Water depth increases steadily

with distance from shelfbreak (fig. 2).
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Figure 2: Water depth of sediment samples versus distance from shelfbreak. Numbers indicate samples
numbers (table 1). Note the break in scale in the \-a\is (distance from shelfbreak) between 3 and 10 km.

Results

Sedimentological analyses

The sediment samples consist of pteropod bearing foraminiferal oozes. The carbonate

contents vary from 51 to 73 % with highest values in the shallow and the deeper

locations and minimum values around 640 m water depth, around 1 km distance from the

shelfbreak (fig. 3a).

The foraminiferal assemblages analyzed are all well preserved. Less than 12 % of the

planktic foraminifera are fragmented in the size fraction of 125-150 |im throughout the

transect (figure 3b). The least fragmentation (< 4 %) is found in the samples 5, 6, 9, and

14 at 0.82,0.85, 1.03, and 1.64 km distance from the shelfbreak (in 540,620,640, and

880 m water depth, respectively). The strongest fragmentation (> 10 %) occurred in the

samples 4, 7, 15. and 20 at 0.73. 0.91. 1.94, and 94.35 km distance (in water depths of

570.645,1006, and 4701 m, respectively).

Changes in the grain-size distribution do not reveal a clear depth-related trend (fig. 3c).

The sand fraction (>63 /nn) contributes an average of about 25 % of the sediments and
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spicules, and detrital silt and clay. Sample 20 from 4701 m water depth contains no

pteropods or other aragonitic components.

Faunal analysis of sediment samples

The relative abundance of the most frequent species of planktic foraminifera is

remarkably uniform across the entire transect (fig. 3d). The dominant species, Globiger¬

inoides ruber, represents 46 - 67 % of the planktic foraminiferal assemblages, with the

highest proportion in the sample closest to the shelfbreak. Within the G. ruber group, the

white variant contributes about two-thirds.
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Figure 4: Abundance of foraminifera per g sediment, a) planktic foraminifera; b) Globigerinoides ruber,

c) benthic foraminifera. Lrror bars represent the 95% confidence limits. Note the break in scale in the x-

axis (distance from shelfbreak) between 3 and 10 km.

In contrast to the almost homogeneous composition of the planktic foraminifera

assemblage in the sediment samples, the number of planktic foraminifera per gram

sediment (fig. 4a) increases with distance from the shelfbreak, ranging from about

1350+200 foraminifera per gram sediment at 0.48 km from the shelfbreak (435 m water

depth) to almost 12,000+1,000 foraminiferal tests at 94.38 km (4701 m water depth).

This trend is repeated by all frequent planktic foraminiferal species (e.g. G. ruber, fig.

4b). The absolute abundance of benthic foraminifera varies by a factor of 18 and

decreases with depth (fig. 4c).
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When plotted to scale, the number of planktic foraminifera per gram sediment exhibits a

division into two sedimentary environments (fig. 5). Between 0.5 and 2.5 km distance

from the shelfbreak, planktic foraminifera show a strong increase and the regression line

of the planktic foraminifera has a steep slope. In contrast, the three offshore stations

between 20 and 94 km distance from the shelfbreak, have comparably high values with a

flat regression line.
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Figure 5: Abundance of planktic foraminifera per g sediment, plotted to scale with regression lines.

In the Caribbean Sea, a total of 1868 species of benthic foraminifera has been reported

(Culver and Buzas, 1982). In this study, the benthic foraminifera were discriminated at

the level of basic wall structures: calcareous perforate, calcareous imperforate, and

agglutinated. This kind of classification is widely used as a quick method for detecting

major faunal changes between different environments (Murray, 1973; Culver and Buzas,

1982; Murray, 1991). The composition of the benthic foraminiferal fauna of the

sediments along the transect changes with depth (figure 3e). Down to 1000 m depth

(about 2 km from the shelfbreak), benthic foraminifera with calcareous perforate wall

types dominate the fauna, whereas agglutinating species are more abundant in deeper

waters. At all depths, calcareous imperforate forms contribute about 10 % to the benthic

fauna.

The plankton/benthos-(p/b)-ratio has been used as a proxy for paleodepth estimates of

slope sediments. This ratio usually increases with depth though the absolute values may

be different at different locations (Gibson, 1989). The present study is based on counts in
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Distance from Shelfbreak (km)

Figure 6: Accumulation rates of a) total planktic lorammifera; b) total benthic foraminifera; c) Mass

Accumulation Rate (MAR) and non-carbonate proportion of MAR; d) bulk carbonate. Error bars

represent the 95% confidence limits. Note the break in scale m the x-axis (distance from shelfbreak)
between 3 and 10 km.

the size fraction > 150 ;nn. Smaller size fractions in slope sediments may contain larger

proportions of benthic foraminifera which are known to characterize the shelf fauna.

These forms were probably suspended on the shelf and carried to the slope before their

deposition (Lutze, 1980; Murray et al., 1982; Murray, 1991; Brunner and Biscaye. 1997).

The p/b-ratio shows a steady increase with depth (fig. 3f). The minimum values are

found in the shallowest sample at 435 m water depth where 63 % of planktic

foraminifera contribute to the total foraminiferal fauna (p/b-ratio: 0.63). At 1813 m water

depth the p/b-ratio arrives at 0.99. On the adjacent shelf, the studied sediment samples

contained virtually no planktic foraminifera. At the southeastern shelf of Puerto Rico,

Seiglie (1970) also found less than I % planktic foraminifera in sediment samples (p/b-

ratio <0.01) and on the southern central shelf of Puerto Rico, Brooks (1973) reported

planktic foraminifera only from samples taken in >90 m water depth. Brooks (1973) did

not give relative abundances of foraminifera, so that the p b-ratio of his samples cannot

be calculated.
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The accumulation rates of foraminifera, bulk sediment, bulk carbonate and of grain-size

classes are shown in figure 6. With increasing distance from the shelfbreak, the

accumulation rates of planktic foraminifera increase by a factor of three (fig. 6a) along

the transect. Accumulation rates of benthic foraminifera decrease with water depth and

distance from the shelfbreak (fig. 6b). Bulk sediment and bulk carbonate accumulation

rates show a decreasing trend in offshore direction (figs. 6c+d).

Faunal analysis of plankton net samples

In order to understand if the lower accumulation rates of planktic foraminifera near the

shelfbreak are a result of lower production of foraminiferal tests in the overlying water

column, the test concentrations of foraminifera were determined at four different

plankton stations across the transect.

12 3 4 5 6

Distance from Shelfbreak (km)

12 3 4 5 6 7

Distance from Shelfbreak (km)

Figure 7:

m of the

standard

Standing stocks (number of individuals •

m of water) of foraminifera > 150 um in the upper 120

water column, a) planktic foraminifera; b) benthic foraminifera. (X = average values with

deviations, • = daih measurements)

The test concentrations of planktic foraminifera in the plankton are highly variable (fig.

7), with generally lower abundances in March (on average 1.26 planktic foraminifera nT3

water) than in September and October (on average 4.71 planktic foraminifera nT3 water).

The plankton net station directly above the shelfbreak (20 m water depth) produced the

lowest abundance of planktic foraminifera (on average 0.64 specimens nT3. fig. 7a) and

the highest abundance of benthic foraminifera (on average 0.68 specimens nT3, fig. 7b).

In seaward direction, the number of benthic foraminifera decreases during both sampling
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periods. The benthic foraminifera found in the plankton nets belong to the shelf fauna as

indicated by the genera Amphistegina, Rosalina, and Cymbaloporetta.

The test concentrations of planktic foraminifera vary substantially between different

days of sampling. However, the taxonomic composition of the living planktic

foraminiferal assemblages does not change significantly with distance from the

shelfbreak. All species found in the offshore nets could also be observed in nearshore

samples. In fall of 1994, all assemblages were dominated by Globigerinoides ruber. The

same was true in early and late March 1995, while in the middle of March 1995,

Globigerinella siphonifera was the dominant species (on average 53%).

Discussion

The results of the sediment analysis show that the accumulation rates of planktic

foraminifera increase with depositional depth without obvious changes in the planktic

foraminiferal assemblage. In the following, possible processes that can influence the

place of deposition of planktic foraminiferal tests will be described and tested. The place

of deposition is controlled mainly by three processes: (a) the place of death, which is

mostly controlled by the horizontal distribution of the living foraminifera; (b) transport

processes that take place during sinking; and (c) transport processes after deposition

(reworking). Additionally, dissolution of the calcite can influence the abundance of tests

in the sediment.

The species composition of the planktic foraminiferal assemblage is similar to

previously described Caribbean faunas (Jones, 1968; Bé, 1971). The dominance of

Globigerinoides ruber in this region may be due to its low sensitivity to changes in

salinity, compared to other tropical species (Bijma et al., 1990a; Bijma et al., 1992). In

fall, the Caribbean surface waters are influenced by low-salinity lenses that originate

from the Orinoco river outflow (Müller-Karger et al., 1989; Moore and Todd, 1993),

while in spring time the salinities of about 36 psu are much more comparable to Atlantic

surface water conditions at these latitudes. These lenses are characterized by enhanced

nutrient content, relative to the surrounding water mass, and by salinities of about 34 psu

(Froelich et al.. 1978; Yoshioka et al., 1985). The lenses have been described to carry a

planktic foraminiferal assemblage dominated by G. ruber (Bijma et al., 1990b). The high
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nutrient content is probably the reason for higher standing stocks of planktic

foraminifera in fall, south of Puerto Rico.

Test concentrations of 0.1 to 17.7 individuals (> 150 urn) m"• determined from our

plankton net tows are comparable to other low-productivity regions of the world's

oceans. In the Sargasso Sea, Bé (1971) observed 0.5 to I f planktic foraminifera (>202

urn) m in the upper 300 m of the water column; Ufkes et al. (1998) described test

concentrations of 2 to 145 individuals (>150 urn) m
3
in the eastern South Atlantic

during spring and Watkins et al. (1996) found 25 to 145 specimens (>150 jim) mr that

contained protoplasm in the upper 200 m.

Jones (1968) reported standing stocks of 2.4 to 5.1 individuals (>200 urn) irC1 in the

upper 300 m of the water column from the Caribbean Sea. An ongoing investigation of

plankton net tows from the southeastern and northeastern Caribbean indicates that test

concentrations can be as high as 79 individuals (>150 pm) nf ~ in the upper 100 m of the

water column.

In the study area, we observed significant changes of accumulation rates with water

depth on a small spatial scale. In the upper part of the transect (between 435 m and 1006

m water depth), the accumulation rates of planktic foraminifera in the surface sediment

rise by a factor of 1.7 over a horizontal distance of only 2 km. Therefore, the p/b-ratio

would even show a clear increase with depth, if the accumulation rates of benthic

foraminifera were constant across the transect.

The surface currents approach Puerto Rico from the Lesser Antilles (E to SE) at

velocities of 18-35 km a day (Gordon, 1967). A planktic foraminiferal test needs several

hours or up to one day to sink through 100 m of water (Fok-Pun and Komar, 1981 ;

Takahashi and Bé, 1984; Schiebe! and Hemleben, (in press). During settling through the

surface water, tests will be subject to horizontal displacement in the range of 1 to 35 km,

depending on the test size and its specific sinking velocity. The catchment area of

planktic foraminiferal test bearing sediments south of Puerto Rico is therefore at least 1

to 35 km in diameter. Mesoscale eddies and meanders that were observed in the eastern

Caribbean Sea (Fornshell et al.. 1981 : Kinder et al., 1985; Yoshioka, 1985), and currents

in deeper water masses further obscure the primary distribution pattern. The catchment

area of a sediment trap in 3200 m water depth in the tropical Atlantic has a surface
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diameter of a few hundred kilometers (Deuser et al., 1988). If we apply the assumption

of a statistical funnel that connects the trap with the surface and contains all likely

positions from which particles entering the trap might have come from, the catchment

area of a deposition site in 400 to 1000 m water depth is a few tens of kilometers large; a

size-range that is comparable to the rough estimate from surface current speeds alone.

A potential catchment area of this size for the studied depositional area is unlikely to

produce variations in accumulation rates with spatial scales of less than 1 km. Therefore

we infer that along the slope off southwestern Puerto Rico a funnel shaped catchment

area is not likely to produce the observed patterns, and/or other processes must control

the accumulation of planktic foraminiferal tests on the sea floor in this area.

(1) Influence of neritic gradients on planktic foraminifera

Neritic-oceanic gradients in temperature, salinity, food availability, prédation pressure,

and water depth as an inhibitor of reproductive depth migration, are believed to be

responsible for low standing stocks of planktic foraminifera in shelf and shallow slope

waters (Lipps and Warme, 1966; Gibson. 1989; Hemleben et al., 1989; Culver, 1993).

Satellite imagery (Müller-Karger et al., 1989) and Zooplankton data (Yoshioka et al.,

1985) suggest that productivity of phyto- and Zooplankton biomass is higher in the

nearshore than in the offshore areas of Puerto Rico. Enhanced biomass of Zooplankton

should result in enhanced ecological competition for planktic foraminifera. I tested this

with measuring the standing stocks of planktic foraminifera in plankton nets taken across

the slope. As standing stocks are a measure of the production of tests in the upper water

column, resulting fluxes to the seafloor should be correlated to this measure, given that

no significant lateral displacement of the tests takes place prior to or shortly after death

of the foraminifer. Therefore, low standing stocks of planktic foraminifera in shallow

waters will lead to lower accumulation rates of planktic foraminiferal tests in the vicinity

of the shelfedge.

The plankton net data presented in this study suggest slightly lower (although not

significantly lower) average test concentrations at the plankton net stations closer to the

shelfbreak than at the stations 3.1 and 6.7 km away from the shelfbreak (table 1). In

addition, pulses of exceptionally high test numbers were only observed at the two

outermost stations. Theoretically, such pulses can produce a large number of tests in
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some events and, therefore, could account for at least some part of the higher fluxes to

deeper water depths, as they were only observed in greater distance from the shelfbreak.

However, the differences between the stations are statistically insignificant (table I) and

the reason for the pulses are not yet known, as they do not seem to be related to changes

in the physico-chemical parameters measured at the stations. The hydrographie

differences across the transect are negligible. More samples taken over a longer time

span would be needed to evaluate the production of planktic foraminifera during the

seasons not sampled for this study and to better understand the influences of neritic

gradients on the ecology of planktic foramifera.

However, any ecological differences between nearshore and offshore areas should have

an impact on the taxonomic composition of the planktic foraminiferal assemblage which

is not observed in the plankton and the underlying sediments. Brooks (1973) studied a

shelf to slope transect offshore Puerto Rico. At this locality, The transition between shelf

and slope occurs more gently and less abrupt than in the PRIST area. He recorded no

planktic foraminifera from water depths <90 m. The foraminiferal assemblage from >90

m, though, was similar to the one recorded from deeper locations in the PRIST area.

Even if an ecological separation into nearshore and offshore areas could be

demonstrated, the small scale depositional pattern would still be in conflict with the size

of the catchment area.

(2) Reworking of sediments

Reworking and subsequent downslope transport of sediments could resuspend particles

from shallower water settings and redeposit them downslope, leading to higher

accumulation rates of particles in the deeper water. The relative abundances of benthic

taxa with different wall structures (fig. 3e) show a depth-related change from 70 to 80 %

calcareous perforate forms in shallower waters (435 to 540 m) to 45 to 68 %

agglutinating forms in deeper waters (>f700 m). This trend suggests that no significant

downslope transport of benthic foraminifera > 150 p:m has affected the investigated

samples, since then a more uniform distribution pattern would be expected. This

interpretation is supported by the clear depth-related trend in the plankton/benthos-ratio

(fig. 3f). The clear trends with high regression factors suggest a differentiation of the

controlling parameters of the p/b-ratio in nearshore and offshore areas. Whereas in the
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nearshore area, the p/b-ratio shows a strong increase with water depth and distance from

shelfbreak, the three sample from water depths >1700 m exhibit only a slight increase.

Unfortunately, no samples were available to cover the transition area of the two regimes,

but regression lines suggest that this transition should take place in approximately 5 km

distance from the shelfbreak. This distance corresponds to a water depth of 1100-1200 m.

(3) Dissolution

Water masses undersaturated in CaCO^ can dissolve the tests of planktic foraminifera.

We therefore studied the carbonate content of the bulk sediment and calculated a

fragmentation index on planktic foraminiferal tests to trace possible dissolution effects

on the sediment assemblage of planktic foraminifera. None of these parameters show

significant correlation with water depth (figs 3a+b). The low proportion of fragmented

foraminifera (< 12 %) across the whole depth range (fig. 3b), suggests minor influence of

carbonate dissolution on the planktic foraminiferal fauna. Carbonate dissolution can be

either induced by CaCOrdepleted water masses or by enhanced organic carbon fluxes

(Loubere, 1999). The flux of organic carbon is usually higher to shallow than to deeper

slope Sedimentes due to higher production near the continent margin and less

degradation of organic carbon during sinking through a shorter water column (Berger et

al., 1989). Therefore, above the calcite lysocline one would expect stronger

fragmentation of carbonate shells due to higher organic carbon flux in shelf vicinity than

farther offshore. The fragmentation index does not indicate such a pattern, as maximum

and minimum fragmentation were recorded from the same depositional areas. The

aragonitic shells of pteropods, however, were obviously affected by dissolution in the

two deepest samples. The sample at 3815 m water depth contains few pteropods, most of

them fragmented, the deeper sample at 4701 m is devoid of pteropods. This indicates that

the level of the Aragonite Compensation Depth (ACD) is between 3800 and 4700 m (fig.

2). The carbonate minimum between 0.8 and 1.2 km off the shelfbreak (500 to 600 m

water depth, samples no. 4 to 11) may reflect a minimum carbonate supply of reefal

detritus or a higher deposition of non-carbonate material in the fine-fraction. This depth

coincides approximately with the upper limit of the AAIW.
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(4) Transport of planktic foraminiferal tests prior to deposition

As the plankton net data suggest a homogeneous or random distribution of living and

dead planktic foraminifera in the upper water column, the increasing planktic

foraminiferal accumulation rates are most likely related to a differential deposition of the

planktic foraminiferal tests. We can exclude reworking and subsequent downslope

transport of sediment. Therefore, a transport of planktic foraminiferal tests prior to

deposition, i.e. during sinking, seems likely. This transport may be caused by the shelf

outflow current that can deflect the sinking trajectory of a planktic foraminifera] test into

an offshore direction. An indication for the existence of a shelf outflow current are the

benthic shelf foraminifera found in the plankton nets and observations of seegrass

fragments on the sea surface above the slope. The outflowing shelf waters probably have

higher density than the open ocean mixed-layer water because of the content of

suspended material and this suspended material can be transported seawards along

isopycnals in a similar way as was observed at different continental margins (e.g.

McGrail and Carnes, 1983; Biscaye et al., 1988; Falkowski et al., 1994; Puig and

Palanques. 1998; Weering et al., 1998). Therefore, this water mass exchange probably

takes place below the upper 50 m of the water column, the habitat of most tropical

foraminifera (Hemleben et al., 1989). This process is not likely to displace living

planktic foraminifera in an offshore direction, but might still deflect the sinking

trajectory of a foraminiferal test into an offshore direction. The resulting depositional

paths are outlined in figure 8. Unfortunately, the existing data set does not allow the

identification of shelf water masses above the slope, as the CTD casts only reached down

to 150 m and no transmissiometer measurements were carried through.
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Figure 8: Schematic profile through the stud) area show ing habitats and depositional patterns of benthic

and planktic foraminifera.

Conclusions

The accumulation rates of planktic foraminiferal calcite on continental margins can give

insight into their role in the global carbonate budget. The objective of this study was to

investigate the underlying reasons for increasing accumulation rates of planktic

foraminiferal tests with water depth. With the data set available for this study, we could

rule out reworking or carbonate dissolution as possible causes for this trend. An

ecological differentiation between nearshore and offshore areas, with higher test

concentrations in the offshore area, seems likely, but is not supported by the data. A

horizontal transport of sinking planktic foraminiferal shells prior to deposition is a

possible reason for increasing accumulation rates of planktic foraminiferal tests that are

accompanied by an increasing p/b-ratio and no significant changes in the composition of

the foraminiferal assemblage.

Acknowledgements

I thank H. Hilbrecht and H.R. Thierstein for collection of the samples. The l4C-AMS-

datings were done by the R.J. Van de Graaff laboratorium in Utrecht and in the Institut



Chapter 2 34 Acknowledgements

für Teilchenphysik of the ETH-Zürich. André Puschnig did the Carbonate measurements.

We thank our collègues, the captains and the crews at the Isla Magueyes Marine

Laboratories (University of Puerto Rico) who shared their laboratories and provided

valuable assistence onshore and offshore. Thanks are extended to the captain, crew and

shipboard scientists of R/V Meteor, cruise 35/1. The manuscript benefitted from critical

comments by J. Bollmann, H. Hilbrecht, R. Schiebe! and H.R. Thierstein. I also thank

Dr. Jaques Giraudeau and two anonymous reviewers for their insightful reviews of the

manuscript. This study was funded by grants from the Swiss National Science

Foundation and the ETH Zürich in support of the Puerto Rico Slope Transect (PRIST)

project to H. Hilbrecht and H.R. Thierstein.



References 35 Chapter 2

References

Bard, E., 1988. Correction of Accelerator Mass Spectrometry 14C ages measured in

planktonic foraminifera: Paleoceanographic implications. Paleoceanography, 3(6):
635-645.

Bauer, J.E. and Druffel, E.R.M., 1998. Ocean margins as a significant source of organic
matter to the deep ocean. Nature, 392: 482-485.

Bé, A.W.FI., 1971. Winter distribution of planktonic foraminifera between the Grand

Banks and the Caribbean. Micropalaeontology, 17(1): 31-42.

Bé, A.W.H., 1977. An Ecological, Zoogeographical and Taxonomic Review of Recent

Planktonic Foraminifera. In: A.T.S. Ramsay (Editor), Oceanic Micropaleontology.
Academic Press, London, pp. 808.

Bé, A.W.H. and Hamlin, W.H., 1967. Ecology of recent planktonic foraminifera. Part 3 -

Distribution in the North Atlantic during the summer of 1962. Micropalaeontology.
13(1): 87-106.

Bé, A.W.H. and Hutson, W.H., 1977. Ecology of planktonic foraminifera and biogeo-
graphic patterns of life and fossil assemblages in the Indian Ocean. Micropalaeon¬
tology, 23: 369-414.

Bé, A.W.FI, and Tolderiund, D.S., 1971. Distribution and ecology of living planktonic
foraminifera in surface waters of the Atlantic and Indian Oceans. In: B.M. Funnel and

W.R. Riedel (Editors), The Micropalaeontology of Oceans. Cambridge University
Press, Cambridge, pp. 105-149.

Berger, W.H., 1975a. Deep-Sea Carbonates: Dissolution Profiles from Foraminiferal

Preservation. In: W.V. Sliter, A.W.H. Bé and W.H. Berger (Editors), Dissolution of

Deep-Sea Carbonates. Special Publication. Cushman Foundation of Foraminiferal

Research, Lawrence, Kansas, pp. 82-86.

Berger. W.H., 1975b. Dissolution of Deep-Sea Carbonates: An Introduction. In: W.V.

Sliter, A.W.H. Bé and W.H. Berger (Editors), Dissolution of Deep-Sea Carbonates.

Special Publication. Cushman Foundation of Foraminiferal Research, Lawrence,

Kansas, pp. 7-10.

Berger, W.H., Bonneau, M.-C. and Parker, F.L., 1982. Foraminifera on the deep-sea
floor: lysocline and dissolution rate. Oceanologica Acta, 5(2): 249-258.

Berger, W.H.. Smetacek, VS. and Wefer, G., 1989. Ocean Productivity and Paleoproduc-
tivity -An Overview. In: W.H. Berger, V.S. Smetacek and G. Wefer (Editors), Dahlem

Workshop on Productivity of the Ocean: Present and Past. Life Sciences Reports.
John Wiley & Sons Limited, pp. 1-34.

Bijma. J., Erez, J. and Hemleben, C. 1990a. Lunar and semi-lunar reproductive cycles in

some spinose planktonic foraminifers. Journal of Foraminiferal Research, 20(2): 117-

127.



Chapter 2 36 References

Bijma, J., Faber, W.W.J, and Hemleben, C, 1990b. Temperature and salinity limits for

growth and survival of some planktonic foraminifers in laboratory cultures. Journal of

Foraminiferal Research, 20(2): 95-116.

Bijma, J., Hemleben, C, Oberhänsli, H. and Spindler. M., 1992. The effects of increased

water fertility on tropical spinose planktonic foraminifers in laboratory cultures.

Journal of Foraminiferal Research, 22(no. 3): 242-256.

Biscaye, P.E., Anderson, R.F. and Deck, B.L., 1988. Fluxes of particles and constituents

to the eastern United States continental slope and rise: SEEP-I. Continental Shelf

Research, 8: 855-904.

Boltovskoy, E., 1971. Planktonic foraminiferal assemblages of the epipelagic zone and

their thanatocoenoses. In: B.M. Funnel and W.R. Riedel (Editors), The Micropalae¬
ontology of Oceans. Cambridge University Press, Cambridge, pp. 277-288.

Boltovskoy, E., 1976. Distribution of Recent Foraminifera of the South American

Region. In: R.H. Hedley and C.G. Adams (Editors), Foraminifera. Academic Press,

London, New York, San Franstsco, pp. 171-236.

Bonneau, M.-C, 1978. Dissolution expérimentale et naturelle de foraminifères plancto-
niques - Approches morphologique, isotopique et cristallographique -. PhD-Thesis,
l'Université Pierre et Marie Curie, Paris, 231 pp.

Bonneau, M.-C, Vergnaud-Grazzini, C. and Berger, W.FL, 1980. Stable isotope
fractionation and differential dissolution in recent planktonic foraminifera from

Pacific box-cores. Oceanologica Acta, 3(3): 377-382.

Brooks, W.W., 1973. Distribution of recent foraminifera from the southern coast of

Puerto Rico. Micropalaeontology, 19(4): 385-416.

Brunner, C.A. and Biscaye, P.E., 1997. Storm-driven transport of foraminifers from the

shelf to the upper slope, southern Middle Atlantic Bight. Continental Shelf Research,

17(5): 491-508.

CLIMAP, P.M., 1981. Seasonal reconstructions of the earth's surface at the last glacial
maximum, MC-36. Map and Chart Series, pp. 18 maps.

Culver, S.J., 1993. Foraminifera. In: J.H. Lipps (Editor), Fossil Procaryotes and Protists.

Blackwell Scientific Publications, Boston, pp. 203-248.

Culver, S.J. and Buzas, M.A.. 1982. Distribution of Benthic Foraminifera in the

Caribbean Region. Smithsonian Contributions to the Marine Sciences, 14: 382.

Denser, W.G.. Müller-Karger, F.E. and Hemleben, C, 1988. Temporal variations of

particle fluxes in the deep subtropical and tropical North Atlantic: Eulerian versus

lagrangian effects. Journal of Geophysical Research, 93(C6): 6857-6862.

Dullo, C. and Schauer, J.. 1998. Submersible Dives on the Pedro Bank. In: C. Hemleben,
R. Zahn, and D. Meischner (Editors), Karibik 1996. Cruise No. 35. 18 April - 3 June

1996. METEOR-Berichte. Universität Hamburg. Hamburg, pp. 63-70.



References 37 Chapter 2

Falkowski, P.G., Biscaye, P.E. and Sancetta, C, 1994. The lateral flux of biogenic

particles from the eastern North American continental margin to the North Atlantic

Ocean. Deep-Sea Research II, 41(2/3): 583-601.

Fok-Pun, L. and Komar, P.D., 1981. Settling velocities of planktonic foraminifera:

density variations and shape effects. Journal of Foraminiferal Research, 13(1): 60-68.

Fornshell, J.A., Lopez, J.M. and Capella. J., 1981. Eddy observations south of Puerto

Rico. Eos, 62: 305.

Froelich, P.N.J., Atwood, D.K. and Giese. G.S.. 1978. Influence of Amazon River

discharge on surface salinity and dissolved silicate concentration in the Caribbean

Sea. Deep-Sea Research, 25: 735-744.

Gibson, T.G., 1989. Planktonic Benthonic Foraminiferal Ratios: Modern Patterns and

Tertiary Applicability. Marine Micropaleontology, 15; 29 -52.

Giraudeau, J., 1993. Planktonic foraminiferal assemblages in surface sediments from the

southwest African continental margin. Marine Geology, 110(1-2): 47-62.

Gordon, A.L., 1967. Circulation in the Caribbean Sea. Journal of Geophysical Research,

72(24): 6207-6223.

Haddad, G.A. and Droxler, A.W., 1996. Metastable CaCÛ3 dissolution at intermediate

water depths of the Caribbean and western North Atlantic: Implications for

intermediate water circulation during the past 200,000 years. Paleoceanography,

11(6): 701-716.

Hemleben, C, Spindler, M. and Anderson, O.R., 1989. Modern Planktonic Foraminifera.

Springer-Verlag, New York, 363 pp.

Hemleben, C, Zahn, R.. and Meischner, D.. 1998. Karibik 1996, Cruise No. 35,18 April
- 3 June 1996. METEOR-Berichte, 98-3. Universität Hamburg, Hamburg, 208 pp.

Jones, J.I., 1968. The relationship of planktonic foraminiferal populations to water

masses in the western Caribbean and lower Gulf of Mexico. Bulletin of Marine

Science, 18(4): 946-982.

Kinder, T.H., Heburn, G.W. and Green, A.W., 1985. Some aspects of the Caribbean

circulation. Marine Geology, 68: 25-52.

Kumar, S.P., Murty, V.S.N., Khan, A.A., Jones, M.A., Wagh, A.B., and Desai, B.N.,

1991. Hydrographie characteristics and circulation in the Caribbean Sea during April
and May 1990. Caribbean Marine Studies, 2: 69-80.

Li, Q., James, N.P, Bone.Y. and McGowran, B., 1999. Palaeoceanographic significance
of recent foraminiferal biofacies on the southern shelf of Western Australia: a

preliminary study. Palaeoceanography, Palaeoclimatology, Palaeoecology, 147: 101-

120.



Chaptei 2 38 References

Lipps, J.H. and Warme, J.E., 1966. Planktonic foraminiferal biofacies in the Okhotsk

Sea. Contributions from the Cushman Foundation of Foraminiferal Research, 17: 125-

134.

Loubere, P., 1999. A multiproxy reconstruction of biological productivity and

oceanography in the eastern equatorial Pacific for the past 30,000 years. Marine

Micropaleontology, 37: 173-198.

Lutze, G.F., 1980. Depth distribution of benthic foraminifera on the continental margin
off NW Africa. 'Meteor' Forschungsergebnisse, C32: 31-80.

McGrail, D.W. and Cames, M., 1983. Shelfedge dynamics and the nepheloid layer in the

northwestern Gulf of Mexico. In: D.J. Stanley and G.T. Moore (Editors). The

shelfbreak: critical interface on continental margins. Special Publication. SEPM,

Tulsa, Oklahoma, U.S.A., pp. 467.

Miro, M.D.d., 1971. Los foramini'feros planctönicos vivos y sedimentados del margen

continental de Venezuela (resumen). Acta Geolögica Hispânica, 4: 102-107.

Moore, W.S. and Todd, J.F.. 1993. Radium Isotopes in the Orinoco Estuary and Eastern

Caribbean Sea. Journal of Geophysical Reseach, 98(C2): 2233-2244.

Morrison, J.M. and Nowlin. W.D., 1982. General Distribution of Water Masses Within

the Eastern Caribbean Sea During the Winter of 1972 and Fall of 1973. Journal of

Geophysical Research, 87(C6): 4207-4229.

Müller-Karger, FE.. McClain, CR., Fisher. T.R., Esaias. W.E. and Varela, R., 1989.

Pigment distribution in the Caribbean Sea: Observations from space. Progress in

Oceanography, 23: 23-64.

Murray, J.W., 1973. Distribution and Ecology of Living Benthic Foraminifericis.

Heinemann, London, 288 pp.

Murray, J.W., 1991. Ecology and palaeoecology of benthic foraminifera. Longman
Scientific & Technical. Essex, 397 pp.

Murray, J.W., Sturrock, S. and Weston, J., 1982. Suspended load transport of foramin¬

iferal tests in a tide- and wave-swept sea. Journal of Foraminiferal Research, 12(1):
51-65.

Naidu, P.D., 1993. Distribution patterns of Recent planktonic foraminifera in surface

sediments of the western continental margin of India. Marine Geology, 110(3-4): 403-

418.

Niklaus. T.R., Bonani. G., Simonius, M., Suter. M. and Wolfli, W., 1992. CalibETH: An

Interactive Computer Program for the Calibration of Radiocarbon Dates.

Radiocarbon, 34.

Orr, W.N., 1969. Variation and distribution of Globigerinoides ruber in the Gulf of

Mexico. Micropalaeontology, 15(3): 373-379.



References 39 Chapter 2

Ortiz, J.D., Mix, A.C. and Collier, RAV.. 1995. Environmental control of living symbiotic
and asymbiotic foraminifera of the California Current. Paleoceanography, 10(6): 987-

1009.

Parker, F.L., 1971. Distribution of planktonic foraminifera in Recent deep-sea sediments.

In: B.M. Funnel and W.R. Riedel (Editors), The Micropalaeontology of Oceans.

Cambridge University Press, Cambridge, pp. 289-307.

Puig, P. and Palanqties, A., 1998. Nepheloid structure and hydrographie control on the

Barcelona continental margin, northwestern Mediterranean. Marine Geology, 149:

39-54.

Reiss, Z. and Halicz, E., 1976. Phenotypy in Planktonic Foraminiferida from the Gulf of

Elat. Israel Journal of Earth-Sciences, 25: 27-39.

Rutherford, S. and Hondt, S.D., 1996. Re-evaluating latitudinal gradients in planktic
foraminiferal diversity, Geological Society of America, 28th annual meeting.

Geological Society of America (GSA). Boulder, CO, United States, pp. 297.

Sautter, L.R. and Sancetta, C. 1992. Seasonal associations of phytoplankton and

planktic foraminifera in an upwelling region and their contribution to the seafloor.

Marine Micropaleontology, 18: 263-278.

Schiebcl, R. and Hemleben, C, (in press). Interannual variability of planktic foramin¬

iferal populations and test flux in the eastern North Atlantic Ocean (JGOFS). Deep-
Sea Research 2000.

Seiglie, G.A., 1970. The distribution of foraminifers in the Yabucoa Bay, southeastern

Puerto Rico and its paleoecological significance. Revista Espanola de Micropaleon-

tologîa,2(2): 183-208.

Stahel, W.A., 1995. Statistische Datenanalyse - eine Einführung für Naturwissen¬

schaftler. Vieweg Lehrbuch Angewandte Mathematik. Vieweg, Braunschweig, 369 pp.

Stuiver, M. and Reimer, PL, 1993. Extended 14C data base and revised Calib 3.0 C age

calibration program. Radiocarbon, 35(1): 215-230.

Takahashi, K. and Bé, A.W.H., 1984. Planktonic foraminifera: factors controlling sinking

speeds. Deep-Sea Research. 31(12): 1477-1500.

Ufkes, E., Jansen, J.H.F. and Brummer, G.-J., 1998. Living planktonic foraminifera in

the eastern South Atlantic during spring: indicators of water masses, upwelling and

the Congo (Zaire) River plume. Marine Micropaleontology, 33: 27-53.

Watkins, J.M.. Mix, A.C. and Wilson, J.. 1996. Living planktic foraminifera: tracers of

circulation and productivity regimes in the central equatorial Pacific. Deep-Sea
Research 11,43(4-6): 1257-L282r

Weering, T.C.E.v., Hall. I.R.. Stigter, H.C.d., McCave. I.N. and Thomsen, L., 1998.

Recent sediments, sediment accumulation and carbon burial at Goban Spur, N. W.

European Continental Margin. Progress in Oceanography, 42: 5-35.



Chapter 2 40 References

Wollast, R., 1991. The Coastal Organic Carbon Cycle: Fluxes, Sources, and Sinks. In:

R.F.C. Mantoura, J.-M. Martin and R, Wollast (Editors), Ocean Margin Processes in

Global Change. Dahlem Workshop Reports. John Wiley & Sons Ltd, pp. 469.

Wollast, R., 1994. The relative importance of biomineralization and dissolution of

CaC03 in the global carbon cycle. Bulletin de l'Institut océanographique, Monaco,

13: 13-35.

Wu, G. and Berger, W.H., 1989. Planktonic Foraminifera: Differential Dissolution and

the Quaternary stable isotope record in the west equatorial Pacific. Paleoceanography,

4(2): 181-198.

Wu,G.,Herguera, J.C. and Berger, W.H.. 1990. Differential Dissolution: Modification of

late Pleistocene oxygen isotopic Records in the western equatorial Pacific. Paleocean¬

ography, 5(4): 581-594.

Yoshioka, P.M., Owen, G.P. and Pesante, D., 1985. Spatial and temporal variations in

Caribbean Zooplankton near Puerto Rico. Journal of Plankton Research, 7(6): 733-

751.



Appendix 41 Chapter 2

Appendix

List of species found in the sediment samples and average relative abundance with

standard deviation (bold numbers).

1. Globigerinoides ruber (D'Orbigny),1839 55+4.8%

2. Globigerinoides sacculifer (Brady), 1877 11+4.8%

3. Globigerinita glutinata (Egger). 1893 9+0.8%

4. Neogloboquadrina dutertrei (D'Orbigny), 1839a 5+0.1%

5.Globigerinelia siphonifera (D'Orbigny), 1839a

^Globigerinella aequilateralis (Brady), 1897 4+0.5%

6. Globorotalia menardii (Parker, Jones and Brady), 1865;
= Globorotalia cultrata (D'Orbigny), 1839a 3+0.5%

7. Orbulina universa D'Orbigny, 1839a
"

2+0.2%

8. Globoturborotalita albescens Hofker, 1956 2+0.1%

9. Globigerinita minuta (Natland), 1938 1%

10. Globigerinella calida (Parker). 1962 1%

11. Globigerina bulloides D'Orbigny, 1826 1 %

12. Globorotalia truncatulinoides (D'Orbigny), 1839a 1%

13. Globorotalia tumida (Brady), 1877 1%

14. Pulleniatina obliquiloculata (Parker and Jones), 1865; 1%

15. Globigerinita uvula (Ehrenberg), 1861 <1%

16. Candeina nitida D'Orbigny, 1839a <1%

17. Globigerina falconensis Blow, 1959 <1%

18. Globoturborotalita tenella (Parker), 1958 <1%

19. Turborotalita quinqueloba (Natland), 1938 <1%

20. Globigerinoides conglobatus (Brady), 1879 <1%

21. Sphaeroidinella dehiscens (Parker and Jones), 1865 <1 %

22. Globigerinella digitata (Brady), 1879 <1%

23. Hastigerina pelagica (D'Orbigny), 1839a <1 %

24. Neogloboquadrina pachxderma (Ehrenberg), 1861 <1%

25. Globorotalia crassaformis (Galloway and Wissler), 1927 <1%

26. Globorotalia hirsulci (D'Orbi guy). 1839a < 1 %

27. Globorotalia inflata (D'Orbigny), 1839a <1 %

28. Globorotalia scitula (BradyY), 1882 <1 %

29. Globorotalia ungulata Bermudez, 1960 <1%
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Chapter 3: Neritic-oceanic gradients in living planktic
foraminifera in the north-eastern Caribbean Sea:

mesoscale and microscale patchiness

r* \

V>^ N ^

Globo/otalia tiuncatulmoides

Abstract

Planktic foiammifeia fiom net tows taken along transects across the slope off

southwestern Pueito Rico weie analyzed to investigate the influence of liveime

feitdization and shelf water outflow on then assemblages The two sampling mteivals,

September - Octobei 1994 and March 1995, coveied the two oceanogiaphic seasons m

the area. In Septembei and Octobei, sea surface temperatuie was 28 6 ± 0 18°C and

salinity was low (34 5 ± 0 46 psu), because low salinity lenses onginating at the Onnoco

iivei outflow approach the Pueito Rican coast Then elevated nutiient content incieased

piimaiy pioductivity and the planktic foiaminifeial standing stocks fiom an aveiage of

1 26 specimens m
3

in Maich to 7 72 specimens m
'

in Septembei In spung, iivenne

influx into the northern Caribbean Sea was lowest and surface salinities lose to 35 4 +

0 17 psu SST vaned aiound 26 6 ± 0 13°C
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Outflow of water masses from the adjacent Puerto Rican shelf is evident from shallow

water benthic foraminifera that were frequently found in the plankton nets. The shelf

waters do not seem to influence the planktic foraminiferal fauna.

The composition of the planktic foraminiferal assemblages shows a strong seasonal

variation. The fall assemblages are dominated by Globigerinoides ruber, with G.

sacculifer, G. menardii, TV. dutertrei and G. glutinata as other major components. In

spring, G. calida, G. siphonifera, O. universa and G. truncatulinoides have their

maximum abundance.

The seasonal variations of planktic foraminiferal abundance are superimposed by

mesoscale patchiness probably related to eddies and meanders in Caribbean surface

water masses. Distinct microscale patchiness is expressed in significant changes in

population structure over about 1 km distance, suggesting actual seasonal population

sizes of a few hundred specimens for some species.

Introduction

Planktic foraminifera are a group of pelagic unicellular Zooplankton. They become rare

and disappear at ocean margins and are virtually absent on inner shelves (Brooks, 1973;

Gibson, 1989; Hemleben et al., 1989; Culver, 1993; Naidu, 1993). The neritic-oceanic

transition is, therefore, the most extended and most pronounced biogeographic boundary

for this group. The influence of neritic-oceanic gradients on planktic foraminifera was

analyzed in the northeastern Caribbean, off southwestern Puerto Rico. This region is

characterized by two types of seasonally variable neritic influences: riverine fertilization

that originates at the Orinoco river outflow, and outflow of water from the adjacent

shallow carbonate shelf. Local riverine outflow is negligible as southwestern Puerto Rico

has a semi-arid climate. No major rivers contribute to the shelf region, and freshwater is

usually held back in the mangrove vegetation at the coastline.

Although a lot of research has been done in the past decades on the ecology of planktic

foraminifera, the processes controlling their distribution at ocean margins are not well

known. The decreasing abundance of planktic foraminiferal tests in sediments from

ocean margins is used in paleodepth estimates, based on the ratio between the number of

planktic and benthic foraminifera in slope sediments. The lower the proportion of
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planktic foraminifera the shallower is the assumed water depth where the sediment was

deposited. Our study gives insight into the influence of shelf vicinity on the abundance

and composition of the living planktic foraminiferal fauna in slope waters off Puerto

Rico and the influx of shelf benthos to this environment.

Conditions at ocean margins resemble those at oceanic biogeographic margins, where

pelagic species live at the fringes of their écologie tolerances. They have to cope with

changes in water masses, higher variability of physical and chemical properties of

surface waters and with a different composition of the planktic fauna and flora than in

open ocean settings. These conditions seem to trigger an increase in patchiness and a

decline in species richness (Pflum et al., 1976; Emiliani, 1982).

During the rainy season in northern South America in summer, waters originating from

the Orinoco River spread across the Caribbean with surface currents (Froelich et al.,

1978; Moore and Todd, 1993). Input of freshwater by river outflow to the ocean seems to

lower the planktic foraminiferal production in the northern Bay of Bengal (salinity <30

psu, Guptha et al., 1997) and in the Congo River plume (salinity 32.6-35.7 psu, Ufkes et

al., 1998). The same seems to be true for green shelf waters, that tend to be more variable

in their physical and chemical properties and carry higher nutrient contents than open-

oceanic water (salinity 32.4-33 psu, Ortiz et al., 1995). In sediments, this is indicated by

decreasing numbers of planktic foraminifera and lowered diversity towards the shelf

(surface salinity 34.5-36 psu, Naidu, 1993).

Our study in the northeastern Caribbean suggests that freshwater input from the Orinoco

River during fall increases the productivity of planktic foraminifera, in contrast to the

Gulf of Bengal (Guptha et al., 1997) and the Congo (Zaire) River outflow (Ufkes et al.,

1998). The outflow of local shelf waters to the slope of Puerto Rico can be traced with

suspended benthic foraminifera in the plankton samples. These waters do not seem to

affect the planktic foraminiferal fauna.

Location

The Puerto Rico Slope Transect (PRIST) is located at the southwestern insular slope of

Puerto Rico at approximately 67°W and 18°N (fig. 1). The coast is characterized by a

narrow shelf (approximately 10 km wide). The shelf water depths rarely exceed 20 m.
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The shelfbreak exhibits a nearly vertical cliff that ranges from 20 m to about 200 m

depth.

The outermost sample of the Puerto Rico Slope Transect was taken in 1500 m water

depth about 7 km off the shelfbreak. In this area, the mixed layer varies seasonally

between 50-80 m depth and is underlain by highly saline (>36.5 psu) Subtropical

Underwater (Gordon. 1967; Morrison and Nowlin, 1982). Between 200 - 400 m the 18°C

Sargasso Sea Water is characterized by high oxygen contents that distinguish it from the

underlying Tropical Atlantic Central Water with lower oxygen contents (Morrison and

Nowlin, 1982). The Antarctic Intermediate Water (AAIW) with a salinity of <35 psu and

high nutrient contents ranges from 600 - 1000 m water depth (Gordon, 1967; Morrison

and Nowlin, 1982; Kumar et al., 1991). The North Atlantic Deep Water (NADW) fills up

the deep Caribbean Basin. The NADW is nutrient depleted and has higher salinities than

the overlying AAIW (Morrison and Nowlin, 1982).

Material and Methods

Plankton net samples (63 fim mesh size, 70 cm net ring diameter) were taken at 3-8 day

intervals in September and October, 1994, and March, 1995 (table 1). Four stations,

station I directly above the shelfbreak and stations II, III, and IV at distances of 1.3,3.1,

and 6.7 km from the shelfbreak were sampled repeatedly (table 2). Water depth at these

stations was 20-50 m, 500 m, 900 m, and 1300 m. The vertical plankton tows covered the

upper 120 m of the water column and reached well below the mixed layer. Temperature

and salinity were measured with a CTD (Seabird SBE 19 SEACAT PROFILER) right

before plankton sampling (figs. 2.3,4, and 5) in casts down to 150 m. Technical

problems prohibited CTD measurements on September 19 and 22. In March, 1995, we

also measured the chlorophyll a fluorescence with a Chelsea fluorometer attached to the

CTD.

Table 1 : Positions of plankton net stations at the Puerto Rico Slope Transect (PRIST) offshore from Fa

Parguera, southwestern Puerto Rico. Plankton was collected for 30 min. Irom drifting ship at station 1 and

by three consecutive tow s (0-120 m depth) at stations 1I-IV.

Distance from Water Depth
(m)
___

S00

900

1300

Station Longitude (°W) Latitude (°N)
Shelfbreak (kr

I 67°01.1 17°82 0 0

II 67°25.0 17°85.5 1,3

III 67°25.0 17°87 5 3.1

IV 67°30.0 17°88.5 6.7
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At the shelfbieak (20-50 m water depth), the plankton net was towed thiough the uppei

10 m of watei fiom the drifting ship foi 30 minutes At stations II, Til, and IV, the uppei

120 m ol water weie sampled by thiee consecutive vertical tows at a towing speed ol 0 2

m sec
1
The sampled watei volume was meastued with a Geneial Oceamcs totaling flow

metei mounted m the net opening
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Table 2: List of plankton net samples along the Puerto Rico Slope Transect (PRIST) and counted

individuals of planktic and benthic foraminifera. Positions of stations see table 3. Lunar day 0 corresponds
to full moon, 14 corresponds to new moon.

date station local time lunar da\
N planktic

foraminifera.

N benthic

foraminifera.

19.09.1994 II 9:25 0 300 19

19.09.1994 III 10:50 0 865 0

19.09.1994 IV 12:30 0 629 0

22.09.1994 III 9:45 3 269 9

22.09.1994 IV 8:30 3 442 4

26.09.1994 II 10:55 7 310 0

26.09.1994 III 10:00 7 275 0

26.09.1994 IV 9:00 7 558 1

29.09.1994 III 10:15 10 872 20

29.09.1994 IV 900 10 1455 7

29.09.1994 IV 9:50 10 727 0

11.10.1994 I 13:00 22 218 9

11.10.1994 II 11:50 22 329 29

11.10.1994 III 10:00 22 494 49

11.10.1994 IV 8:20 22 370 10

14.10.1994 III 10:20 25 277 15

14.10.1994 IV 8:30 25 446 14

20.10.1994 I 13:45 2 139 130

20.10.1994 III 10:45 2 170 47

20.10.1994 IV 8:45 2 343 127

24.10.1994 I 12:25 6 282 23

24.10.1994 II 11:30 6 341 19

24.10.1994 III 10:20 6 597 6

24.10.1994 IV 9:00 6 456 1

05.03.1995 11 10:45 IS 204 14

06.03.1995 III 11:00 19 210 7

06.03.1995 IV 9:15 19 200 1

09.03.1995 I 13:10 2"> 364 107

09.03.1995 II 12-05 22 437 238

09.03.1995 III 10:15 22 823 4

09.03.1995 IV 8:40 22 740 0

13.03.1995 I 12:15 26 290 16

13.03.1995 11 11:05 26 447 38

13.03.1995 IV 8:40 26 517 1

15.03.1995 IV 9:00 28 583 1

16.03.1995 I 12:00 0 67 137

16.03.1995 II 11:10 0 438 4

16.03.1995 111 10:10 0 591 3

16.03.1995 IV 8'45 0 490 1

21.03.1995 I 12:25 5 28 28

21.03.1995 11 11:10 5 422 60

21.03.1995 III 1000 5 262 9

21.03.1995 IV 8:40 5 612 2

24.03.1995 1 13:25 8 6-1 700

24.03.1995 11 12:15 8 402 34

24.03.1995 III 10:45 8 304 0

27.03.1995 I 12:40 1 1 25 446
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Table 2: List of plankton net samples along the Puerto Rico Slope Transect (PRIST) and counted

individuals of planktic and benthic foraminifera. Positions of stations see table 3. Lunar day 0 corresponds
to full moon, 14 corresponds to new moon.

date station local time lunar da\

27.03.1995 11 11:30 11

27.03.1995 in 10:15 11

27.03.1995 IV 8:45 11

31.03.1995 I 13:15 15

31.03.1995 II 12-05 15

31.03.1995 111 10-55 15

31.03.1995 IV 8:45 15

Samples were stored in hexamine-buffered formaldehyde, and freeze-dried before being

combusted for two hours in a low temperature asher (POLARON FT 7150 RF Plasma

Barrel Etcher) to remove the organic matter. Low temperature combustion removed all

organic matter visible under a binocular, such as carapaces of copepods, for example.

The correlation of the total dry weight of the freeze-dried samples with the weight losses

after 2 h of combustion (fig. 6 a) indicates that the amount of oxidizable organic matter

comprised a relatively stable proportion of the total plankton mass in the samples. In fall

1994, the organic matter comprised 56±13% of the total sampled material, while in

spring 1995, the proportion of organic matter was 48+16%. Neither the total dry weight

nor the weight loss after combustion is correlated to the chlorophyll a concentration

measured with the fluorometer during the March sampling (fig. 6 b). Picoplankton and

the amount of pigment per cell (McManus and Dawson. 1994) mostly control the

chlorophyll a concentration, while most of the plankton catch consisted of diatoms,

copepods, gastropod shells and foraminifera.

After combustion, the samples were dry-sieved through a 150 |Lim screen and all

foraminifera > 150 fim were counted. The fraction 63-150 \\m contained also many

planktic and benthic foraminifera (about 8 to 10 times the number>150 |im), but was not

evaluated in order to keep the results comparable with a sediment study carried out at the

same location (Chapter 2).

One replicate plankton net tow was taken on September 9. 1994 in order to test the

reproducibility of the data. The first tow contained 17.21 planktic foraminifera m"3

(N=1455). The replicate produced 17.74 planktic foraminifera nT3 (N=727). The

maximum difference in calculated standing stocks for the different species was 0.76

planktic foraminifera nT3 (G. ruber). This corresponds to a reproducibility of ±3%.

N planktic N benthic

foraminifera. foraminifera.

308 61

242 8

155 8

28 130

38 1

38 1

101 5
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Figure 6: a) Dry weight (>63

pm) of freeze-dried samples pi

m (Zooplankton mass) versus

weight loss after 2 h of

combustion per nr (oxidized

organic matter).

b) Total dry weight and weight
loss after 2 h of combustion of

the samples from March 1995

versus total Chlorophyll a in the

upper 120 m of the vvatcr

column.

1.5 2 2.5 3 3.5 4 4.5 5

Chl,ot a

In total 28 species and subspecies of planktic foraminifera were identified (see

appendix). The benthic foraminifera found in the plankton net samples were also

counted, and the most frequent taxa were determined at the species level.

Species identification within the genus Globigerinella proved difficult. The morphologic

habitus of G. calida resembles G. siphonifera Type II sensu Huber et al. (1997). We

based our taxonomic distinction of G. siphonifera and G. calida on chamber form,

chamber growth rate, incision of sutures, position of the aperture, tightness of coiling and

pore density. The chambers of G. calida are radially elongate and increase rapidly in

size. Chamber sutures are deeply incised. The aperture is situated in an extraumbilical

position, giving the test a more trochospiral than planispiral appearance. The spiral is

loosely coiled. Pores are less densly distributed over the chamber surface than in G.

siphonifera.

We did not distinguish between G. siphonifera Types I and II. which were discriminated

by Faber et al. (1988) on the basis of different types of endosymbiotic algae. Both types

are genetically separate species that are hardly distinguishable based on morphologic
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criteria (Huber et al., 1997). Globigerinella siphonifera is differentiated from G. calida

by radially compressed chambers that slowly increase in size. Sutures are only slightly

incised. The wall structure differs from that of G. calida by its higher density of pores

and by the more deeply depressed pore pits. The spiral of G. siphonifera is more tightly

coiled and the aperture has a marginal position.

We combined the globorotaliid species G. menardii and G. tumida. According to Bé and

Tolderiund (1971) their juvenile and thin-shelled forms that can be frequently found in

plankton tows cannot readily be differentiated.

Hydrography

During winter and spring, the northeastern Caribbean Sea exhibits oceanic conditions of

low productivity. Weak influence of Amazon outflow waters is detectable by the slightly

lower surface salinity compared to the southern Sargasso Sea and by the Radium isotope

signature of the surface waters (Moore and Todd, 1993). During summer and fall, the

Orinoco outflow water increases silicate, nitrate and chlorophyll a concentrations, while

surface salinity does not exceed values of 35 psu (Froelich et al., 1978). Coastal Zone

Color Scanner (CZCS) images available between November 1978 to December 1982

demonstrate higher phytoplankton standing stocks south of Puerto Rico during fall than

during the remaining part of the year (Mùller-Karger et al., 1989). New color scanner

images taken during the SeaWTFS program in 1998 and 1999 that are accessible via the

homepage of the Marine Sciences group of the University of Puerto Rico (http://

cacique.upr.clu.edu/-biol/images.html). also show highest pigment concentration south

of Puerto Rico during September and October and low concentrations during the rest of

the year. Monitoring of the Caribbean biogeochemistry was done by a multidisciplinary

research team at the Department of Marine Sciences of the University of Puerto Rico at a

monthly time series station (CaTS) at 17°38' N and 67°W. This study demonstrated the

correlation between lowered surface salinity and enhanced chlorophyll a content south of

Puerto Rico in recent years (accessible via the homepage of the Intra-Americas Sea

Initiative (lASlinks, Field Studies, Caribbean Biogeochemistry and Global Change) from

http://netdial.caribe.net/-quimocea/INDEXTITM).

Our CTD-measurements taken in conjunction with the plankton sampling (figs. 2, 3,4,

and 5 and table 3 a) agree with hydrographie patterns reported in the literature.
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Table 3 a: Average values with standard deviations and Coefficients of Variation of temperature, salinity
and chlorophyll a of mixed layer (at 10 m water depth) and below the thermoclinc (at 100 m water depth),

Depth of Thermocline (DoT) and average abundance of the most abundant planktic foraminiferal species
(specimens m ).

Sept. 1994 CV Sept. Oct. 1994 CV Oct. Mar. 1995 CV Mar.

avg.T10m (°C) 28.5±0.08 0 28.7+0.18 1 26.6+0.11 0

avg-Tioom (°C) 25.9±0.22 1 25.6+0.25 1 24.5±0.38 2

avg.S]0m(psu) 34.4+0.08 0 34.5+0 04 0 35.4+0.14 0

avg-S100m(Psu) 36.6±0.05 0 36.7+0.06 0 37.0+0.07 0

avg-ChlaiomCmgl"1) - - 0.07+0.03 45

avg.Chl^ooroOmrgl-1) - - 0.23+0.05 20

DoT (m) 65±4 6 57+6.5 11 71+9 13

planktic f. 7.72±5.8 76 1.36+0.9 63 1.26+1.5 117

benthic f. 0.08+0.1 168 0.17±0.2 123 0.34+0.8 255

G.ruber 5.67+4.5 80 0.99+0.7 78 0.38+0.6 168

G.sacculifer 0.91+0.7 80 0.17+0.1 68 0.07±0.11 160

G. menardii 0.41+J3.3 84 0.10+0.1 121 0.05+0.08 178

G. glutinata 0.16+0.1 92 0.02+0.02 127 0.01+0.02 139

N. dutertrei 0.22+0.2 80 0.02+0.02 91 0.03+0.05 142

G. calida 0.16+0.1 82 0.04+0.05 114 0.49±0.6 113

G. siphonifera 0.10+0.1 90 0.01+0.01 120 0.12+0.3 260

0. universa 0.09±0.05 74 0.02±0.01 80 0.07±0.l 175

H. pelagica 0.01+0.01 134 0.01 ±0.01 187 0.01+0.01 113

G. truncatulinoides 0.00+0.0 316 0.00+0.0 - 0.01+0.02 158

Table 3 b: Maximum, minimum, and average abundances of planktic foraminifera for September 1994.

October 1994, and March 1995. The Coefficient of Variance (CV) is (standard deviation x 100) / average.

N is the number of stations sampled during the various periods.
The column "total" gives combined values for both sampling periods.

Sept. 1994 Oct. J 994 Mar. 1995 Total

maximum 18.9 3.64 6.49 18.9

minimum 2.69 0.33 0.03 0 03

average
**y*\ 1.36 1.26 2.51

CV 76 63 117 148

N 10 13 30 53

Table 3 c: Maximum, minimum, and average abundances of benthic foraminifera for September 1994.

October 1994. and March 1995.

September October March Total

maximum 0.44 0.69 3.54 3.54

minimum 0 0 0 0

average 0.08 017 0.33 0.25

CV 168 123 255 267

N 10 13 30 53
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In fall 1994, the depth of the thermocline was 50 to 70 m with sea surface temperatures

of 28.6 + 0.18 °C (average value with standard deviation) and salinities between 33.0 and

35.1 psu (on average 34.5 + 0.46 psu, table 3 a). Salinity was generally lower in October

than in September.

In March 1995, the mixed layer reached down to 60 to 70 m depths. Sea surface

temperature was lower (26.6 + 0.13 °C) and average salinity was higher (35.4 + 0.17 psu,

table 3 a). The gradients at the seasonal thermocline were smoother in March 1995 than

in September/October 1994. Chlorophyll a contents measured in March, 1995, were

about 0.1 |ig/l above the pycnocline (upper 60 to 80 m) and rose to 0.3 (ig/l in the waters

below the pycnocline.

The structure of the water column indicates that several distinct water masses and their

boundaries were passing the study area during the time of sampling (figs. 2,3, and 4). On

September 29, 1994, a downward bending of isopycnals was followed by a strong

density gradient between 50 and 70 m water depth (fig. 4), which lasted until October 11.

Between October 13 and October 23, the pycnocline shallowed and weakened. At the

end of the fall study period, an increase in stratification occurred.

In early March, 1995, the pycnocline was about 60 m deep and exhibited strong vertical

gradients, especially at stations II and III (figs. 3 and 4). On March 9, a pronounced

deepening and strengthening of the isopycnals indicated the arrival of a new water mass,

most pronounced at the two outermost stations. At station II, the density gradient

strengthened at the same depth. Between March 19 and March 24, the isopycnals below

the thermocline shifted about 10 m upwards. During that time, the chlorophyll a

concentrations between 100 and 70 m water depth rose to 0.3 fig/1 at stations III and IV

and slightly lower values at the other stations. After March 25, the density gradient

became weaker.

A comparison of the shelfbreak station I and the stations farther offshore shows some

slight differences of the surface waters. In September and October 1994, the surface

waters at station 1 are slightly fresher and cooler than farther offshore. This might be

caused by rainfall over the island and shelf region. At the end of March 1995, the

shelfbreak waters were warmer than the offshore waters bv 0.5°C.
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Variability of planktic foraminiferal standing stocks

specimens m - specimens nJ i 'o 21

7 S 11 3 15 17 13 21 2j 25 2/

September October

21 2 4

TÄpriP

Figure 7: Test concentrations of the planktic foraminiferal assemblage (> 150 um) m fall of 1994 and

spring of 1995 versus time and distance from shelfbreak. The size of the circles is proportional to the

number ol specimens m" (scale at upper right side ol each graph). The lunar exele is indicated with

FM=full moon and NM=ne\\ moon

The standing stocks of planktic foraminifera show a pronounced patchiness

superimposed on a distinct seasonality (fig. 7). Abundances (size fraction >150 fim) were

highest during September 1994, and much lower in October 1994, and March 1995

(table 3). The abundance of planktic foraminifera varies strongly on spatial (i.e. km) and

temporal (i.e. a few day) scales. Coefficients of variation (CV=standard deviation x 100/

average) were 119 in fall 1994 and 117 in March 1995. Those values are comparable to

the CV of pigment distribution in the northern Caribbean derived from Coastal Zone

Color Scanner images integrated over five years from 1979 to 1983 (Müller-Karger et al.,

1989). The patchy distribution of planktic foraminifera is also illustrated by changes in

standing stocks by a factor of up to 5 between consecutive days of sampling. Standing

stocks at different stations on individual days of sampling differ on average by a factor of

3.

The amount of oxidizable organic matter can potentially be used as an index for

Zooplankton abundance, as most of that material consisted of carapaces of copepods.

Copepods and other Zooplankton are most abundant offshore Puerto Rico during fall

(Yoshioka et al., 1985). A comparison between the mass of ashed organic material and

the number of planktic foraminifera (fig. 8) indicates that the latter follow the overall

pattern of Zooplankton abundance.
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Figure 8: Total number of planktic foraminifera m"J

versus weight loss after 2 h of combustion m 3.

The amount of oxidizable matter is considered indicativ e

of Zooplankton abundance.
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Abundances of the important species are shown in figures 9-17. Average values and

coefficients of variantion of the measured physico-chemical parameters and of the most

important species are summarized in table 3. Globigerinoides ruber was the most

abundant species in September and October 1994. Globigerinella calida dominated most

assemblages in March 1995. Most other species follow either G. ruber or G. calida in

their abundance pattern as is evident from their correlation coefficients(table 4 a) with G.

ruber and G. calida. These regressions allow to distinguish between typical "fall

species" and "spring species". The "fall species" are most abundant during the higher

productivity regime in September, when surface salinity is low (around 34.5 psu) and

surface water temperatures are high (around 28.6 °C). The fall species have highest

abundances in September, and lower abundances in October and March. The most

important species of the fall assemblage are Globigerinoides ruber, Globigerinoides

sacculifer, Globorotalia menardii, Globigerinita glutinata and Neogloboquadrina

dutertrei. The white and pink forms of G. ruber are combined because they show very

similar distributions. Their test concentrations exhibit an r2=0.94, which is significant at

the 1% level (fig. 18).

The "spring species" were most abundant in Vlarch 1995, when higher salinities (around

35.4 psu) and lower temperatures (26.6°C) prevailed, and primary productivity was

likely low. In addition to Globigerinella calida, Globigerinella siphonifera, Hastigcrina

pelagica (not plotted), Globorotalia truncatulinoides, and Orbulina universel

characterized that spring assemblage.

We tested our data for correlations of planktic foraminiferal abundance with the lunar

cycle. None of the species shows significant correlations in abundance with the lunar
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cycle Bijma et al (1990a) and Eiez et al (1991) demonstiated that the abundance of G

sacculifer, G rube?. and G siphonifera leached minimum values in the Gulf of El at

shoitly aftei full moon Based on additional size measuiements, they suggested a lunai

icpioduction cycle foi G saccuhfet and a semi lunai leptoduction cycle foi G ruber

and G siphonifera Theiefoie we tested the abundance of G tube? and G siphonifera,

and G calida foi coiielation with seini-lunai phases, but none of them showed
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Figure 18: Test concentrations of G. ruber (pink variant)
versus G. ruber (white variant).

01 2345678

G. ruber (white) nr3

significant regression coefficients (table 4 b). This might be due to the investigated size-

fraction of > 150 p:m, which prevents juvenile individuals to be analyzed. Nevertheless,

G. calida reaches minimum values in the spring samples around new moon (fig. 14).

Therefore, a lunar reproductive cycle might apply to G. calida.

Table 4 a: Squared correlation coefficients (r) of abundant foraminiferal species vs. lunar day. Globiqer-
inoides ruber (fall species) and Globigerinella calida (spring species), and with temperature and salinity-
values in the mixed layer (at 2 m water depth) and below the thermocline (at 100 m water depth).
Significance is determined by the F-Test. N = 53, except for the columns T[oom anc* Sioom- where N=35.
*
= significant at 99% Confidence Level

lunar day G. ruber G. calida T2m T100m S2m S100m

total planktic f. 0.068 0.952 * 0.029 0.073 0.161 0.123 0.118

total benthic f. 0.001 0.000 0.041 0.011 0.009 0.021 0.006

G. ruber 0.065 1 0.000 0.138 0.248 * 0.201 * 0.201 *

G. calida 0.001 0.000 1 0.251 * 0.272 * 0.197* 0.312*

G. glutinata 0.075 0.879 *
0.001 0.071 0.139 0.123 0.107

G. sacculifer 0.054 0.892 * 0.000 0.132 0.242 * 0.195 * 0.205 *

N. dutertrei 0.108 0.680 * 0.015 0.039 0.118 0.071 0.075

G. menardii 0.057 0.513 * 0.003 0.078 0.119 0.145 * 0.132

0. universel 0.007 0.034 0.271 * 0.019 0.003 0.021 0.018

G. siphonifera 0.011 0.012 0.181 * 0.017 0.009 0.033 0.025

H. pelagica 0.010 0.016 0.205 * 0.037 0.111 0.075 0.109

G. truncatulinoides 0.001 0.040 0.279 * 0.154* 0.286 * 0.222 * 0.295 *

Table 4 b: Globigerinoides ruber. Globigerinella siphonifera and G. calida were also tested for

correlations with semi-lunar cycles. None of those three species was significantly, correlated. N-53

semi-lunar day

G. ruber Ô.007~~

G. siphonifera 0.011

G. calida 0.016
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Composition of the planktic foraminiferal assemblage

In fall, the foraminiferal assemblages had a homogeneous composition, with G. ruber

dominating all assemblages, except for station IV on Oct. 14, where G. menardii was the

most abundant species (fig. 19). Inspection of the raw counts revealed that on this day,

the abundance of G. ruber was relatively low. while G. menardii and TV. dutertrei showed

increased abundances, compared with their abundance in other samples.

During March 1995, the composition of the assemblages was more variable and changed

between consecutive days of sampling as well as between stations (fig. 19). On March

24, for example, G. ruber dominated the assemblage at the shelfbreak (station I), G.

calida was the most abundant species 1.3 km farther offshore (station II). At 3 km

distance from the shelfbreak (station III), G. siphonifera was the dominant species on

that day. These small-scale variations in the population structures support the idea of

small-scale patchiness in the planktic foraminifera.
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Benthic foraminifera in the plankton

Benthic foraminifera were frequently found in the plankton at the shelf edge station.

They indicate the export of water masses from the shelf to the slope (cf. Chapter 2). The

temperature or salinity does not readily characterize those water masses. They have very

similar physical properties as the oceanic surface waters (fig. 5 vs. figs. 2-4).

The remarkably high number of benthic foraminifera (fig. 20) in our plankton net tows,

with peak abundances at the two stations closest to the shelfbreak, allowed quantitative
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analyses. The distribution was very patchy (CV = 301), as benthic foraminifera were not

found at every station every day. Taxa, such as Amphistegina gibbosa, Rosalina

globularis and Cymbaloporetta bulloides indicate a shelf origin of those benthic

foraminifera in the plankton (Buzas et al.. 1977; Rtickert-Hilbig, 1983; Peebles et al.,

1997). The two latter species develop float chambers prior to reproduction and adopt a

planktic lifestyle at that time (Riickert-Hilbig, 1983).
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The highest abundance of benthic foraminifera (3.54 specimens m ) in the plankton

occurred at Station II on March 9 (fig. 20). The benthic assemblage consisted of 42%

endobenthic biserial and triserial calcareous perforate forms, mainly of the taxon

Angulogerina angulosa. Thirtythree percent were epibenthic to shallow endobenthic

trochospiral calcareous perforate forms (mainly Cibicidoides pseudoungerianus), and

12% were epibenthic Amphistegina gibbosa. Only 4% of the benthic foraminifera had

float chambers, and a few additional large (>500 Jim) biserial agglutinated forms

occurred (fig. 21). The sample also contained sand-sized sediment particles, such as

fragments of mollusc shells, bryozoan tests and echinoid spine fragments.

High concentrations of 2.03 and 2.97 benthic foraminifera m"1 in the plankton were

recorded on Mar. 24 and 27, respectively, at Station I (fig. 20). The most abundant

species were Rosalina globularis and Cymbaloporetta bulloides, both with float

chambers (fig. 21). Other occurrences of benthic foraminifera included mainly epiphytic

foraminifera, with 0.05 specimens m~? (fig. 21) at Station IV, on October 11. On that clay.

floating seagrass was observed at that station (fig. 22).

The distribution of test abundances of the various morphotypes (fig. 23) shows a few

high concentrations of different morphotypes on a few da>s. This indicates that the area
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of origin of the outflowing shelf waters and the processes that suspended benthic

foraminifera from their original habitat changed with time.

Close relationships between occurrences of benthic foraminifera in the surface waters

and abundance patterns of planktic foraminifera do not seem to exist (fig. 24), except at

the shelf edge station I, where high benthic abundances indicate shelf waters and

correspond to generally low planktic abundances. The highest concentrations of planktic

foraminifera were recorded at the outermost station, where benthic foraminiferal

abundance is generally low.

Benthic shallow water foraminifera were also found in sediment samples from the slope.

but they are relatively rare. Especially R. globularis and C. bulloides possess thin and

fragile tests that are partly resorbed during gamete release (Ruckert-Hilbig, 1983) and
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will rarely be preserved in sediment assemblages. Overall, the proportion of benthic

foraminifera exported from the shelf comprises <5% of the slope benthic foraminiferal

assemblage > 150 (im, with decreasing proportions towards the open ocean.
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Discussion and ecological interpretation

Seasonal variability of planktic foraminiferal species (standing stocks)

The encountered planktic foraminiferal fauna contains tropical and subtropical species

(Bé and Hamlin, 1967; Jones, 1968; Bé and Tolderiund, 1971). Seasonality appears to be

the dominant factor responsible for the observed taxonomic variability south of Puerto

Rico. Test concentrations of 0.1 to 17.7 individuals (>150 pirn) m° determined from our

plankton net tows are relatively low compared to other low-productivity regions of the

world's oceans. In the Sargasso Sea, Bé (1971) observed 0.5 to 11 planktic foraminifera

(>202 ptm) mf3 in the upper 300 m of the water column; Ufkes et al. (1998) described test

concentrations of 2 to 145 individuals (>150 pjn) m"3 in the eastern South Atlantic

during spring, and Watkins et al. (1996) found 25 to 145 specimens (>150 (im) m that

contained protoplasm in the upper 200 m in the tropical Pacific. In a study by Jones

(1968) standing stocks of 2.4 to 5.1 individuals (>200 (im) nT in the upper 300 m of the

water column were reported from the Caribbean Sea. An investigation of plankton net

tows from a location about 100 km south of the Puerto Rican coast yielded test

concentrations of 79 individuals (>150 jim) m° in the upper 100 m of the water column

(see Chapter 4). In summary, no study described yet minimum standing stocks that were

as low as the ones observed in the PRIST region. These low minimum concentrations

might be attributable to the vicinity of the study area to the shelfbreak.
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The fall assemblage

Globigerinoides ruber (fig. 9) is a spinose, symbiont bearing, epipelagic subtropical to

tropical species that occurs in two varieties: a pink form, that is more abundant in

tropical waters of the Atlantic Ocean and its marginal seas and a white form that is

frequent in tropical-subtropical waters of all oceans (Bé and Hamlin, 1967; Bé, 1971; Bé

and Tolderiund, 1971). In laboratory cultures, Globigerinoides ruber exhibits a broad

tolerance to salinity variations. It has been shown to dominate the low-salinity lenses in

the southeastern Caribbean Sea (Bijma et al., 1990b) and the low-salinity surface waters

of the Congo (Zaire) river plume (Ufkes et al., 1998). These observations are in

agreement with the dominance of G. ruber in our September and October assemblages,

when low salinity lenses with temperatures of about 28.5 °C approach the Puerto Rican

coast. The main food source of G. ruber are calanoid copepods (Hemleben et al., 1989),

which are most abundant from August to November in the studied region (Yoshioka et

al., 1985).

Globigerinoides sacculifer (fig. 10) is a tropical, symbiont-bearing epipelagic species. It

feeds mostly on calanoid copepods (Hemleben et al., 1989) and its temperature and

salinity tolerance is comparable to that of G. ruber (Bijma et al., 1990b). Bé and

Tolderiund (1971) have suggested that G. sacculifer is not well adapted to regions with

large seasonal salinity changes. This factor may account for the relatively low standing

stocks of G. sacculifer in the northeastern Caribbean, compared to the high standing

stocks of G. ruber.

Globorotalia menardii (fig. 11) is non-spinose and seems to be omnivorous, with a

preference for phytoplankton prey. Hemleben et al. ( 1989) suggested that (7. menardii

hosts facultatively symbionts. Thunell and Reynolds (1984) found it associated with a

shallow thermocline and times of high primary productivit).

The change in the dominance on Oct. 14 between G. ruber and G. menardii (fig. 19) does

not correlate with changes in temperature or salinity. The increase of G. menardii might

be due to higher phytoplankton standing stocks that are not readily exploitable by G.

ruber, as the latter prefers Zooplankton prey.
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Globigerinita glutinata (fig. 12) is a microperforate, non-spinose species that feeds

mainly on diatoms and chrysophytes and may contain facultatively small yellow-green

algae as symbionts (Hemleben et al., 1989). Thunell and Reynolds (1984) found this

species related to a deep surface mixed layer and high primary productivity in the

Panama Basin. Its maximum abundance in September samples off Puerto Rico might be

associated with the arrival of the relatively nutrient and phytoplankton rich low salinity

water.

Neogloboquadrina dutertrei (fig. 13) is a non-spinose, herbivorous species that hosts

facultatively algal symbionts (Hemleben et al.. 1989). It tolerates salinities between 25

and 46 psu and temperatures of 13 to 33°C under laboratory condiditions. It was

described as a thermocline dweller associated with the deep chlorophyll maximum

(Fairbanks et al., 1982). The relatively high test concentrations in March, 1995,

compared to October, 1994, may be due to the existence of a well defined deep

chlorophyll maximum in spring (figs. 3 and 4).

The spring assemblage

Globigerinella calida (fig. 14) is spinose and bears symbionts. The species thrives under

tropical and subtropical conditions with broad temperature and salinity tolerances

(Parker, 1962; Hilbrecht. 1996). Ortiz et al. (1995) described it from the California

Current to calcify in the lower mixed layer and upper thermocline, inferred from its

oxygen and carbon isotopic composition. In the Panama Basin, Bé et al. (1985) found it

predominantly between 50 and 200 m water depth. No information about feeding

preferences or temperature and salinity ranges is available.

Globigerinella siphonifera (fig. 15) is a spinose, symbiont bearing, surface dwelling

species. It is more common in subtropical than in tropical environments (Bé and Hamlin,

1967), but is frequent in the southern Sargasso Sea and the northern Caribbean (Bé,

1971; Faber et al., 1988). It seems to feed mainly on copepods (Hemleben et al., 1989).

In laboratory cultures, G. siphonifera exhibits a lower optimum temperature (20.5°C)

and a narrower salinity tolerance than G. ruber, especially at the lower end of the

spectrum (Bijma et al., 1990b). The different salinity tolerance and the lower optimum

temperature may explain, why G. siphonifera and G. ruber have their maximum

occurrence at different times of the year although many similarities exist in their
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preferences. As an exception, at station III on Mar. 25, G. siphonifera was more abundant

than the related species G. calida. At that time, the chlorophyll a concentration was

relatively high (0.2 jig 1) between 30 and 70 m depth. This may relate to a

pseudobenthic habitat on marine snow as suggested by Hilbrecht and Thierstein (1996).

Globorotalia truncatulinoides (fig. 16) occurs only in the spring samples. It is considered

a thermocline or sub-thermocline dweller (Mulitza et al., 1997). Its seasonal abundance

is in agreement with observations of Denser and Ross (1989) in the Sargasso Sea

(Bermuda time series station), where G. truncatulinoides shows minimum fluxes

between June and November and maximum fluxes between December and January,

slowly decreasing until May. Jones ( 1968) reported G. truncatulinoides from the Strait of

Florida during a cruise in May 1962, but as absent in the western Caribbean and the Gulf

of Mexico. Globorotalia truncatulinoides is an asymbiotic non-spinose foraminifer and

usually grazes on phytoplankton. The increasing abundances of G. truncatulinoides on

Mar. 21, 1995, could be related to the shallower location of the SUW and the

synchronous increase of the chlorophyll a content in those waters. G. truncatulinoides

seems to be linked to the SUW (Chapter 4).

Orbulina universa (fig. 17) is a widely distributed species that occurs from tropical to

subpolar regions. It is spinose, symbiotic and mainly feeds on Zooplankton (Hemleben et

al., 1989). Its salinity tolerance (23-46 psu) is almost as broad as that of G. ruber (Bijma

et al., 1990b). Vargas et al. (1999) suggest clear relations of the abundance of the three

described genotypes of O. universa with chlorophyll a concentrations. While the

Caribbean genotype seems to be better adapted to oligotrophic conditions with very low

chlorophyll concentrations, the Sargasso type seems to prefer mesotrophic conditions

with intermediate levels of chlorophyll (Vargas et al., 1999). Comparison of the pore

distribution of the genotypes of (Vargas et al., 1999) and the morphotypes encountered

south off Puerto Rico suggests that most Puerto Rican O. universa belong to the

oligotrophic Caribbean type. The higher abundance of O. universa in March off Puerto

Rico is probably related to the more oligotrophic conditions, and its known optimum

temperature of 21.5°C (Bijma et al., 1990b), that is met more closely in spring than in

fall.
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Temperature, salinity and phytoplankton standing stock

The salinity and temperature variation in our PRIST data are comparable to other studies

south of Puerto Rico (Froelich et al., 1978; Yoshioka et al., 1985). Froelich et al. (1978)

also showed consistently higher silica contents (as an indicator for nutrients) of the

surface water during fall, when salinity was lower than 35.5 psu. Chlorophyll a

measurements at our stations are only available for March 1995. Therefore, primary

productivity had to be inferred from other studies (Müller-Karger et al., 1989), data from

the Marine Sciences Department of the University of Puerto Rico at the Caribbean Time

series (CaTS) station, and SeaWIFS data, (1998 and 1999). Our qualitative observations

of water color and turbidity and quantitative Zooplankton abundances suggest that

primary productivity and nutrient contents of the surface waters followed the usual

seasonal pattern as discussed above.

The temperature and salinity variability during the sampling periods was very low and

the most abundant species live in or near the range of their optimum temperature and

salinity conditions (cf. Bijma et al., 1990; Hilbrecht, 1996). Therefore, this small

variability in temperature and salinity can not explain the changes in the composition of

the planktic foraminiferal fauna. In March, during the change of dominance of G. ruber

to G. calida in the assemblages (fig. 19), temperature and salinity were very stable.

Food availability seems a more likely controlling factor. For the symbiont-bearing

species, the depth penetration of photosynthetically available radiation (PAR) can also be

important (Ortiz et al., 1995). The depth of PAR depends mostly on the seasonal

variation in the elevation of the sun and on water turbidity. Published data indicate

significantly higher water transmissivity in the study area in March than in September

and October (data accessible via the homepage of the Rosenstiel School of Marine and

Atmospheric Science: Caribbean SSTs and Wind, http://www.rsmas.miami.edu/-geoff/

carib.html). The most abundant foraminiferal species in the study area are symbiotic.

One, therefore, could expect lower standing stocks during times of low light penetration

or in tubid water masses. This is only true for the symbiotic spring species G. siphonifera

(hosting chrysophycophytes) and O. universa (hosting dinoflagellate symbionts), but not

for the fall species G. ruber and G. sacculifer (both host dinoflagellates as symbionts).

Moreover, during the rainy season in the northern Caribbean in summer and fall. Puerto
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Rico and the adjacent coastal area are often covered by rain clouds, that might also

reduced the photosynthetically available light in the upper water layer.

Food availability is controlled by primary production and depends on the nutrient content

of the water, and on secondary productivity of other Zooplankton. Both are highest in fall

(Yoshioka et al., 1985), when highest test concentrations of planktic foraminifera

(especially G. ruber) were observed. This is also indicated by the correlation of the

planktic foraminiferal abundance with organic matter content of our samples (fig. 8).

Most preferred food sources of spinose foraminifera, such as copepods, are included in

the ashed organic material.

Mesoscale patchiness of planktic foraminifera

The underlying reasons for patchiness in the planktic foraminiferal standing stocks south

of Puerto Rico are not readily detectable from the temperature, salinity and density data.

None of these parameters are correlated with the standing stocks. It seems likely that

changes in standing stock and composition of the foraminiferal assemblages are due to

changes in food availability. The temperature and salinity variation did not exceed the

known optimum conditions for the prevailing species. Another possible cause for

patchiness is prédation by larger organisms. Yet, the effect of prédation on planktic

foraminifera is not known.

The short-term temporal variations in foraminiferal test concentrations correspond to

spatial variation within the flow of the surface waters south of Puerto Rico, which travel

westward at a speed of 18-35 km day"1 (Gordon, 1967). Therefore, the foraminiferal

faunas floating with these water masses travel 54 to 105 km in three days. The temporal

variation in our time series thus suggests mesoscale patchiness of about 50 km to a few

hundred kilometers in planktic foraminiferal abundances.

Currently, the spatial scale of planktic foraminiferal patchiness is unknown. However, it

is reasonable to assume that their patch size is similar to that of the phytoplankton they

feed on. The patchiness of phytoplankton and Zooplankton in the open ocean is likely

linked to changes in the physical environment and mesoscale features such as eddies

(Abraham, 1998). In the Caribbean, eddies in the size-range of 100 to 500 km were

observed with the help of drifting buoys (Kinder et al.. 1985) and satellite imagery
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(Müller-Karger et al., 1989). This size-range approximates that of the foraminiferal

patches evident from our observations on different days of sampling.

Microscale patchiness of planktic foraminifera

Microscale patchiness is, for example, obvious from the changes in dominance on

March, 24 (fig. 19) and from the small-scale variation in abundance of foraminifera

between stations in the transect.

Compared to the mesoscale spatial magnitudes, the distance of 6.7 km covered by our

transect seems almost negligible. During the four hours that were needed to sample all

four stations, the surface waters may have travelled up to 6 km, i.e. about the distance

covered by the transect. Because planktic foraminiferal variability was not significantly

correlated with distance from the shelfbreak, we argue for random microscale patchiness

in the bypassing water masses on spatial scales of 1 to 6 km.

Two different processes can account for the formation of microscale patterns in the

vicinity of islands: (1) island effects that result in local shallowing of the nitracline and

enhancement of productivity (Corredor et al., 1984), and (2) turbulences induced by

interactions of the currents with the bottom topography of the slope (Pietrafesa, 1983).

The latter process can result in eddies that potentially cut off parts of a planktic

population. Because of the relatively small number of foraminifera in such isolates, they

may act as founder populations in the evolution of new species (Emiliani, 1982).

For example, on March, 27 we observed an average standing stock of 0.661 planktic

foraminifera m > 150 (im over 0.12 km depth and a patch size of I km radius in our

transect. The resulting number of planktic foraminifera in this patch would be about

250,000 specimens. Rare species, such as G. menardii, (average standing stock of 0.0023

specimens nf3 on that day) contribute less than 1000 individuals to that population. This

number is small enough to meet criteria for small population size. The abundance needs

to be multiplied with the average number of KV gametes released by individual planktic

foraminifera during reproduction. Great losses of gametes and juveniles are necessary to

explain the low abundances of nearly all species. In rare and common species the

reproduction of 10-100 parental individuals is likely to sustain the observed standing

stocks. This number matches well with our data that suasests less than 1000 adult
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individuals of G. menardii, if we assume that approximately 1-10% of the adult

individuals reproduce successfully and are thus genetically active. Genetic drift,

however, requires stability of those patches over a number of generation times. Such

stability appears likely from our data since patches with substantially different

population structures (dominance of different species) are frequent offshore from Puerto

Rico at least during spring (Fig. 19). Genetic drift in small isolated populations might be

a possible mechanism of speciation in planktic foraminifera, as suggested by existing

models of evolution. Future research on the stability of small-scale patchiness in planktic

foraminifera will, therefore, not only address ecological questions.

Lunar cyclicity

Some planktic foraminifera were described to reproduce in time intervals tied to the

lunar cycle (e.g. Bijma et al., 1990a; Schiebel et al., 1997). Globigerinoides ruber seems

to follow a semi-lunar cycle, i.e. to reproduce approximately every two weeks (Bijma et

al., 1990a). Thus, an increase in abundance of larger tests during maturation of the

population and the occurrence of numerous small, juvenile specimens of the next

generation a few days after reproduction would be expected. The abundance of G, calida

in spring reaches minimum values around new moon and suggests a lunar control of its

reproduction cycle, although the evidence based on abundance data is relatively weak.

Up to now, no study of the reproduction of G. calida has been published, and therefore

we can not compare this result to other investigations.

Abundance variability of the other planktic foraminiferal species with the lunar cycle is

not evident in our data (table 4). Our data suggests that reproduction cycles might be

controlled by individual or local conditions and are possibly decoupled between different

populations. It might also be that the effects of lunar reproduction are covered by the

impact of local conditions (Schiebel et al., 1995; Ufkes et al., 1998).

Benthic foraminifera and shelf water export

When no storms occur, tidal currents mostly drive the exchange of water between shelf

and slope. Such a water exchange is clearly indicated by the occurrence of benthic shelf

foraminifera in our plankton net samples.
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These benthic shelf foraminifera belong to different morphotypes that can be assigned to

different habitats (fig. 25). Rosalina globularis and Cymbaloporetta bulloides develop a

planktic lifestyle during their ontogeny (Rtickert-Hilbig, 1983) and are therefore likely to

be found floating in the waters near their shelf habitat Other taxa, e.g. Amphistegina

gibbosa aie epibenthic organisms (Peebles et al.. 1997) Elongated tnserial foiaminifera

with apertural necks, e.g. Angulogerina. live endobenthic in the sediment (cf Coiliss,

1991 ) The endobenthic and epibenthic taxa found together with other sediment particles

in our plankton nets indicate physical sediment suspension on the shelf and transport to

the slope waters.

Figure 25. Habitat and tianspoit model ol the diffeient benthic ioiaminifcial moiphogioups See

discussion in the te\t

Epiphytic foraminifera aie probably biought into suspension together with the seagrass

they aie attached to. While floating along the water surface, the seagiass degiades and

releases the epiphytic fauna to the water column

The benthic foraminifera indicate exchange between shelf and slope waters, but no

correlation between water mass propeities and abundance of benthic foraminifera could

be established. Brunner and Bisca_\e ( 199"7) suggested that fluxes of benthic shelf

foraminifera to the slope of the Mid Altantic Bight aie tnggered by stoim events
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However, no storms occurred in the PRIST area during the sampling period in March,

1995, when benthic foraminifera were most abundant in the plankton net tows. Intensive

surf might be an alternative suspension and transport process for benthic shelf

foraminifera to the slope off southwestern Puerto Rico. The planktic foraminiferal fauna

does not seem to react to the delivery of benthic foraminifera and sediment to the slope

waters.

Comparison of living assemblages with sediment assemblages

The sediment assemblages of planktic foraminifera on the southwestern slope of Puerto

Rico are dominated by G. ruber, with G. sacculifer, G. glutinata, N. dutertrei, G.

siphonifera, G. menardii, and O. universa as other major components (figure 26, Chapter

2). This composition appears to be mostly influenced by the fall assemblage in the

plankton nets (figure 26). As the standing stocks of the fall species arc highest in

September/October, it appears logical that this assemblage contributes the largest part to

the sediment assemblage. Globigerinella calida and H.pelagica that reach relatively

high abundances in the spring plankton nets are very rare in the sediment assemblages.

This might be due to their thin and fragile tests that are rarely preserved.

Sediment Samples Fail 1994 Spring 1995

Liü

others

G glutinata

G truncatulinoides

G menardii

G universa

G dutertrei

G calida

G siphonifera

G sacculifer

G rubel (pink)

G ruber (white)

in CO (N CO o CO o CO r- K o

o o T~ T" CO CO

C\l
O T" co CD o CO CD

Distance from Shelfbreak (km)

Figure 26- Average relative frequencies of some selected planktic foraminifeial species from sediment

(left) and plankton tows (right) N = numbei of aveiaged samples
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In the plankton nets, G. ruber reaches highest relative frequencies at the shelfbreak

station. As was shown in Chapter 2 (page 19). G. ruber also reached highest proportions

(67%) in the sediment sample closest to the shelfedge. Bé and Tolderiund (1971)

suggested that especially the pink variety of G. ruber shows a close affinity to land

masses. Our data suggests that both, the pink and the white variety, are associated to land

vicinity in the Caribbean Sea. The broad tolerance range of G. ruber against salinity and

temperature and light availability compared to other species (Bé and Tolderiund, 1971 ;

Bijma et al., 1990b; Bjima et al., 1992) might explain this success in neritically

influenced waters (cf. Chapter 4, p.107).

Conclusions

Neritic-oceanic gradients influence the planktic foraminiferal fauna offshore Puerto

Rico. The most pronounced signal is related to the seasonal influence of nutrient-rich

outflow waters from the Orinoco River in fall. In response to the increased food supply,

planktic foraminifera increased their test numbers. The assemblages were dominated by

G. ruber. Other characteristic species were G. sacculifer, G. menardii, N. dutertrei and

G. glutinata.

In spring, the conditions off southern Puerto Rico resemble the oligotrophic subtropical

conditions in the central Caribbean or the southern Sargasso Sea. Literature data suggests

that the overall productivity is lower during spring than during fall and planktic

foraminifera were less abundant and more variable during the sampling period in March

1995. The most abundant species in the spring samples was G. calida, but G. ruber and

G. siphonifera also dominated some assemblages. Other typical spring species were O.

universa and G. truncatulinoides.

Patchiness in the abundance of planktic foraminifera is not correlated with salinity and/or

temperature variations in the study area. More likely it reflects mesoscale hydrographie

features that give rise to a patchy distribution of food organisms. Variation in abundance

and composition of the planktic foraminiferal assemblage over distances of 1-6 km are

evidence for significant microscale patchiness in planktic foraminifera. Small-scale

océanographie features that isolate populations of planktic foraminifera might induce

this microscale patchiness. Some of these patches contain only a thousand adult
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specimens of some species. Our data suggests that small isolated populations exist,

which are a prerequisite for speciation by genetic drift.

Benthic foraminifera found in the plankton can be used as indicators of outflowing water

masses from different areas of the shelf. No correlation between benthic and planktic

foraminiferal abundance could be established. Nevertheless, a comparison with other

datasets indicates that the total standing stocks of planktic foraminifera are lower in the

PRIST area than in more oceanic locations. Additionally, the high relative abundance of

G. ruber in shelf vicinity suggests an ecological differentiation between the shelfbreak

and slope areas.
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Appendix

List of planktic foraminiferal species. The taxonomy follows Hemleben et al. (1989).
The last column gives the maximum abundance of the species in the samples (in

specimens trf).

Species Synony m
Max.

Abundance

Globigerinoides ruber (d'Orbignv) 1893 14.131

Globigerinoides sacculifer (B radv ) 1877 Globigerinoides trilobus (Reuss) 2.316

Globigerinella calida (Parker) 1962 1.762

Globigerinella siphonifera (d'Orbignv) 1839 Globigerinella aequilate ralis (Bradv) 1.545

Globorotalia menardii (d'Orbignv) 1865 Globorotalia cultrata (d'Orbignv) 1.224'"

Neogloboquadrina dutertrei (d'Orbignv) 1839 Globigerina eggeri. Rhumbler 0.699

Orbulina universa d'Orbignv 1839 0.631

Globigerinita glutinata (Egger) 1895 0.437

Globorotalia truncatulinoides (d'Orbignv) 1839 0.090

Globigerina bulloides d'Orbignv 1826 0.059

Hastigerinapelagica (d'Orbignv) 1839 0.050

Globigerinoides conglobatas (Bradv) 1879 0.044

Globoturborotalita rubescens Hofkcr 1956 0.024

Pulleniatina obliqiiiloculata (Parker & Jones) 1865 0.013

Globorotalia hirsuta (d'Orbignv) 1839 0.008

Neogloboquadrina pachvdenna (Ehrenberg) 1861 0.006

Globigerina falconensis Blow 1959 0.006

* This number comprises the species Globorotalia menardii together with G. titmida (see
text, p. 11)
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Chapter 4: Planktic foraminifera along the Caribbean

island arc

Tin boiotalila qiiinqueloba

Abstract

Living planktic foraminifers were sampled during RV "Meteoi" cruise 35/1, in April and

May 1996 along the Lesser Antilles and the Greater Antilles. The hydrography was

recorded by CTD with an attached flourometer. Chlorophyll a concentrations were

generally low and reflect the oligotrophic character of the Caribbean Sea. Highest

standing stocks of planktic forammifeis of 182 specimens m
'
were recorded south of

Puerto Rico, in the upper 20 m of the water column. In the Mona Passage and south of

Jamaica, standing stocks were about half those off Puerto Rico. The lowest foraminiferal

densities were observed off Santa Lucia (4 specimens m ^ and in the noithein Anegada

Passage (18 specimens m ). Globigerinoides ruber was the dominant species in the

surface waters throughout the stud> aiea. A second planktic foiammiferal maximum was

formed by G. truncatulinoides and G crassaformis between 100-500 m watei depth.

Below 500 m depth, numbers of live specimens were low. High standing stocks are

suspected to result from favorable écologie conditions and not fiom îecent îepioduction,

because high concentrations of the most fiequent species, G ruber (white) are formed by
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adult specimens. A fresh water lens of about 10 m thickness observed off Santa Lucia

contained few planktic foraminifera (i.e. 4 specimens m ). At greater water depths (i.e.

>20 m), however, the standing stocks increased by a factor of six.

The underlying sediments have a planktic foraminiferal assemblage similar to that found

in the plankton nets. A comparison of the sediment assemblages with data from the

PRIST area and from the CLIMAP study suggests that the proportion of G. ruber in

sediments increases with decreasing water depth. Further investigation is needed in order

to evaluate if this signal is caused by dissolution of G. ruber in greater water depths or by

an adaption of this species to green shelf waters.

Introduction

Planktic foraminifers are unicellular open marine organisms that have often been used as

water mass indicators in recent and ancient sediments of the Atlantic and Caribbean (e.g.

Jones, 1967;Thiede, 1972; Rögl and Bolli, 1973; Oberhänsli etal., 1992; Giraudeau,

1993). The overall goal of the presented study is to investigate the horizontal and vertical

distribution of living planktic foraminifers and their relation to environmental parameters

in the Caribbean Sea.

The standing stock of planktic foraminifera observed at a specific time and locality in the

ocean is the product of a complex interaction between biological (e.g. productivity,

prédation, food supply) and physico-chemical factors (e.g. temperature, salinity,

nutrients, currents, turbidity) (Bé, 1977). Every species is adapted to a certain range of

these factors. The variability of these parameters in time and space results in patchiness,

seasonal and areal distribution, and annual and long-term variations of planktic

foraminiferal assemblages and standing stocks.

Only few studies of living planktic foraminifers have been carried out in the Caribbean

Sea so far. Jones (1968) investigated the relationship between planktic foraminiferal

populations and water masses in the western Caribbean and the Gulf of Mexico, but did

not consider the eastern Caribbean Sea. Another study by Miro ( 1971 ) is based on

samples from the continental margin of Venezuela that is influenced by seasonal

upwelling and therefore is not directly comparable to the southeastern Caribbean

hydrographie setting investigated here. Bé (1971) investigated the Sargasso Sea and
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northern Caribbean for the distribution of live planktic foraminifers during January and

February. His southernmost station was located close to Saint Croix island. We describe

the foraminiferal composition and ecology of the eastern Caribbean from samples taken

in April and May 1996 (R/V Meteor cruise 35/1 ) between the Tobago Basin and Puerto

Rico, with a single western station at the Pedro Bank south of Jamaica (Fig. 1).
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Figure l : Locations of the multinel stations in the Caribbean Sea. The Windward passage is abbreviated as

WP.

To provide information for paleoceanographic and paleoecological interpretation we

compared the living planktic foraminifera with dead assemblages and sediment

assemblages from the study area. A combination of the dataset from this thesis with the

Brown University Foraminiferal Dataset (BFD) allowed us to compare the eastern with

the western Caribbean sediment assemblages (Fig. 2). This dataset is downloadable from

the internet at ftp://ftp.ngdc.noaa.gov/paleo/paleocean/brown_foram/. The results of this

comparison suggest that one species. Globigerinoides ruber, reaches higher relative

frequencies in the vicinity of islands than in the open ocean. Further investigation of

additional data is needed to evaluate this interpretation.

Hydrography

The Caribbean Sea is a marginal basin of the Atlantic Ocean separated from the Atlantic

by the Lesser and Greater Antilles island arc. Most surface waters of the eastern

Caribbean Sea originate from the tropical and subtropical Atlantic. Surface waters enter

the Caribbean through several passages between the islands of Grenada, Saint Vincent,

Santa Lucia, Martinique, Dominica, Guadeloupe, the Virgin Islands (Anegada and
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circles), the PRIST area (open square), and the sediment assemblage dalapomts of the Brown University
Foraminiferal Dataset (filled squares, see text).

Jungfern Passage), Mona, Hispaniola and Cuba. The Anegada and Jungfern Passages

also allow for renewal of deep waters, as their sill depth is below 1800 m water depth

(Kinder et al., 1985). The largest volume of water is transported into the western

Caribbean through the Windward Passage located between Cuba and Hispaniola (Kinder

et al., 1985). Outflow from the Caribbean takes place through the Strait of Yucatan into

the Gulf of Mexico (Kinder et al.. 1985). The hydrography exhibits a pronounced

seasonality. From January until July, surface waters from the tropical Atlantic are mixed

with fresh water from the Amazon River and are transported into the Caribbean from the

southeast through the passages in the Lesser Antilles (Moore and Todd, 1993). Between

August and December, low salinity lenses, which originate from the Orinoco River

outflow (Müller-Karger et al., 1989; Moore and Todd, 1993). are frequently observed in

Caribbean surface waters (Froehlich et al.. 1978). Due to this influx of relatively fresh

water from the Amazon and Orinoco rivers, the salinity of eastern Caribbean surface

waters is lower than that of tropical Atlantic surface waters, although the evaporation

generally exceeds precipitation in the Caribbean (Yoo and Caron, 1990).

In the northeastern Caribbean, the Subtropical Underwater (SUW) with a salinity of

37.0-37.8 psu is recorded between 100-300 m. The source region of the SUW is the

Sargasso Sea (Wüst, 1964). In the southeastern Caribbean, the Sub-Antarctic

Intermediate Water (SAA1W. 35.2-37.0 psu) occurs below 300 m. The Antarctic

Intermediate Water (AAIW) with a salinity of <35 psu and high nutrient contents ranges
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from 600 to 1000 m water depth (Gordon, 1967; Morrison and Nowlin, 1982; Kumar et

al., 1991 ). Below the AAIW, the North Atlantic Deep Water (NADW) fills up the

Caribbean Basin. The NADW is nutrient depleted and has a higher salinity than the

overlying AAIW (Morrison and Nowlin, 1982).

Material and Methods

Planktic foraminifers were sampled with a multiple opening-closing plankton nets (0.5

m x 0.5 m mouth opening, 100 /an mesh size) between the surface and 2500 m water

depth (Table 1). The upper 100 m were sampled in 20 m depth intervals. Below, the

intervals ranged between 100, 200, 300.500,700. 1000, 1500, 2000, and 2500 m water

depth. The sampled water volume was calculated by multiplying the area of the mouth

opening (=0.25 irr) with the sampled depth interval (e.g. 20 in). Samples were fixed on

board in a 4% formaldehyde solution buffered with hexamethylenetetramine at pH 8.2.

In the laboratory, planktic foraminiferal tests were picked, dried, sieved into size classes

of >100, 125, 150, 200, 250, 315. and >315 pm, and counted at species level. A total of

32 species were identified (see Appendix I, this chapter). Globorotalia tumida is included

in G. menardii, as juvenile and thin-shelled forms cannot readily be differentiated (Bé

and Tolderiund, 1971).

Table 1: Times and Locations of the multinct casts and sampled water depth interval. Prefix of all station

numbers is M350.

water depth to
„ .

Latitude Lonsitudc
,,„,.. ~ , , ,

n ,
.

Station
"

MSN Depth (m)
seafloor (m) (°N) ( W)

Date
, rv^y-N

Location
1996)

4/19 Tobago Basin

4/21 W of S.Lucia

4/21 W of Dominica

4/22 W of Guadeloupe

4/23 Anegada Passage

4/24 Anegada Passage

4/25 Ane«ada Passaac

1295 3

1298

2889 4

2887

2890

2301 5

894 6

889

3249 7

3248

3334 9

3358

3326

1289 11

1289

12°05.341" 61°14.644'

12°05.336" 61° 14.690'

14°24.658' 6T37.694'

14°24.728" 6T37.747'

14°24.712" 6I°37.898"

15°27.234" 62° 13.926'

16°25 065" 62°27.194'

16°25.038' 62°27.214"

17°27.977" 64° 13.879"

17°28.012" 6-1° 13.927'

I8°57 002" 63°43.892'

18°57 037" 63°43 982"

I8°57 117" 63°43.916'

I8°49 495" 63°58 942'

18°48 677" 63°59.543'

1043 0-100

1044 i 00-700

1045 0-100

1046 100-700

1047 700-2500

1048 0-100

1049 0-100

1050 J 00-700

1051 0-100

1052 100-700

1053 0-100

1054 100-700

1055 700-2500

1056 0-100

1057 100-700
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Tabic 1: Times and Locations of the multinet casts and sampled water depth interval. Prefix of all station

numbers is M350.

Date

(1996)
Location

water depth to

seafloor (m)
Station

Latitude

(°N)

Longitude
(°W)

MSN Depth (m)

4/26 Anegada Passage 1123 12 18° 18.052' 63°38.014" 1058 0-100

1123 18° 18.049' 63°38.04l" 1059 100-700

4/27 Anegada Passage 1550 16 18°03.132" 63°38.493' 1060 0-100

1550 18°03.177' 63°38.52l" 1061 100-700

4/29 NW of St. Croix 4463 17 17°55 055" 65°02.129" 1062 0-100

-1465 17°55.036" 65°02.265' 1063 100-700

5/1 S of Puerto Rico 1818 21 17°40.4J8" 65°26.06i' 1064 0-100

1819 17°40.399" 65°26.099' 1065 100-700

5/2 S of Puerto Rico 4700 24 17°()2.398" 65°59.978" 1067 0-100

4706 17°02.5I8' 65°59.968' 1068 100-700

4706 I7°02.560" 66°00.037" 1069 700-2500

5/5 Mona Passage 1266 28 17°56.772" 67°29.377' 1070 0-100

5/12 Pedro Bank 976 43 17°38.65 L 79°09.052" 1074 0-100

975 17°38.614' 79°09.028" 1075 100-700

For evaluating changes in the ontogenetic development of G. ruber (white) during the

cruise, data were sorted according to their collection time within the lunar cycle. The

relative frequency of the test-size fractions 100-150 \xm, and >150 fim in the upper 80 m

of the water column was calculated for each single lunar day. According to Bijma and

Flemleben (1994), residual values were calculated by subtracting the average relative

frequency of tests of a certain size-class from the actual relative frequency.

Cytoplasm-bearing tests ('living specimens') were counted separately from empty tests

('dead specimens'). The yellow color of test calcite and fine-grained pyrite attached to

the test identified resuspended specimens. Some reworked specimens also exhibit

chambers filled with fine-grained sediment.

At the stations 3, 6, 12, 24, and 26 (Fig. 2). sediment surface samples were taken with a

multicorer device. The upper 0-1 cm of the sediment was wet sieved over a 150 jim

screen, and the planktic foraminiferal assemblage > 150 pun was determined by counting

at least 300 individuals. Additionally, samples from the PRIST area (Chapter 2) and the

Brown University Data Base (BFD, accessible via the NGDC and NOAAH homepages

or downloadable from ftp://ftp.ngdc.noaa.gov/paleo/paleocean/brown foram/) were used

to compare the datasets (see Fig. 2 for sample locations). Only samples with less than



Results 91 Chapter 4

20% fragmentation were investigated in order to minimize dissolution effects on the

relative frequency of species.

At each station, temperature, salinity and chorophyll a fluorescence were measured with

a Seabird SBE 19 Seacat Profiler and an attached Chelsea fluorometer.

CTD Measurements

Along the Caribbean island arc, the highest sea surface temperature of almost 28°C was

recorded at the Pedro Bank in the west and in the Tobago Basin at the south of the

transect (Fig. 3). Surface waters in the Anegada Passage of around 26°C are slightly

colder than in the central Caribbean Sea (26.5°C). The thermocline was most

pronounced in the Tobago Basin (Fig. 3, station 3). Salinity increased from 35.5 in the

southern to 36.5 psu in the northwestern Caribbean (Fig. 3 b). The lower salinity in the

south is due to the admixture of fresh Amazon outflow water (Moore and Todd, 1993).

Off Santa Lucia (station 4). a low salinity lens with 34.5 psu of about 20 m thickness was

recorded, whose origin is not clear. In the Anegada Passage and the northeastern

Caribbean, the broad tongue of SUW with salinities of >37 psu was recorded. The SUW

did not reach to the Tobago Basin, where the water mass structure resembled that of the

tropical Atlantic Ocean, and it was also absent at the Pedro Bank.

Chlorophyll a concentrations in the upper 300 m of the water column were

comparatively low. Highest chlorophyll a concentrations of up tp 0.4 u.g 1 were

recorded at the thermocline between 50 and 200 m. The depth of the Deep Chlorophyll

Maximum (DCM) varied along the cruise track between 60 m in the Tobago Basin

(station 3) and 170 m in the northern Anegada Passage (station 9. Fig. 3c). The

increasing depth of the DCM is paralleled by the decreasing pigment concentrations

(Coastal Zone Color Scanner imagery) in surface waters (Müller-Karger et al., 1989)

from south to north.

Results

Composition of the planktic foraminiferal fauna in plankton nets and sediments

The relative proportions of the most frequent species > 100 um in the upper 100 m of the

water column were calculated in order to compare the faunal composition at the different
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Figure 3: Contour graphs of a) temperature, b) salinitv, and c) chlorophvll a concentration in the upper 300

m of the water column. The left panels show the stations from the Pedro Bank in the West to St. Croix in

the Rast, plotted versus longitude. The panels on the right hand side show the stations from the northern

Anegada Passage to the Tobago Basin, plotted v ersus latitude The triangles at the top of the panels
indicate the station numbers,

stations (Fig. 4). Globigerinoides ruber dominates most assemblages along the

Caribbean island arc, except at station 6, where G. glutinata is the most frequent species.

Globigerinita glutinata reaches > 15% of most assemblages, but at station 17 it is

relatively rare. Plankton stations 3 to 6 from the Lesser Antilles differ from the northern

stations mostly in the low proportion of O. universa and G. siphonifera (not shown in

this figure), and a higher proportion of ,V. dutertrei than at the northern stations.
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station 24

Globigerinoides tuba was the dominant species in most of the living plankton

assemblages m both size fi actions fiom the uppei 100 m of the watei column Othei

abundant species aie G siphonifeto.G sacculifet G qluttnata G menardii O

unner sa, and N dutertrei Below 100m G tninteitulinoieh s was themostliequent living

species I he small test size of G qlutuuita (on aveiase < 1 SO p.m) îesults m a highei
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Figure 6: Relative frequencv of G. ruber in sediments from the Caribbean versus water depth (left panel)
and distance from nearest shelfbreak (right panel).

frequency of G. glutinata tests in the size-fraction >100 p.m. than in the larger size-

fraction.

The assemblage of empty tests in the water column is characterized by an increased

portion of G. ruber relative to the living fauna (Fig. 5). This may result from the

frequency of reproduction of different species.

The composition of the foraminiferal assemblage in surface sediments of the eastern

Caribbean Sea is relatively uniform, with G. ruber comprising about 50% of the total

assemblage. In general, the proportion of G. ruber in sediment assemblages decreases

with increasing water depth (Fig. 6). Other frequent species of the assemblage are (in

order of decreasing frequency): G. sacculifer, G. glutinata, N. dutertrei, G. siphonifera,

O. universa, and G. menardii (Fig. 5).

Standing stocks and geographic distribution of species in the living plankton

Along the Antilles arc, maximum numbers of live specimens were recorded at station 24

south of Puerto Rico (Fig. 7). Near Tobago (st. 3), Dominica (st. 5), and in the Mona

Passage (st. 28), standing stocks were about half those off Puerto Rico. Lowest

concentrations of living specimens in surface waters were found near Santa Lucia (st. 4)

and in the Anegada Passage (st. 9-16). When summarized for the upper 100 m of the

water column, test concentrations of living planktic foraminifera ranged between 5.8 and

78.6 specimens nT3. These numbers are similar to the standing stocks reported

previously from the Caribbean Sea and other low-productivity regions of the world's
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oceans. In a study by Jones (1968), standing stocks of 2.4 to 5.1 individuals m
3
(>200

jim) in the upper 300 m of the water column were reported from the western Caribbean

Sea. An investigation of plankton tows off Venezuela (Miro. 1971) yielded maximum

abundances of 26.5-42.4 specimens mf
3
(>74 |im) in the upper 200 m of the water

column, with lower values corresponding to open ocean conditions and high values to the

upwelling area in the Cariaco Trench. In the Sargasso Sea, Bé (1971) observed 0.5 to 11

planktic foraminifera mf3 (>202 fim) in the upper 300 m of the water column. Ufkes et

al. (1998) described test concentrations of 2 to 145 individuals m
3
(> 150 pm) in the

eastern South Atlantic during spring, and Watkins et al. (1996) found 25 to 145

specimens m (>150 jim) that contained protoplasm in the upper 200 m in the tropical

Pacific. Test concentrations of 0.1 to 17.7 individuals m (> 150 pm) determined from

the slope off southwestern Puerto Rico (Chapter 3) are relatively low. This might be due

to the special setting of the study area close to the shelfbreak of southern Puerto Rico.

Figure 7: Test concentrations (specimens m" >I00 um) of liv mg planktic foraminifera along the Antilles

islands, Irom West to Fast (left panels) and from North to South (right panels). Note the dilfcrent contour

intervals in the upper and lower panels. The tiiangles at the top of the panels meiicate the sampled stations

and the station numbers.

Highest standing stocks of planktic foraminifers were usually found in the upper 60 m of

the water column due to shallow dwelling species (Table 2). in particular G. ruber
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(white) (Fig. 8), which was the most frequent species found throughout the study area.

Globigerinoides ruber (white) reached maximum numbers at station 24 south of Puerto

Rico in the upper 20 m (Fig. 8). Its abundance decreased rapidly towards the east and the

west. The distributionof G. ruber (pink) was similar to that of G. ruber (white) with

maximum abundances south of Puerto Rico (station 24 and 21), and with secondary
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peaks off Dominica and in the Tobago Basin (Fig. 9). Globigerinita glutinata (Fig. 10)

was most frequent at the northern Puerto Rico station 21.

In the Mona Passage (st. 28), G. siphonifera (Fig. 11) reaches maximum numbers in the

upper 20 m of the water column but G. ruber is still the most frequent species at this

station. Globigerinella siphonifera shows a secondary maximum between 60 and 100 m

depth. Another species that showed maximum concentrations in surface and in

subsurface waters is Turborotalita quinqueloba (Fig. 12). It occurred predominantly in

subsurface waters off Martinique (station 5), in the central Anegada passage (station 16),

and in surface waters off southern Puerto Rico (stations 21 and 24).
24 2117 7 <M1 12 16

74 72 70
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Figure 12: lest concentrations (specimens m°) of liv mg f. quinqueloba in the upper 100 m of the watei

column

In the waters of the Anegada Passage (stations 9-16) standing stocks are low, but in the

upper 100 m the composition of the foraminiferal assemblage is similar to the Caribbean

assemblages. At water depths between 300 and 100 m, G. truncatulinoides reached

maximum frequencies, especially at the northern Anegada Passage (up to 2.56 living

individuals m
, Fig. 13). In the Tobago Basin (st. 3) and the Pedro Bank (st. 43). G.

truncatulinoides is very rare.
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Depth habitat of planktic foraminifera

Table 2: Ecological preferences of 15 planktic foraminiferal species encountered in all 14 net tows. DomA

gives depth interval of highest test number encountered at any of 14 stations analyzed. Columns 2-6 show

abundance-weighted mean depths, temperatures, salinities, water densities, and chlorophyll a

concentrations at all stations.

species
DomA

(m)

Depth

(m)

T

(°C)

S

(psu)

Chi a

(ugk1)

G. ruber (pink) 0-20 34 26.54 36.18 0.109

G. ruber (white) 0-20 37 26.55 36.24 0.106

N. dutertrei 0-20 39 26.27 36.12 0.121

G. glutinata 0-20 39 26.47 36.12 0.109

G. sacculifer 0-20 40 26.26 36.24 0.109

G. siphonifera 0-20 51 26.46 36.30 0.103

G. menardii 0-20 52 26.32 36.13 0.133

T. quinqueloba 60-80 53 25.65 36.30 0.126

G. rubescens 0-20 54 25.96 36.42 0.098

O. universa 80-100 59 25.99 36.43 0.105

H. pelagica 80-100 108 24 85 36.42 0.121

G. truncatulinoides 10-200 161 21.47 36.75 0.103

G. hirsuta 200-300 161 19.12 36.81 0.158

G. crassaformis 200-300 230 17.58 36.26 0.067

G. scitula 200-300 250 16.18 36.23 0.058

The analysis of the depth-stratified plankton net tows allowed us to determine the

preferred depth habitat of the frequent species in the eastern Caribbean (Table 2). Most

of the species reach maximum abundance in shallow waters of 0-40 m water depth. The

depth habitat of planktic foraminifera is probably related to temperature and salinity

preferences and to specific feeding habits (Bé, 1977; Hemleben et al., 1989). Most

planktic foraminifera feed on phytoplankton and/or calanoid copepods (Spindler et al.,

1984; Anderson et al., 1979) that are most frequent in the euphotic zone.

Size variations of G. ruber (white) in relation to the lunar cycle

The test size of foraminifers contains information about the ontogenetic stage. We

calculated residual values of the test size of G. ruber (white), the most abundant species

in the samples, in order to determine possible effects of the reproduction cycle on the

abundance of this species (Fig. 14). The stations 21 and 24, where G. ruber (white) was

recorded in highest frequencies, correspond to the lunar days 27 and 28, respectively. At

these days. larger test sizes prevailed. This suggests that the reproductive cycle of G.

ruber (white) did not influence its frequency recorded in the upper 80 m of the water

column.
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10 12 14 16

lunar day

18 20 24 26 28

Figure 14: Residual values, displav mg the difference betw een the average relative frequency and the actual

relative frequency of the test size classes 100-150 um and >15() urn, ol G. ruber (white) from the M35/1

data. During the first half of the lunar cycle, both si/e classes were about equally frequent in the upper 80

m of the water column. After new moon (NM), the proportions ot the two si/c classes vary strongly and at

the end of the lunar cycle, large individuals dominate the population. The numbers by the points indicate

the station numbers.

The relation between lunar phases and the reproductive cycle of planktic foraminifers

(Bijma et al., 1990; Erez et al., 1991 ; Schiebe! et al., 1997) is not significant from our

limited data because only the time from new moon to full moon was extensively

sampled, and just two samples were taken during waning moon. Nevertheless, the high

frequency of small tests of G. ruber (white) after new moon from lunar day 18 to 22

(Fig.14), followed by increasing relative frequency of larger tests until the end of the

lunar cycle could be related to the semi-lunar reproductive cycle that was suggested for

this species (Bijma et al., 1990).

Concentrations of empty tests in the water column

In general, the concentrations of empty tests in the water column follows the trends of

the living assemblages. Concentrations of empty tests (Fig. 15) were highest in the upper

80 m of the water column, except at the station off Santa Lucia, where highest numbers

were recorded at water depths below 100 m. At the Mona Passage, the southern Puerto

Rico station, and one station in the southern Anegada Passage (station 16), maximum

concentrations of empty tests were found. At most stations, the concentration of empty

cells decreased with increasing water depth, similar to the distribution of living

foraminifers. At the stations 6 and 4. secondary peaks were recorded at greater water

depths. These peaks consisted mostly of empty tests of G. ruber (white) (Fig. 16) and G.
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Resuspended faunas in the plankton nets

At two stations in the Anegada Passage (stations 7 and 12), significant numbers of

resuspended planktic foraminifers were sampled by the plankton nets (see Appendix at

the end of this bool, Table III-1). At the central Anegada Passage (station 12),

resuspended specimens occurred between 100 and 300 m water depth. The composition

of the resuspended fauna was similar to that of the living fauna. At the southern Anegada

Passage (station 7), benthic foraminifers were recorded between 60 and 80 m water

depth and many planktic foraminifers showed clear signs of early diagenesis. Fewer

living planktic foraminifers were found in this sample than at water depths above and

below. The composition of the reworked fauna at the southern Anegada Passage was

significantly different from the living fauna and contained many G. bulloides and G.

inflata, which were virtually absent in the live assemblages and might be of Pleistocene

(glacial) age.



Chapter 4 102 Discussion

Discussion

Composition of the living planktic foraminiferal fauna

The composition of the planktic foraminiferal assemblages along the Caribbean island

arc was relatively homogeneous (Fig. 4), suggesting a fauna that is well adapted to the

equally homogeneous physico-chemical and nutritional conditions in the Caribbean Sea.

Small differences in the composition at the stations 3 to 6 with higher proportions of N.

dutertrei and lower proportions of O. universa and G. siphonifera than at the northern

Caribbean stations could be related to higher primary productivity in this area. Coastal

Zone Color Scanner images (Muller-Karger et al.. 1989) show that the southern

Caribbean is influenced throughout the year by relatively nutrient rich surface waters that

originate at the Amazon and Orinoco River outflows. This results in elevated

concentrations of phytoplankton (Bogdanov et al., 1968) in the southeastern, compared

to the northeastern Caribbean. Neogloboquadrina dutertrei was described as a

thermocline dweller (Fairbanks et al., 1982; Vénec-Peyré et al., 1995) that thrives where

phytoplankton is abundant (Watkins et al.. 1996). In contrast, G. siphonifera and O.

universa seem to be better adapted to oligotrophic conditions (cf. Chapter 3).

The faunal composition along the Antilles is very similar to the assemblages at the

continental slope off Venezuela (Miro, 1971) and to the western Caribbean fauna

described by Jones (1968). A comparison with the plankton assemblages in the PRIST

area (Chapter 3) reveals that the composition of the plankton assemblage in fall 1994 off

southwestern Puerto Rico was very similar to the living assemblages observed

throughout the Caribbean. The March 1995 assemblages from offshore Puerto Rico

yielded different compositions, with G. calida and G. siphonifera being dominant

species. This indicates that the fall assemblage which yielded up to 6 times higher test

concentrations than the spring assemblage better represents the prevalent Caribbean

fauna.

Although the composition of the foraminiferal assemblage was relatively similar at all

stations, large differences in standing stocks were recorded along the Antilles island arc

(Fig. 7). These differences seem to reflect different carrying capacities of the surface

waters. The regions of highest and lowest standing stocks will be discussed in the

following paragraphs.
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High standing stocks off Puerto Rico and in the Mona Passage

At the southern Puerto Rico station 24, where highest foraminiferal standing stocks were

recorded, G. ruber (white) dominated the fauna (Fig. 8). Globigerinoides ruber is a

spinose, symbiont-bearing species that is frequent in tropical to subtropical waters (Bé

and Hamlin, 1967; Be, 1971; Bé and Tolderiund, 1971). It feeds mainly on calanoid

copepods and phytoplankton (Spindler et al., 1984). The high standing stocks at station

24 can not readily be explained by temperature, salinity or chlorophyll a concentration,

as station 24 does not differ significantly from other Caribbean stations, where G. ruber

had lower standing stocks (cf. Fig. 3).

In order to investigate if the abundance of G. ruber is correlated to its reproductive cycle,

we tested the size variation during the cruise (Fig. 14) in the upper 80 m of the water

column. For example, many small individuals of G. ruber in one sample could indicate

that reproduction has recently taken place. As juvenile individuals generally outnumber

adults (e.g. Berger, 1969; Schiebel et al., 1997) the stage of the reproduction cycle

influences the frequency of foraminiferal tests in a plankton sample. Figure 14 shows

that most tests of G. ruber (white) were in the size-fraction >I50 pm, i.e. in the adult

stage at stations 21 and 24, when test concentrations were highest (figure 8). This

suggests that the reproductive cycle of the G. ruber (white) did not influence its

abundance patterns in the studied depth range.

At the northern Puerto Rico station 21, G. glutinata shows maximum abundance (Fig.

10). Globigerinita glutinata is a shallow dwelling, non-spinose species that feeds mainly

on diatoms, and may facultatively host small yellow-green algae as symbionts (Spindler

et al., 1984; Hemleben et al., 1989). In the eastern North Atlantic and in the Panama

Basin, G. glutinata was described to be related to a deep thermocline and high primary

productivity (Schiebel and Hemleben. in press, Thunell and Reynolds, 1984).

The high frequency of this species (Fig. 10) suggests elevated productivity of diatoms

south of Puerto Rico (Schiebel and Hemleben, in press). /\t station 21, the doming of

temperature and salinity isolines (Fig. 3 a.b) indicates the presence of a front that might

be caused by a bypassing eddy (Fornshell et al., 1981; Kupfermann et al., 1987). Such

bypassing eddies can enhance the productivity of phyto- and Zooplankton and, therefore.

might improve the food source of planktic foraminifers (Beckmann et al., 1987).
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Unfortunately, no chlorophyll a measurements are available from station 21 to

corroborate this hypothesis.

Station 28 west of Puerto Rico in the Mona Passage is characterized by an elevated test

concentration of G. siphonifera (Fig. 11). This species hosts symbionts and is adapted to

feed on Zooplankton (Spindler et al., 1984). Bé and Tolderiund (1971) reported high

relative frequencies (>20%) of G. siphonifera in the western Sargasso Sea, the Antilles

Current and the Gulf Stream. Its high abundance in the Mona Passage might indicate the

inflow of oligotrophic Sargasso Sea water from the north. A seasonal study from the

southwestern slope off Puerto Rico (Chapter 3) demonstrated that G. siphonifera is

adapted to more oligotrophic conditions. This is also indicated by its high relative

frequency in the surface waters of the Anegada Passage (Fig. 11), another inlet for

oligotrophic Sargasso Sea water.

Low standing stocks and low surface salinity off Santa Lucia

Low surface salinities (>36 psu) and low foraminiferal standing stocks characterize the

stations 4 and 6 in the southern Caribbean Sea. The mimimum standing stocks recorded

in the upper 20 m off Santa Lucia might be related to a salinity minimum of 35 psu in

surface waters (Fig. 3, station 4). Although salinities down to 34.5 psu alone were shown

not to have a negative effect on planktic foraminiferal faunas off Puerto Rico (Chapter 3),

the low salinity lenses in the southern Caribbean are characterized by high turbidity and

low light penetration (Müller-Karger et al., 1989). Therefore, they might have a negative

effect on shallow dwelling symbiont-bearing foraminifers. According to Ortiz et al.

(1995), such habitats are rather inhabited by asymbiotic shallow dwelling foraminifers,

such as G. bulloides, right coiling N. pachyderma and T. quinqueloba. Globigerina

bulloides and N. pachyderma are adapted to cooler waters and are rarely found in the

northeastern Caribbean Sea. Turborotalita quinqueloba (Fig. 12) reaches maximum

numbers of 2.4 specimens nT1 (at station 5 between 60-80 m depth), but has low standing

stocks in the low salinity lens at station 4. As the waters in and below the the low salinity

lens contain relatively high concentrations of chlorophyll a (0.09-0.3 ug F1), lack of food

also does not seem to be a convincing cause for the extremely low foraminiferal standing

stocks.
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Oligotrophic waters in the Anegada Passage

In the Anegada and Jungfern Passage, including station 17 off St. Croix, standing stocks

in the upper 100 m were low. This might be caused by oligotrophic Sargasso Sea water

that flows through these passages into the Caribbean Sea, where it mixes with Caribbean

surface waters (Wüst, 1964).

Globorotalia truncatulinoides (Fig. 13) is a characteristic species for the waters below

100 m in the Anegada passage (Table 2). It occurres in highest numbers in the northern

Anegada passage (station 9), with decreasing test concentrations towards the southeast

and the west. Globorotalia truncatulinoides is an asymbiotic and non-spinose

foraminifer that usually feeds on phytoplankton prey (Spindler et al., 1984). It has been

described to dwell in and below the thermocline (Mulitza et al., 1997). In the Caribbean,

the horizontal and vertical distribution of G. truncatulinoides resembles closely that of

the Subtropical Underwater (SUW). At the northern Anegada passage the SUW reaches

greatest thickness (Fig. 3 b). The source region of the SUW is located in the northern

Sargasso Sea (Wüst, 1964). It is transported through the Anegada and the Mona Passage

into the eastern Caribbean. Globorotalia truncatulinoides was described to dwell at the

Bermuda Time Series Station (BATS) from December to early summer (Deuser and

Ross, 1989). From there, it might be transported with the SUW into the Caribbean.

Globorotalia truncatulinoides was mostly recorded in water depths of 100 to 200 m, at

the depth of the SUW. In water depths >300 m, i.e. below the SUW, G. crassaformis, G.

scitula and G. hirsuta have their abundance maxima (Table 2).

Comparison of living, dead and sediment assemblages

Overall, the composition of the living planktic foraminiferal fauna in the Caribbean was

different from the assemblage of empty tests in the water column, but similar to the

sediment assemblage (Fig. 5). The assemblages differ mostly in the proportion of G.

ruber and G. sacculifer tests. The relative proportion of G. ruber in the living

assemblages is lower than in the dead assemblages. This might be due to its short

reproduction cycle compared to other planktic species. Globigerinoides ruber

reproduces every fortnight (Bijma et al., 1990). while most other planktic species exhibit

a lunar to annual reproduction cycle (e.g. Bijma, 1990; Hemleben et al., 1985).

Therefore, G. ruber produces more empty tests than other species. Due to this strong
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increase of G. ruber in dead versus living assemblages, the proportion of other species

decreases in the dead assemblage. On the other hand, the tests of G. ruber are less

frequent in the sediment than in the empty test assemblages. The proportion of G.

sacculifer increases from the dead to the sediment assemblages. The resistance to

dissolution of G. sacculifer is only slightly higher than that of G. ruber (Coulbourn et al.,

1980). Therefore, differential dissolution susceptibility is not a likely cause for the

different trends of these two species between dead and sediment assemblages. It is

possible that G. sacculifer is more frequent in Caribbean living faunas during a part of

the year that was not covered by our sampling. Seasonal differences in frequency might

also be the cause for the lower frequency of G. ruber in sediments than in the dead

assemblages sampled during the cruise.

In general, differences between the living and dead assemblages in the water column and

the test assemblage in surface sediments may be due to various processes.

(a) Planktic foraminiferal faunas show pronounced seasonal variablility (cf. Chapter 3),

out of which our samples represent only a snapshot. In contrast, the sediment assemblage

represents a much longer time-span and displays an average fauna over hundreds to

thousands of years.

(b)The differential preservation potential of planktic foraminiferal tests influences the

relative abundance of different species in sediment assemblages (Berger et al., 1982;

Bonneau, 1978; Wu et al., 1990). Differential settling velocity depends on test size and

shape (Takahashi and Be, 1984; Schiebel and Hemleben, in press), and causes

differential residence time of empty tests in the water column, and exposition of tests to

dissolution. As a result, small specimens are preferentially removed from the settling

assemblage (Adelseck and Berger, 1975). At the sea floor, the tests are again subject to

dissolution and winnowing for some time until they are covered by sediment, and again

small and thin-shelled tests are preferentially withdrawn.

(c) While settling towards the sea floor foraminiferal tests are transported by currents

over several hundred kilometers, depending on water depth, current velocity, and

differential settling velocity of tests (Siegel and Deuser, 1997). As a result, planktic

foraminiferal tests may be spread over wide areas while settling through the water

column, and the places of test production and burial are different for different test size
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and species. In addition, adjacent assemblages are mixed and homogenized while

settling. Consequently, extraordinarily high proportions of some species at some

localities (e.g. G. glutinata and G. menardii in the living and dead assemblages of station

6, Fig. 5) are averaged out in the sediment assemblages.

Deep maxima of dead specimens and resuspended foraminifera

Empty but well preserved tests of planktic foraminifers result from reproduction, from

premature death, or from resuspension of fresh and well preserved surface sediments. As

most empty tests were recorded in the upper water column (Fig. 15), we assume that they

resulted from reproduction or premature death. The relatively high concentrations of

empty tests at greater water depths at stations 4 and 6 might result from resuspension. As

the specimens at both stations are very well preserved with a translucent test and some

remains of spines, we often cannot judge from our data, if the high numbers were caused

by sinking dead assemblages or by resuspension from well preserved sediment.

The occurrence of diagenetically slightly altered specimens and of benthic foraminifera

in the water column is probably due to resuspension from adjacent island slopes and

lateral transport towards the open ocean. The composition of the reworked fauna,

including G. bulloides and G. inflata, in the southern Anegada passage (station 7)

indicates that the original sediment was not of Holocene age. In the Caribbean, these

species are more characteristic for glacial sediments (Rögl and Bolli, 1973). In contrast,

the composition of the reworked fauna at station 16 in the central Anegada passage

suggests reworking of Holocene or interglacial sediments with a similar composition as

the living assemblage.

Comparison of M35/1,PRIST and CLIMAP sediment samples in the Caribbean

Sediment assemblages from the Antilles island arc area are uniformly dominated by G.

ruber and do not differ significantly from other sediment assemblages in the eastern

Caribbean (Chapter 2). The results of the Meteor cruise plankton study indicate that G.

ruber is also dominant in most of the living planktic foraminiferal assemblages in this

region. This further corroborates the conclusions from Chapter 3 that the March

assemblage at PRIST does not significantly contribute to the sediment assemblage of this

area.
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We compared the data from the M35/1 sediment samples to samples from the PRIST

area (Chapter 2) and to Caribbean faunas from the BFD. The BFD assemblages used for

this investigation come from the Antilles Arc and the Columbian Basin (Fig. 2).

The most striking difference between the data from this thesis and the BFD is that the

latter comprises samples from greater water depths and greater distances from land

masses. Therefore, a comparison of truly oceanic with possibly neritically influenced

assemblages becomes possible.

The composition of the foraminiferal assemblages is similar in all Caribbean samples

(PRIST, M35/1, and BFD) investigated. Globigerinoides ruber is the most frequent

species, followed by G. sacculifer, G. glutinata. N. dutertrei, G. siphonifera and G.

menardii in varying proportions. Additionally, some rare but ubiquitous species

contribute to the assemblage. In general, the BFD assemblages contain less than 40% G.

ruber, while this species reaches usually >50% in the M35/1 and PRIST assemblages. A

plot of the relative frequency of G. ruber in the sediments versus water depth and

distance from shelfbreak (Fig. 6) yields a good correlation between these two

parameters. Only two samples (M35024 and M35026) from water depths >3500 m do

not fit the general pattern of increasing proportions of G. ruber with water depth. A

regression analysis without these two samples yields a correlation coefficient of r=0.55.

with high significance at the 95% level. Abundances of other species, such as G.

sacculifer, N. dutertrei, G. glutinata, G. menardii, and O. universa do not show any

relationship with water depth.

The pattern of increasing proportions of G. ruber with decreasing water depth does not

apply to the Central Atlantic or other ocean areas, where G. ruber reaches maximum

frequencies also in deepwater sediments (cf. the map of the distribution of relative

abundances of G. ruber in surface sediments from Bé, 1977, Fig. 20).

The increasing proportion of G. ruber with water depth in the Caribbean may be due to

several processes:

(a) Bijma et al. (1992) demonstrated that in laboratory cultures G. ruber prefers light

conditions that characterize fertile regions ("green waters") and is especially tolerant to

varying salinities. Bé and Tolderiund ( 1971 ) describe peak abundances of G. ruber at
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either less than 34.5 or more than 36 psu salinity. Therefore it might be better adapted to

conditions that prevail in nearshore areas than other species. The high proportions of G.

ruber in the average plankton assemblages in the PRIST area described in Chapter 3 in

fact indicate that this species is more successful in neritic habitats than other species.

(b) There might exist a gradient of decreasing G. ruber frequency from east to west in

the Caribbean (see sample locations. Fig. 2). This again could be due to a preference of

G. ruber for neritic influences, as the influence of Orinoco and Amazon outflow water

decreases from east to west (Müller-Karger et al.. 1989). An temperature-driven effect on

the relative abundance of G. ruber frequency in eastern and western Caribbean sediments

seems unlikely, because the long-term mean temperatures of these region differ only by

0.2°C(Levitus, 1982).

(c) Dissolution could preferentially eliminate G. ruber from deeper sediments. This

process does not seem to be the main reason for the observed pattern, because (1) only

samples with low fragmentation index were analyzed; (2) in most dissolution

susceptibility rankings, G. ruber is directly followed by G. sacculifer and this species

does not show any correlation of relative frequency and water depth; (3) the trend is most

clearly seen in water depths <3()00 m. Waters above 3000 m are not likely to have a

corrosive effect on calcite.

(d) Effect of depth-habitat; It was suggested by previous authors that the depth habitat of

planktic foraminiferal species determines their survival in decreasing water depth. As G.

ruber is one of the most shallow dwelling species (with a maximum abundance between

0-20 m, Table 2), it can survive in shallower habitats than other species. Since all

sediment samples investigated here come from localities >400 m water depth, and since

most planktic foraminiferal species inhabit water depths shallower than 400 m (Table 2),

the depth habitat of planktic foraminifera is not likely to have caused the increase in

relative frequency of G. ruber between 3000 and 400 m water depth.

Conclusions

The planktic foraminiferal fauna along the Caribbean island arc has a relatively

homogeneous composition. Globigerinoides ruber is the most frequent species, followed

by G. sacculifer, G. glutinata. N. dutertrei. G. siphonifera and G. menardii in varying
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proportions. The relatively uniform composition of the Caribbean assemblages in the

plankton and in sediments suggests that the fauna is well adapted to the prevailing

temperature and salinity regime of the region. The trophic character of the surface water

masses seems to control the concentrations of living tests in the upper 100 m. The

distribution of the deep-dwelling species G. truncatulinoides is related to the spreading

of the Subtropical Underwater.

In the Caribbean Sea, the proportion of G. ruber in sediments increases with decreasing

water depth. Comparison of our data with published studies suggest that the broad

salinity tolerance of this species and its adaption to green water conditions might cause

the relative success of this species in the neritically influenced nearshore areas of the

eastern Caribbean.

Resuspended faunas of presumably glacial and Holocene age could be observed in the

plankton nets.
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Appendix

List of species and synonyms sorted by maximum abundance (specimens m~3). The taxonomy follows

Hemleben et al. (1989) and Brummer and Kroon ( 1988).

Species Synonym maximum

abundance

Globigerinoides ruber (d'Orbignv).1839 90.6

Globigerinita glutinata (Eggcr), 1893 35

Globigerinella siphonifera (d'Orbigny), 1839a Globigerinella aequilateralis (Brady) 18.6

Globigerinoides sacculifer (Brady). 1877 17.2

Neogloboquadrina dutertrei (d'Orbigny). 1839a Globigerina eggeri Rhumbler 14.2

Globoturborotalita rubescens Hofker. 1956 3.6

Globorotalia menardii (Parker. Jones & Brady), 1865 Globorotalia cultrata (d'Orbigny) 3.4

Globigerinoides conglobatus (Bradv ). 1879 3.2

Globorotalia truncatulinoides (d'Orbignv). 1839a 2,56

Turborotalita quinqueloba (Natland). 1938 2.4

Orbulina universa d'Orbignv, 1839a 2

Globigerina falconensis Blow, 1959 1.6

Dentigloborotalia anfracia (Parker). 1962 1.2

Globigerinella calida (Parker). 1962 1.2

Globorotalia crassaformis (Gallowav & Wissler). 1927 Globorotalia crassula 1.12

(Cushman. Stewart & .Stewart)

Globorotalia hirsuta (d'Orbignv). 1839a 1.12

Globigerina bulloides d'Orbigny, 1826 I

Tenuitella iota (Parker), 1962 1

Globoturborotalita tenella (Parker). 1958 0.8

Globorotalia scitula (Bradv ). 1882 0.68

Hastigerina pelagica (d'Orbigny). 1839a 0.6

Tenuitella parkerae (Bronnimann & Resig). 1972 0.6

Turborotalita humilis (Brady), 1884 0.6

Globigerinita minuta (Natland). 1938 0.-1

Neogloboquadrina incompta (Cifelli). 1961 0.4

Tenuitella compressa (Fordham). 1986 0.4

Candeina nitida d'Orbigny. 1839a 0.2

Globigerinella digitata (Brady ). 1879 0.2

Neogloboquadrina pachxderma (Ehrenberg). 1861 0.2

Pulleniatina obliqtiiloculata (Parker & Jones). 1865 0.2

Globorotalia inflata (d'Orbigny ), 1839a 0.04

Streptochilus globigerus (Schwager). 1866 0.04
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Chapter 5: Globigerinoides ruber - Intraspecific

morphologic variations and stable isotopic

measurements (a pilot study)

Globigerinoides ruber

Globigerinoides ruber is a Miocene to Recent tropical to subtropical planktic

foraminiferal species that dwells m the upper 50 m of the water column. It is the most

abundant species in Caribbean sediments and also dominates most assemblages of living

plankton m the region (cf. Chapters 2, 3, and 4). Globigerinoides ruber occurs in two

color variants that are adapted to different, but ovei lapping, ecological habitats (see

discussion m Chapters 2, 3, and 4). Additionally, there is considerable intraspecific

morphologic variability that might reflect the adaptation of each form to different

temperature regimes (Paiker, 1962) Previously, thiee distinct phenotypes of G. ruber

have been described in Recent sediments (see below) I examined the seasonal

distribution of G. ruber morphotypes in the Caribbean Sea to evaluate if they are adapted

to different hydrographie îegimes.

The stable isotopic composition of the tests of G. ruber is often used in paleoceano-

graphic studies for the reconstiuction of past sea surface temperatures The tests of G.

ruber are considered to precipitate m isotopic eqtulibiium with the ambient seawater,
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where the oxygen isotopic composition of the white variant shows a more or less stable

offset of about -0.2%o and the pink variant -0.3 to -0.4%o (Deuser, 1987; Deuser and

Ross, 1989). The stable isotopic composition of G. ruber from plankton net and sediment

samples was determined in order to assess the influence of its seasonal isotopic variation

on the sediment record. In Chapter 3, it was suggested that the fall assemblage

contributes more to the sediment assemblage than the individuals produced during spring

time. As a result, the oxygen and carbon stable isotopic compositions of G. ruber from

sediments should correspond to that of G. ruber measured from plankton collected in the

fall.

Intraspecific variation in morphology of Recent Globigerinoides ruber

Parker (1962) reported that in Pacific sediments G. ruber occurs as three morphotypes,

characterized by differences in the height of the coiling spiral and the size of the

supplementary apertures. The phenotypes differ also in their latitudinal distribution.

Group I, as described by Parker (1962) occurs mostly in the tropical realm, possesses

inflated chambers which increase rapidly in size as added, has large apertures and a low

coiling spire. Group 2 is most abundant in the subtropical realm, exhibits less inflated

chambers with smaller supplementary apertures, and a high coiling spire. Group 3,

which is mostly found in the temperate realm, has a somehow rougher test surface with

thicker test walls, a more compact appearance with smaller apertures than groups I and

2, and chambers that increase gradually in size as added.

Especially the groups 1 and 2 of of Parker (1962), were recognized later by various

authors in the Mediterranean Sea (Weiner, 1975) and in the Gulf of Mexico (Orr, 1969).

Weiner (1972) showed that the more elongated phenotype with the high coiling spire is

slightly enriched in C compared to the low spired phenotype and inferred a deeper

living habitat for the former. Orr (1969) reported the G. ruber assemblage in the NW

Gulf of Mexico to consist mostly (95%) of the low spired phenotype. He showed that

both forms can be easily distinguished by the height/width-ratio, with group 1 (low spire)

having a lower height/width-ratio than group 2.

I wanted to test if the G. ruber populations in the Caribbean exhibit seasonal and/or

spatial variations in the frequency of the different phenoty pes and if the phenotypes also
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show different isotopic fractionations as was reported by Weiner (1972) from the

Mediterranean. If the different forms show different écologie adaptations, this might

explain the large intraspecific variations of up to 5%o in 8LlC and 2%o in 5l80 in the

Holocene isotopic signature of G. ruber (Stott and Tang, 1996).

Methods

Globigerinoides ruber (pink and white) from four plankton net and three sediment

samples (see table I) were picked from the size-class > 150 pm and mounted on paper

slides so that they could be analyzed in side view. From each sample, 120 individuals

were randomly picked and analyzed (table 1). First tests revealed that there is no gross

morphological difference between pink and white varieties of G. ruber. Therefore, both

varieties were measured together. Specimens with kummeiform chambers were excluded

from analysis. Each specimen was turned so that the ultimate and penultimate chambers

were arranged along a horizontal line (fig. 1). Then each specimen was photographed

with a digital videocamera mounted on a binocular. This videocamera was attached to a

framegrabber that made the pictures available on a computer screen. With the help of a

computer program (Image Analyst version 8.04) several morphological parameters were

automatically extracted, such as width (largest horizontal axis), height (largest vertical

axis), and area. The angle a expresses the opening angle between the lowest point (often

the proloculus) and the two endpoints of the width (fig.l). It was calculated from the

measured width and height parameters.

Table 1: List of samples and sampling locations with number of G. ruber specimens
analyzed for this study. Please refer to chapters 2, 3, and 4 (superscript numbers at the

end of the first column) for detailed descriptions of the sampling locations.

sample name area type water depth

9.Mar'95, st.IV3 PRIST plankton net 0-120 m

J6.Mar'95,st.IV3 PRIST plankton net 0-120 m

1 I.Oct. "94, st.IV3 PRIST plankton net 0G20m

20.Oct. '94, st.IV3 PRIST plankton net 0-120 m

IM-5-82 PRIST short core top 480 m

M350034 S* Caribbean multicore top 1301 m

M350124 Anegada Passage multicore top 1121 m

M350272"4 Puerto Rico multicore top 1813 m
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Figure t : Outline of side views of G. ruber

with three different spiral heights and

explanation of the measured parameters, a)

represents a low trochospiral form with an

angle a of 120°: b) and c) represent higher

trochospiral forms with angles of 85° and

70°. respectively

a - 85° a = 70°

Results and Discussion

My results suggest that the measures that discriminate best the different morphotypes are

the width vs. height values of the specimens or alternatively the angle a. The apparent

surface area (in mm') was used as a measure for the size of the individuals.

The angle a varied in the samples from 70-130°(fig.2). This broad range reflects the wide

morphological variety present in the samples. The distribution of width vs. height (fig.3)

used by Orr (1969) for discrimination of two morphotypes shows a continuous pattern

with width/height-ratios of 0,6-0.95 (on average 0.74). Orr (1969) shows ratios of around

0.88 for G. ruber group I and 0.76 for group 2. Inspection of the Caribbean samples

revealed that clearly both morphotypes are present in all samples. This indicates that, in

contrast to the Gulf of Mexico, all transitional forms between the two endmembers are

present in the Caribbean. On the other hand, Orr (1969) did not precisely describe his

method of measuring width and height of G. ruber specimens. The fact that the slopes of

his correlation curves (0.88 for group 1 and 0.76 for group 2) have different values than

the slopes of the correlation curves in our samples (0.66-0.68) indicates that his method

was different from ours and. therefore, the results might not be directly comparable.

The area as a measure of size of the investigated G. ruber specimens is not correlated to

the angle a (fig. 2). Therefore, it can be concluded that no major changes in this shape
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parameter occur during the ontogenetic stages covered by our sampling. As only

individuals >150 pm were investigated, all specimens can be considered to have been in

the adult or terminal ontogenetic stage. During one ontogenetic stage, no significant

changes in the morphology are expected (Brummer et al., 1987). Smaller specimens

should be measured in order to test from which ontogenetic stage onwards the specimens

of the different groups start to differentiate.

Average sizes and angles reveal some general differences between sediment and

plankton net samples (table 2). In general. G. ruber from sediment samples are larger and

possess a higher trochospiral than specimens from plankton nets. The difference in size

is most probably due to the fact, that the living populations sampled in a plankton net
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Figure 3: Width (in mm) versus height
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contain individuals of different growth stages, while in the sediment, mostly individuals

that have undergone gametogenesis or suffered from premature death are accumulated.

Table 2: Average sizes and angles with standard deviations of G. ruber specimens from

sediment and plankton net samples.

sample Angle a stdev. area (mnr) stdev.

9.Mar '95 101.19 7.15 0.043 0.018

l6.Mar '95 99.69 8.9 0.042 0.02

11 .Oct. '94 99.87 7.72 0.037 0.015

20.Oct. '94 99.7 9.23 0.035 0.015

IM-5-8 97.74 8.65 0.056 0.032

M35003 97.4 7.11 0.06 0.03

M35012 95.95 8.3 0.052 0.034

M35027 96.04 9.12 0.066 0.048



Globigerinoides ruber 123 Chapter 5

Some of the variation between the samples can also be seen in the frequency distribution

of the angle a (fig. 4). In the sediment samples from off Puerto Rico (M35027 and IM-5-

8), the opening angles show a peak between 95-100°, which corresponds to the low-

trochospiral forms. The sample from the southeastern Caribbean (M35003) contained

even more flatter forms, with most specimens having angles between 100-105°. In

contrast, in the sample from the Anegada Passage (M35012), where Sargasso Sea water

flows into the Caribbean, two maxima can be distinguished. The first frequency

maximum is seen at angles between 105 and 95°, and a second maximum at angles

between 85-90°. This might indicate that in the Anegada Passage, the two endmembers

of group 1 and group 2 are slightly separated and fewer transitional forms occur.

Statistical tests (Student t-tests) revealed though, that these differences are not

statistically significant.

The specimens from the plankton net samples from October 1994 show mostly angles of

around 95-100°, indicating a dominance of low-trochospiral forms (fig. 4). The sample

from March 9,1995, has a broad maximum of low trochospiral forms with angles

between 95-1 10°, while on March 16, 1995, most G. ruber had angles between 100-

105°. Fligh-trochospiral forms with angles <85° were generally rarer in the plankton than

in the sediment samples. As ontogeny does not seem to have an effect on the height of the

spiral in the investigated size-range, the fact that the sediments contain mostly terminal

stages, while plankton individuals are usually younger, is not likely to have influenced

this rarity of group 2 specimens.

Because of time constraints there was no possibility to measure the stable isotopic

composition of the different phenotypic endmembers of G. ruber.

Future work should include the analysis of the morphology of G. ruber sampled in

depth-stratified plankton nets (cf. Chapter 4) in order to evaluate possible differences in

the preferred depth habitat of the different morphotypes. Additionally, measurements of

the chemical composition of the endmembers might reveal if the difference in

morphology is due to different metabolic activity of the foraminifera or their symbionts.

An extension of the geographical range of the investigation to the subtropical and

temperate realm would allow a closer analysis of the group 3 morphotype that was

described by Parker ( 1962). With representatives of all existing morphotypes in sufficient
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numbeis and of all (including the < 150 pirn) si/e-classes, it would be possible to

investigate the ontogenetic development of the diffeient motphotypes and then 1 elation

to each othei The fact that both, gioup 1 and 2 endmembeis, aie piesent in the pink and

the white vanant of G ruber suggests that diffeient écologie piocesses oi genetic

dispositions control colot and moiphology of this species

Systematic note on G. ruber

The sytemabc position of the diffeient moiphologic foims of G tuber is not cleai Foi

example Bannei and Blow ( 1960) îecognize thiee diffeient species Globigerinoides

ruber, G pyramidalis and G elongattis Iwo yeais latei, Paikei (1962) consideied the
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different morphotypes that she recognized as being partly identical with these three

species and argued for phenotypes instead of different species, because of their

gradational distribution and of intermediate morphologic forms. While her G. ruber

group 1 seems to belong to the species G. ruber s. str.. group 2 seems to be closely

related to G.pyramidalis, and group 3 might by identical with G. elongatus. Cifelli and

Smith (1970) suggested that G. elongatus might be a variant of G. ruber, and did not

discuss G. pyramidcdis. Rögl and Bolli (1973) treated the three possible species as

subspecies of G. ruber, thus recognizing G. ruber ruber. G. ruber elongatus and G. ruber

pyramidcdis. Saito et al. (1981) in contrast described four recent species that all seem to

belong into the G. ruber s. 1. group: G. ruber, G. cyclostomus. G. pyramidalis, and G.

elongatus.

In the thesis presented here, all different endmembers of the G. ruber s. 1. group were

lumped and counted as G. ruber. Only the pink and white variants were distinguished

and counted separately. The low trochospiral morphological endmember found in the

Caribbean plankton and sediment samples corresponds best to the descriptions of G.

ruber (sensu Saito et al., 1981), while the high trochospiral form can be described as G.

pyramidalis (sensu Saito et al., 1981).

Stable isotopic composition of Globigerinoides ruber (white) in seasonal

plankton and in sediment samples

The abundance of G. ruber shows a strong seasonal variation off southwestern Puerto

Rico (cf. Chapter 3). This seasonal variation is probably caused by changes in the

hydrographie regime. In spring, the sea surface water masses have temperatures of

around 26.5°C, a salinity of around 35.5 psu and are characterized by low primary

productivity. During September and October, sea surface temperature is higher (around

28.5°C), salinity decreases to 34.5 psu, due to the influx of riverine fresh-water from the

Orinoco River, and primary productivity is at a maximum (cf. Chapter 3).

The oxygen isotopic composition of planktic foraminiferal tests is dependent on

temperature (at lower temperatures there is a stronger preference for the heavy 180

isotope in the formation of CaCO^) and on the stable isotopic composition of the

seawater in which the carbonate is precipitated. The latter depends on salinity
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(evaporation removes the lighter isotope leaving the remaining surface waters enriched

in 180, while freshwater influx has the opposite effect) and the mass and composition of

glacial and polar ice. Furthermore, the selective seasonal growth and/or depth habitat of

the analyzed species, as well as some biological vital effects can affect the oxygen

isotope composition of a shell deposited on the sea floor.

Primary productivity in the euphotic zone and subsequent export of organic matter

remove the light carbon isotope (l~C) from the upper water column and, therefore, leave

this water mass relatively enriched in C as with oxygen isotopes. There is also a

temperature effect on carbon isotopes (the heavier isotope is preferred at low

temperatures), but it is overshadowed by the productivity effect.

I wanted to evaluate how the seasonal hydrographie variations off Puerto Rico influence

the stable isotopic composition of planktic foraminifera and how the signals are

transferred from the water column into the sediment.

Methods

Globigerinoides ruber (white) was picked from plankton net and sediment samples

(table 2). All specimens belonged to the low-trochospiral morphotype and ranged

between 150-180 urn in size. This size-range was chosen in order to obtain enough

specimens from the plankton net samples. According to Brummer et al. (1987), the onset

of the adult ontogenetic stage in G. ruber (white) starts at a size of 130-190 u.m and is

characterized by the formation of secondary apertures on the spiral side. In order to

minimize possible effects of ontogenetic changes on the fractionation of stable isotopes

(cf. Spero and Lea, 1996), only specimens with secondary apertures were chosen for

isotopic analysis. The specimens were then cleaned in ethanol in an ultrasound bath for 5

seconds, checked for completeness and remains of sediment, and transferred into sample

containers for measurement on a Vlicromass PRISM Mass Spectrometer with a precision

of better than +0.19ce.The results are compared to measurements of G. ruber (white) of

four stations from the M35/1 cruise (M35023, M35024, M35026, and M35025) that

were carried out by S. Mulitza from the University of Bremen (unpublished results).
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Table 3: List of samples and number of individuals analyzed for stable isotopic
composition. Please refer to Table 1, Chapter 2 for a detailed list of locations.

sample name / date type of sample station # of individuals

September 29, 1994 plankton net III 19

October 24, 1994 plankton net III 17

March 13, 1995 plankton net II lost

March 24,1995 plankton net II 18

March 9, 1995 plankton net IV lost

March 9, 1995 plankton net III 24

March 9, 1995 plankton net II 18

March 9, 1995 plankton net I 23

IM-1-4 sediment surface 435 m 21

IM-2-6 sediment surface 1006 m 21

IM-5-6 sediment surface 995 m 30

M35027 sediment surface 1813 m 20

Results and Discussion

Table 4: Oxygen and Carbon isotopic composition of G. ruber from plankton net and

sediment samples; values reported on V-PDB scale, -''unpublished data from S. Mulitza.

sample name / date &uC{9co) 5180(%o)

September 29, 1994, st. Ill -0.00 -2.61

October 24, 1994, st. Ill 0.27 -2.50

March 24, 1995, st. II 0.49 -1.88

March 9, 1995 st.HI 0.35 -1.98

March 9, 1995 st.Il 0.49 -2.00

March 9, 1995, St. I 0.49 -2.09

1M-1-4 -0.76 -2.18

IM-2-6 -0.89 -2.23

IM-5-6 0.06 -2.3

M35027 -0.66 -2.18

M35023* 0.31 -2.05

M35024* 0.87 -1.94

M35025* 1.42 -1.88

M35026* 0.96 -1.91

The 5 ' O values of G. ruber from plankton net samples from fall 1994 are about 0.5%o

lighter than those from the spring plankton samples. Higher temperatures in fall probably
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Figure 5: Graph showing the carbon and oxvgen isotopic composition of G. ruber from plankton net and

sediment samples.

caused the enrichment in heavier isotopes, while the decreased salinity might account for

slight isotopic depletion at the same time. Globigerinoides ruber from fall samples have

I 3

slightly lighter S C values than those from spring samples. This contradicts the

expected trends, as primary productivity is higher during fall and, therefore, the upper

water column should be relatively enriched in l3C. One possible explanation could be

lower symbiont activity during fall, when the surface waters are more turbid and cloud

coverage is higher due to the rainy season than during the dry season in spring.

According to Spero and Lea (1993), the ô13C values of Globigerinoides sacculifer, a

species that is very closely related to G. ruber, increase with increasing light levels clue to

the higher photosynthetic rates of the symbiotic algae. Algae prefentially fix i2C in their

organic matter, thus enriching the calcif>ing microenvironment of the foraminifer in 13C.

The stable isotopic composition of G. ruber from the sediment samples is not consistent.

Hie 8L,C values of three of the samples measured in this study (TM-1-4, IM-2-6. and

M35Ü27) differ significantly by -0.5 to -1.5%o from those measured in the plankton net

samples and also from the data provided by S. Mulitza. Only one measured sediment

sample (IM-5-6) shows 613C values intermediate between the values of the spring and

the fall samples. The 8I80 values vary uniformly around -2.2%c. These values are

intermediate between the values of the spring and of the fall samples and are consistent

with the hypothesis that the sediment samples consist of a mixture of specimens from all
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seasons. Nevertheless, the data obtained by S. Mulitza shows 5 0 values around -2%o,

which are more comparable to the values of the spring samples, although they derive

from samples from the same area.

Overall, the results of the stable isotope measurements are rather confusing. A repetition

of the measurements should be carried out in order to test, if the discepancies are simply

due to technical problems. Furthermore, the analysis of the Ö180SM0W values of water

samples taken during the RV Meteor cruise M35/1 and a direct comparison with G. ruber

from plankton net samples taken during the same cruise (cf. Chapter 4) might allow

further insight into the prevailing foraminiferal carbonate system and its oxygen and

carbon stable isotopic compositions.
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Chapter 6: Conclusions and Future Studies

lenuitclla compressa

Conclusions

The specified goal of the PRIST pioject has been to undeistand the piocesses that keep

planktic foiammifeia from being found m shallow watei settings Fhe composition of the

planktic foiaminifeial fauna in the sediments is relatively homogeneous in all Canbbean

samples investigated, but suggests highei lelative fiequencies of G ruber m samples

close to a shelfedge In the plankton net samples that weie taken m the PRIST area, G

ruber also leaches highest lelative fiequencies at the shelfedge, with decieasing lelative

fiequencies of all othei species The test concentiation of planktic foiaminifera m the

uppei watei column shows lowest values at the shelfbieak station This suggests that all

species become laiefied m shell vicinity, but G ruber is less affected, i e moie tolerant

against shelf watei influence than the othei species Neveitheless, no statistically

significant tiend of incieasmg test concentiaUons with mcieasing distance fiom

shelfedge was obseived at the plankton stations above the slope (stations II to IV),

although the undei lying sediments m the PRIS I legion show incieasmg accumulation

lates of planktic foiammifeia with incieasmg distance fiom the shelfbieak Rewoiking
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and dissolution could be ruled out as responsible processes for these increasing

accumulation rates. A suggested explanation for higher offshore than nearshore

accumulation rates is transport during the settling of planktic foraminiferal tests. Such

transport might be caused by shelf outflow currents, whose existence was demonstrated

by benthic foraminiferal tests found in the plankton nets. Because of the special setting

of the southwestern coast of Puerto Rico (being a relatively small island with E-W

oriented straight shorelines and prevailing surface currents flowing parallel to the coast)

it seems likely that at localities with less steeply dipping slopes, longer coastlines and

different current systems, an écologie separation of near- and offshore planktic

foraminiferal assemblages might be more obvious.

The seasonal distribution of planktic foraminifera off southwestern Puerto Rico is related

to the seasonality in temperature, salinity and food availability. Highest standing stocks

were recorded in September 1994, when nutrient-rich low-salinity lenses influence the

waters south of Puerto Rico. The planktic foraminiferal assemblages were dominated by

Globigerinoides ruber - a spinose foraminifer that is well adapted to changing salinities

and mesotrophic conditions. In spring, when salinity is higher and nutrient levels are

lower, Globigerinella calida and G. siphonifera characterize the planktic fauna. A

comparison of this data with the plankton nets from the RV Meteor cruise and with

sediment assemblages from the Caribbean suggests that the Puerto Rican fall assemblage

represents the characteristic Caribbean fauna.

The investigations of the plankton net samples from the RV Meteor cruise M35/1 and

from the PRIST area clearly demonstrated that temperature and salinity alone can not

explain the variability of the planktic foraminiferal assemblages encountered. The

measured chlorophyll a concentration in the near-surface waters also did not show a

significant correlation with foraminiferal abundances. Short-term and small-scale

variability (patchiness) revealed patterns that are most probably due to complex

interactions with micro- and mesoscale hydrographie phenomena. Such hydrographie

phenomena strongly influence the trophic setting of an area and thus control the food

availability for and prédation pressure on planktic foraminifera. The permanently

encountered small-scale and short-term variability in the planktic foraminiferal

abundances and in the composition of their assemblages throws doubt on traditional

monitoring studies, where plankton samples are only taken once or twice a month.
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Especially the PRIST plankton samples revealed a three to five fold variability in

standing stocks between 3 consecutive days of sampling.

Overall, two open questions arise or remain from this study:

•What causes small-scale variations in planktic foraminiferal population density and

composition? and

• What keeps planktic foraminifera from living and/or being deposited in nearshore

areas?

Recommendations for future studies

In order to answer the first open question, a holistic approach that comprises biological

and oceanographical analyses on local and short time scales seems the most promising

approach. Biological models suggest that the patchiness of Zooplankton is closely tied to

the dynamics of phytoplankton, which is mostly dependant on océanographie processes

that control nutrient and light availability (Smith et al., 1996; Abraham, 1998).

Additionally, the impact of prédation on planktic foraminifera is still unknown.

Therefore, the dynamics of Zooplankton groups can only be understood together with

those other factors.

For further investigation of depositional processes affecting planktic foraminiferal tests,

a combined océanographie and sedimentological approach seems most promising.

Recent studies of particle fluxes across shelfbreak areas (e.g. Pietrafesa, 1983; Biscaye et

al., 1994; Falkowski et al., 1994; Piiig and Palanques, 1998; Antia étal., 1999) indicate

that significant amounts of suspended material are frequently transported laterally across

this environmental border. The assumption that sinking planktic foraminiferal tests might

also be affected by these processes seems therefore reasonable. The current assumptions

of the catchment areas of bathyal and hemibathyal sediment surfaces comprise areas of

several hundreds of kilometers size (Deuser et al., 1988). Such large catchment areas do

not allow for small-scale variations in planktic foraminiferal accumulation rates as

observed in the PRIST region. Obviously, the depositional processes affecting ocean

margin sediments differ clearly from open oceanic conditions.
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The presented study could only be a first approach to the question of why planktic

foraminifera are absent or very rare in shallow water settings. The geographical setting of

the PRIST area with a narrow, very shallow shelf followed by a steep slope, surface

currents flowing parallel to the coastline does only represent a small part of the worlds

ocean margins. In many regions, the shelf is much broader and gently dips down to

approximately 200 m water depth, before the slope leads to deeper ocean regions. In

these cases, water mass exchange between the open ocean and the shelf area follows

different processes and planktic communities might have more time and space to adapt to

the different habitats. Up to now, only studies of sediment assemblages addressed this

question (e.g. Lipps and Warme, 1966; Gibson, 1989; Naidu, 1993; Li et al., 1999). As

sediment assemblages are always influenced by depositional processes that might have

altered the original horizontal distribution of the foraminifera in the water column,

detailed plankton net studies are needed for such small-scale ecological investigations.
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Appendix

This appendix contains all foraminiferal census counts and the derived values of the

samples referenced in this thesis.

Appendix 1: Data from sediment samples off Puerto Rico (Chapter 2)

Table 1-1 : Foraminiferal census counts of sediment samples.

Table 1-2: Calculated relative frequencies of planktic foraminifera.

Table 1-3: Grain-size analysis, CaCO^ and counted split sizes.

Table 1-4: Calculated absolute abundances (foraminifera g ).

Table T-5: Basic data for calculation of accumulation rates.

Appendix II: Data from plankton net samples off Puert Rico /PRIST (Chapter 3)

Table ILL Foraminiferal census counts of plankton nets from the PRIST area.

Standing stocks were calculated by multiplying the analyzed water volume (m )

with the number of counted foraminifera per net.

Appendix III: Data from plankton net samples of the M35/1 cruise (Chapter 4)

Table III— 1 ; Standing stocks (tests nT"-1) of living and dead specimens in the

plankton.

Table III-2 (a-c); Basic data and calculation of residual size values of G. ruber

(white).
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Abbreviations

G. sacculifer (with and without sac) sac

G. sacculifer with sac sac+

G. sacculifer trilohus (without sac) sac-

G. ruber (pink and white) rub

G. ruber (pink) rubp
G. ruber (white) rubw

G. conglobatus con

N. dutertrei dut

N. pachyderma pac
G. siphonifera siph
G. calida cal

G. glutinata glut
G. quinqueloba quin
C. nitida nit

P. obliquiloculeita obi

G. digitata dig
O. universa uni

H. pelagica pel
G. menardii men

G. titmida turn

G. ungulate/ ting
G. menardii + tumida+ungulata men+

G. truncatulinoides trim

G. inflata inf

G. crassaformis eras

G. scitula seit

G. hirsuta hirs

G. bulloides bul

G. falconensis fal

G. rubescens rbc

G. tenella ten

G. suleki sul

D. anfracta anf

N. incompta inc

T.parkerae par
T. iota iot

T. compressa comp
S. globosus glob
T. humilis hum

G. minuta min

not identified specimens unid

others oth

sum of planktic foraminifera splf
sum of benthic foraminifera sbf

fragmented tests frag
reworked planktic foraminifera rplf
p/b-ratio p/b
water depth (m) , . , z(m)
analyzed water volume (m3) awv(m3)
opening depth of net (m) zop(m)
closing depth of net (m) zcl(m)
suffix for living individuals -1

suffix for dead individuals -d
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Appendix I

Table LI: Foraminiferal census counts of sediment samples

IM-1-4 IM-1-6 IM-2-3 1M-2-6 IM-2-7 IM-3-1 IM-3-2 IM-3-5 IM-5-1

z(m) 435 920 640 1006 727 620 540 832 570

sac+ 10 6 5 12 17 13 8 20 6

sac- 55 48 23 38 47 61 25 61 42

rubp 111 67 50 67 73 99 31 100 61

rubvv 319 248 170 223 208 292 162 301 183

con 4 1 3 - 2 4 2 6 5

dut 22 20 18 18 18 39 14 26 24

pac 3 4 - 5 2 - 2 7 8

siph 18 18 16 26 27 21 6 36 20

cal - 3 3 4 3 7 i 4 1

glut 23 72 32 72 55 67 22 47 46

quin - 2 - - 1

nit 1 3 2 3 1 o
- S

obi - . 3 4 4 t i 10 -

dig - - - - -

deh - - - - - 1 -

univ 8 7 10 11 15 12 5 17 14

pel - . 1 - - -

men 20 17 11 13 14 18 4 27 25

tum 4 2 3 5 3 9 4 2 7

ting - - - 1 - i .

trim 9 1 4 5 5 4 2 5 3

inf - 2 - i 1 - - -

eras 1 - 2 - 1 3 1 1

seit - 3 1 4 2 i 1 4

hirs - 3 - - - i - -

bul 2 6 2 6 2 I 2 7 3

fal - 4 2 2 1 - 4 - 1

rbc 19 27 4 9 1 11 1 18 5

ten 1 2 1 2 . - 1 - -

Sill 1 - 2 - 2 3 - 3

unid 8 4 7 12 12 22 12

splf 639 568 374 54-1 518 692 317 700 464

frag 22 13 22 12 17 14 18 12 10

sbf 368 45 65 37 51 152 79 51 91

p/b 0.63 0.93 0 85 0.94 0 91 0 82 0 80 0.93 0 84
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Table LI, continued

IM-5-2 IM-5-3 IM-5-4 IM-5-5 IM-5-6 IM-5-7 IM-5-8 M35003 M35006

z(m) 645 635 880 990 995 480 475 1301 888

sac+ 11 11 5 26 il 10 6 9 5

sac- 17 46 23 63 32 31 33 41 37

rubp 54 60 51 67 72 54 26 79 50

rubvv 160 105 127 150 155 146 105 119 127

con 2 2 - J I - 1 2

dut 17 18 13 34 22 23 17 20 19

pac 1 - 1 0
- 1 4 - .

siph 10 17 l.^ 22 23 14 16 17 12

cal 2 4 6 3 6 1 4

glut 34 24 21 57 49 38 30 27 32

quin - - 1 - -
-

nit 3 1 - 6 - 2 2 3 1

obi 5 2 1 2 3 4 2 1 3

dig - - .
- - - -

deh - - 1 - 2 1 1 -

univ 5 10 8 29 1 I 5 4 3 5

pel . -
- 3 - -

men 9 8 8 10 17 9 13 3 4

tum 2 5 5 3 3 1 1 1 1

ung -

i 1 1 1

trim 4 4 3 6 1 1 2 2 5

inf - - 1 - - -
-

eras 1 1 1 2 1 3 1 - 2

seit - 1 - 2 - - 3 1

hirs - - - - - - 1 -

bul 1 1 2 - 1 1 1 2 2

fal - i . - - 2 - J -

rbc 5 7 5 8 2 5 5 5

ten - 1 2 - 1 -

sul 3 9 - 2 3 .

unid 1 -
- - 2 .

splf 347 336 298 495 417 359 279 331 313

frag 3 10 15 7 8 15 15 24 7

sbf 67 61 25 16 28 116 84 38 6

p/b 0.84 0.85 0 92 0.97 0 94 0.76 0.77 0.90 0.98
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Table LI, continued

M35012 M35024 M35025 M35026 M35027

z(m) 1121 4701 1781 3815 1813

sac+ 8 17 21 26 28

sac- 43 42 46 94 98

rubp 38 46 96 172 111

rubvv 134 190 309 332 346

con 3 2 6 5 8

dut 32 35 28 59 50

pac 1 1 4 2

siph 24 22 42 52 24

cal - 3 11 2 12

glut 34 66 86 146 135

quin - - 2 4 -

nit 3 1 4 6 6

obi 1 2 5 o
-

dig - - - - 1

deh 2 - - 2

univ 8 18 18 27 12

pel 1 1 1 -

men 5 12 20 33 44

turn 1 1 11 7 8

ung - - - 1

trim 5 3 7 9 7

inf - - 1 - 1

eras 3 1 6 2

seit 3 3 8 8 11

hirs - - 2

bul 1 5 8 6 I

fal ~ 1 - -

rbc 4 4 9 14 20

ten . 1 1 2 1

sul - 1 7 - 1

3

353

9

11

0.97

1

479

34

2

1.00

14

764

19

33

0.96

2

1022

->

7

0 99

9

940

9

11

0.99
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Table 1-2: Calculated relative frequencies of planktic foraminifera

IM-1-4 IM-1-6 IM-2-3 IM-2-6 IM-2-7 IM-3-1 IM-3-2 IM-3-5 ÏM-5-

sac+ 0.02 O.Ol 0.01 0.02 0.03 0.02 0.03 0.03 0.01

sae- 0.09 0.08 0.06 0.07 0.09 0.09 0.08 0.09 0.09

rubp 0.17 0.12 0.13 0.12 0.14 0.14 0.10 0.14 0.13

rubw 0.50 0.44 0.45 0.41 0.40 0.42 0.51 0.43 0.39

con 0.01 . 0.01 - - 0.01 0.01 0.01 0.01

dut 0.03 0.04 0.05 0.03 0.03 0.06 0.04 0.04 0.05

pac - 0.01 - O.Ol - - 0.01 0.01 0.02

siph 0.03 0.03 0.04 0.05 0.05 0.03 0.02 0.05 0.04

cal - 0.01 0.01 0.01 0.01 0.01 - 0.01 -

glut 0.04 0.13 0.09 0.13 0.11 0.10 0.07 0.07 0.10

quin . - - . - - - -

nit - 0.01 0.01 0.01 - - - 0.01

obi - - 0.01 0.01 0.01 0.01 -

dig - - - - - - - - .

deh - - - - - . -

univ 0.01 0.01 0.03 0.02 0.03 0.02 0.02 0.02 0.03

pel - - - - - - - -

men 0.03 0.03 0.03 0.02 0.03 0.03 0.01 0.04 0.05

turn 0.01 - 0.01 0.01 0.01 0.01 0.01 0.02

ung - - - . -

Irun 0.01 - 0,01 0.01 0.01 0.01 0.01 0.01 0.01

inf - - - . - - -

eras - - 0.01 - - - - -

seit 0.01 - 0.01 - - 001 -

hirs - O.Ol - - - -

bul - 0.01 0.01 O.Ol - - 0.01 0 01 O.Ol

fal - 0.01 0.01 - - - 0.01 - -

rbc 0.03 0.05 0.01 0.02 - 0.02 0.02 0.03 0.01

ten - - - - - . -

Sill . 0.01 - . - - O.Ol

unid 0.02 0.01 0.02 0.03 0.02 0.03 0.04 -
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Table 1-2, continued

IM-5-2 IM-5-3 IM-5-4 IM-5-5 IM-5-6 IM-5-7 IM-5-8 M35003 M35006

sac+ 0.03 0.03 0.02 0.02 0.03 0.03 0.02 3.93 2.84

sac- 0.05 0.14 0.08 0.11 0.08 0.09 0.12 0.03 0.02

rubp 0.16 0.18 0.17 0.16 0.17 0.15 0.09 0.12 0.12

rubw 0.46 0.31 0.43 0.37 0.37 0.41 0.38 0.24 0.16

con 0.01 0.01 - - - - 0.36 0.41

dut 0.05 0.05 0.04 0.03 0.05 0.06 0.06 - 0.01

pac - - - - - - 0.01 0.06 0.06

siph 0.03 0.05 0.04 0.07 0.06 0.04 0.06 -

cal 0.01 0.01 0.02 0.01 0.01 - 0.01 0.05 0.04

glut 0.10 0.07 0.07 0.12 0.12 0.11 0.11 -

quin -
- - 0.08 0.10

nit 0.01 - - - 0.01 0.01 -

obi 0.01 0.01 - 0.01 0.01 0.01 0.01 0.01 -

dig - - - - - - - . 0.01

deh - . - - - - - - -

univ 0.01 0.03 0.03 0.02 0.03 0.01 0.01 -

pel - - - 0.01 - 0.01 . 0.01 0.02

men 0.03 0.02 0.03 0.02 0.04 0.03 0.05 -

tum 0.01 0.01 0.02 0.01 - 0.01 0.01

ung - - - - - - - - -

trim 0.01 0.01 0.01 0.01 - - 0.01 - -

inf - - - - 0.01 0.02

eras - - - - - 0.01 - - -

seit - - - - - . - 0.01

hirs - - . - . - - 0.01

bul - - 0.01 0.01 - - - -

fal - - - - 0.01 - 0.01 0.01

rbc 0.01 0.02 0.02 0.01 - 0.01 0.02 - -

ten - - . - - - - 0.02

sul 0.01 0.03 - 0.01 - 0.01 - . -

un id . - - - - . 0.01 -
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Table 1-2, continued

M35012 M35024 M35025 M35026 M35027 Average Sl.dcv.

sac+ 3.18 9.81 0.03 3.73 0.03 0.02 0.007

sac- 0.02 0.04 0.06 0.03 0.10 0.09 0.021

rubp 0.12 0.09 0.13 0.09 0.12 0.14 0.025

rubw 0.11 0.10 0.41 0.17 0.37 0.41 0.048

eon 0.38 0.40 0.01 0.32 0.01 - 0.003

dut 0.01 - 0.04 - 0 05 0.05 0.010

pac 0.09 0,07 - 0.06 - 0.005

siph - - 0.06 0.03 0.04 0.014

cal 0.07 0.05 0.01 0.05 0.01 0.01 0.005

glut - 0.01 0.11 . 0.14 0.10 0.027

quin 0.10 0.14 - 0.14 - 0.001

nit - . 0.01 - 0 01 0.003

obi 0.01 - 0.01 0.01 - 0.01 0.005

dig - . - - - -

dch - - - - 0.002

univ 0.01 - 0.02 - 0.01 0.02 0.007

pel 0.02 0.04 - 0.03 . - 0.003

men - 0 03 - 0 05 0.03 0.01 1

tum 0.01 0.03 001 0.03 0.01 0.01 0.005

ung - - - 0.01 - - 0.001

trim - - 0.01 - 0.01 0.01 0.003

inf 0.01 0.01 - 0.01 - - 0.001

eras - - - - - . 0.002

seit - 0.01 0.01 0.01 0 01 0.004

hirs 0.01 0.01 - 0.01 - - 0.001

bul - - 0.01 - 0 01 0.003

fal - 0.01 - 0.01 - 0.003

rbc - - 0 01 - 0 02 0.02 0.010

ten 0.01 0.01 - 001 - 0.002

sul - - 0 01 - - - 0.006

unid - - - - 0.01 0.01 0.013
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Table 1-3: Grain-size analysis, CaCO^ and counted split sizes

station device
interval

(cm)

bulk dry

weight (g)

>250 um

G>

> 150 pm

(7o)

>63 pm

(%)

<63 pm

(%)

0.759

Carbonate

(%)

68.5

counted

split

IM-1-4 SGS 0-2 3.48 0 059 0.040 0.142 32

IM-1-6 SGS 0-2 18.94 0.104 0.080 0.171 0.645 67.6 128

IM-2-3 SGS 0-2 16.38 0.214 0.052 0.088 0.646 53.1 128

1M-2-6 SGS 0-2 7.43 0.118 0.036 0 087 0.759 62.4 64

1M-2-7 SGS 0-2 11.95 0.123 0.071 0 062 0.745 56.3 64

IM-3-1 SGS 0-2 1.75 0.055 0.010 0 052 0.884 56 8 8

1M-3-2 SGS 0-2 12.11 0.128 0.135 0.175 0.562 64 5 128

IM-3-4 SGS 0-2 2.39 0.052 0,015 0.057 0.875 16

IM-3-5 SGS 0-2 1.82 0.091 0.028 0.102 0.779 60.0 16

IM-5-1 SC 0-1 9.18 0.054 0.019 0.050 0.877 58.4 32

IM-5-J sc 25-26 4.07 0.082 0.000 0.866 16

IM-5-2 sc 0-1 5.57 0.042 0.019 0.055 0.883 57.0 32

IM-5-2 sc 35-36 4.82 0.081 0.000 0.848 32

IM-5-3 sc 04 8.79 0.037 0.015 0.045 0.904 59.6 64

IM-5-3 sc 30-31 5.04 0.045 0.062 0.894 16

IM-5-4 sc 0-1 5.16 0.3 51 0.033 0 069 0.747 63.2 64

IM-5-4 sc 15-16 3.51 0.059 0.000 0.748 32

IM-5-5 sc 0-1 8.23 0 080 0.024 0.053 0.843 58,4 64

IM-5-5 sc 20-21 4.69 0.081 0.055 0.863 32

IM-5-6 sc 0-1 6.45 0.115 0.027 0 057 0.801 59.8 64

IM-5-6 SC 20-21 4.95 0.057 0 000 0.857 32

IM-5-7 sc 0-1 9.96 0 094 0.046 0.111 0.749 68.5 64

IM-5-7 SC 24.5-25.5 5.52 0.165 0.000 0.624 64

IM-5-8 SC 0-1 8.55 0.081 0.040 0.096 0.783 64.5 64

IM-5-8 SC 30-31 5.80 0.170 0.134 0.696 32

M35024 MC 0-1 1.29 0.368 0.164 0.468 64.7 32

M35024 MC 35-36 2 69 0.135 0 075 0.790 32

M35025 MC 0-1 2.58 0.364 0.056 0 085 0.494 71.3 64

M35025 BX 34-36 2.19 0.162 0 072 0.766

M35026 MC 0-1 1.38 0.21 1 0 080 0.709 61.5 32

M35026 BX 37-39 1.39 0.050 0.047 0.904

M35027 MC 0-1 5.52 0.197 0.045 0 078 0.679 72.7 64

M35027 MC 19-21 3.54 0,261 64
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Table 1-4: Calculated absolute abundances (foraminifera g )

IM-1-4 IM-1-6 IM-2-3 IM-2-6 IM-2-7 1M-34 IM-3-2 IM-3-4 IM-3-5

z(m) 435 920 640 1006 727 620 540 631 832

sac 147 365 219 431 343 192 349 235 501

sac+ 28 41 39 103 91 32 85 67 193

sac- 119 324 180 327 252 160 264 168 308

rub 799 2129 1719 2498 1505 1202 2040 992 2320

rubp 303 453 391 577 391 265 328 201 633

rubw 496 1676 1328 1921 1114 937 1712 791 1688

dut 129 135 141 155 96 133 148 87 211

siph 28 122 125 224 145 105 42 114 299

cal 18 20 23 34 16 9 11 - 9

glut 119 365 227 508 295 192 201 194 422

iiniv - 47 78 95 80 17 53 54 149

pel - - - 5 . -

men 18 115 86 112 75 55 42 74 I 14

tum - 14 23 43 16 5 42 7 35

trim 37 7 31 43 27 9 21 13 9

bul - 41 16 52 11 5 21 .

rbc 28 182 31 78 5 14 74 34 35

Sill 9 - 16 - II - 27

splf 1369 3839 2923 4686 2774 1997 3351 1911 4184

sbf 560 304 508 319 273 887 835 322 325
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Table L4, continued

1M-54 IM-5-2 IM-5-3 IM-5-4 IM-5-5 IM-5-6 IM-5-7 ÏM-5-8 M35024

z(m) 570 645 635 880 990 995 480 475 4701

sac 167 161 415 347 498 127 263 292 1466

sac+ 21 63 80 62 93 109 64 45 423

sac- 146 98 335 285 404 318 199 247 1044

rub 851 1229 1201 2208 2022 2252 1285 981 5866

rubp 213 310 437 633 607 714 347 195 1143

rubvv 638 919 765 1575 1415 1538 938 786 4722

dut 84 98 131 161 124 218 148 127 870

siph 70 57 124 161 272 228 90 120 547

cal 3 11 29 74 23 60 6 30 75

glut 157 167 138 223 420 447 218 217 1640

univ 49 29 73 99 78 109 32 30 -47

pel . - - 31 - 19 -

men 87 52 58 99 62 169 58 97 298

turn 24 11 36 62 16 30 6 7 25

trim 10 23 29 37 39 10 6 15 75

bul 10 6 7 25 31 10 6 7 124

rbc 17 29 51 62 39 20 32 37 99

Sill 10 17 66 - 23 20 19 . 25

splf 1617 1994 2446 3696 3810 4138 2307 2088 11905

sbf 317 385 444 310 148 278 745 629 50
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-4, continued

M35025 M35026 M35027

Appeii

Table

z(m)

sac

sac+

sac-

rub

rubp

rubvv

dut

siph

cal

glut

univ

pel

men

turn

trim

bul

rbc

sul

splf

sbf

1781

1662

521

1141

10047

2381

7665

695

1042

273

1786

447

25

496

273

174

198

223

174

18952

819

3815

1758

324

1434

4881

1527

3355

671

393

1203

486

370

69

278

23

208

46

10989

93

1813

1461

325

1136

5299

1287

4012

580

278

139

1403

139

510

93

81

12

232

12

10899

128
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Table 1-5: Basic data for calculation of accumulation rates.

IM-5-1 IM-5-1 IM-5-2 IM-5-2 IM-5-3 IM-5-3 IM-5-4 IM-5-4 IM-5-5

0-1

IM-5-5

depth interval

(cm)
0-1 24-25 0-1 34-35 0-1 29-30 0-1 14-15 19-20

total weight (g) 9.81 5.57 8.79 5.16 8.23

avg. wet

density (g/cm2)
0.819 0.828 0871 0.7465 0.834

total volume

(cm2)
17.32 9.04 10.93 8.22 12.58

counted split 32 32 64 64 64

14C-Age 720 2460 891 1870 861 3247 1009 2385 826 2821

min. calib. Age 299 1959 478 1300 463 2986 540 1878 429 2471

max. calib. Age 407 2249 519 1507 502 3105 624 2115 490 2679

avg. calib. Age 353 2104 498.5 1403 482.5 3045.5 582 1996 459.5 2575

min. sed. rates

(cm/ka)
11.12 23.22 9 66 7.09 7.47

max. sed. rates

(cm/ka)
12.76 26.92 10.05 7.99 8 09

avg. sed. rates

(cm/ka)
11.88 24.95 9 85 7.52 7.77

Table L5, continued

M-5-6 IM-5-6 IM-5-8 IM -5-8 IM-5-7 IM-5-7 M35024 M35024 M35027 M35027

depth interval

(cm)
0-1 19-20 0-1 29-30 0-1 24-25 04

34.5-

35.5
04 19-20

total weight (g) 6.45 8.55 9.96 1.29 5.52

avg. wet

density (g/cm2)
0.85 0.985 1.049 0.85 0.85

total volume

(cm2)
9.8 11.71 11.17 1.98 8.49

counted split 64 64 64 32 64

l4C-Age 847 3330 1574 42 19 1835 3775 2510 10730 2183 4715

min. calib. Age 466 3026 1060 42 39 1316 3571 2043 1 1133 1710 4851

max. calib. Age 500 3311 1161 43 67 1393 3826 2291 11542 1813 4982

avg. calib. Age 483 3168 1115 43 03 1354.5 3698 2167 11337.5 1761.5 4916.5

min. sed. rates

(cm/ka)
6.04 6.87 6.53 3.08 4.01

max. sed. rates

(cm/ka)
6.61 7.08 7 00 3.19 4.12

avg. sed. rates

(cm/ka)
6.31 6 97 6.76 3.13 4.07
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Appendix II

Table ILL Foraminiferal census counts of plankton nets from the PRIS'F area. Standing
stocks were calculated by multiplying the analyzed water volume (nG) with the number

of counted foraminifera per net.

year 1994 1994 1994 1994 1994 1994 1994

26.09.

1994 1994 1994 1994 1994

date 19.09. 19.09. 19.09. 22.09. 22.09. 26.09. 26.09. 29.09. 29.09. 29.09. 1 1.10.

station IV Ill II IV Ill IV Ill 11 IV Ill 11 IV

depth On) 0-120 0-120 0-120 0-120 0-120 0-120 0-120 0-120 0-120 0-120 0-120 0-120

avvv (m3) 69.2 45.8 42.9 119.5 87.2 85.4 93.9 115.5 84.5 143.8 0 1115.6

sac+ 2 - - 5 3 2 - - - 2 1 -

sac- 104 106 14 58 33 77 34 24 67 155 96 53

rubp 275 327 105 131 78 194 92 118 290 534 349 120

rubw 169 296 120 130 77 193 107 137 289 629 347 78

con 1 2 - - - - - - -

dut 11 32 13 25 13 19 8 9 24 20 16 4

pac - - - - - - - - -

siph 9 10 5 3 - 10 1 4 15 25 15 28

cal 3 12 5 8 8 17 3 4 14 25 11 16

glut 8 20 12 7 3 6 8 4 7 29 14 3

quin - - - - - - - - -

nit - - . - - -

obi - - - - . - -

dig - - - - - - - - - -

deh - - - - - - -

univ 6 4 - 21 10 9 5 - 14 17 9 19

pel - - 1 6 2 1 - - - - 2 7

men+ 41 56 25 45 42 27 17 9 7 17 10 38

trim - - - 2 - - . - -

inf - - - - - - - - - -

eras - - - - -

seit - - - - - - . - - -

hirs . - . 1 - . - - -

bul - - - - . 1 1 - - 1

fal - - - - - - - 3

rbc - - - - 2 - - 2 2 -

ten - - - - - - - -

Sill - . - - - - -

splf 629 865 300 442 269 558 275 310 727 1455 872 370

sbf - . 19 4 9 1 - - 7 20 10
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Table ILL continued

year 1994 1994 1994 1994 1994 1994 1994 1994 1994 1994 1994 1994

date 11.10. 11.10. 11.10. 14.10. 14.10. 20.10. 20.10. 20.10. 24.10. 24.10. 24.10. 24.10.

station Ill 11 1 IV Ill IV Ill I IV Ill II I

depth (m) 0-120 0-120 0-10 0-120 0-120 0-120 0-120 0-10 0-120 0-120 0-120 0-10

avvv (m3) 694.1 338.1 238.8 388.3 211.3 420.9 103.1 189.8 315.0 341.0 93.6 123.2

sac+ - - - - 1 - - - - 1 -

sac- 69 51 37 34 39 25 17 21 -17 49 28 20

rubp 186 100 105 90 96 84 36 44 170 180 101 111

rubw 164 119 73 64 85 113 63 69 197 296 181 137

con - - - - -
-

dut 6 11 - 18 2 6 5 - 4 9 6 3

pac - - - - - . . - - -

siph 10 8 - 18 8 5 - - 4 -

cal 10 8 2 10 8 45 19 1 10 16 7 1

glut 3 5 - 8 1 1 - 1 5 15 7 6

quin . - - - . . - -

nit - - - . - - . -

obi - - - - - - - . -

dig - - - - - -
- - - -

dch - - . . - - - - - -

univ 10 8 1 13 'T 9 5 4 3 1 1

pel - - . 8 1 5 4 - - 1

men+ 31 18 - 183 34 49 21 3 19 24 9 2

trun

inf

eras

- - - - - - - - - -

- - - - - - . -
-

seit - - - - . - - - -

hirs - - - - - - - -

bill 1 - - - - 1

("al 4 - - - - -
-

rbc 1 - - . 1 - - -

ten . - - - - - -

sul - - - - - - - - - -

splf 494 329 218 446 277 343 170 139 456 597 341 282

sbf 49 29 9 14 15 127 47 130 1 6 19 23
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Table II-1, continued

year 1995 1995 1995 1995 1995 1995 1995 1995 1995 1995 1995 1995

date 06.03. 06.03. 05.03. 09.03. 09.03. 09.03. 09.03. 13.03. 13 03. 13.03. 15.03. 16.03.

Station IV Ill II IV Ill H 1 IV II I IV IV

depth (m) 0-120 0-120 0-120 0-120 0-120 0-120 0-10 0-120 0-120 0-10 0-120 0-120

awv (m3) 709.3 601.3 719.4 529.1 505.6 67.3 773,0 259.1 254.9 202.3 443.2 316.7

sac+ - - . - - 1 - . - -

sac- 8 10 6 30 65 24 27 57 15 19 60 26

rubp 13 18 15 110 126 72 -15 79 44 45 106 64

rubw 32 27 17 367 391 147 107 73 94 146 104 51

con - - 1 - - - 1 - 4 1 4 -

dut 14 11 F5 16 6 10 8 11 14 1 6 9

pac - - - - - . - - - -

siph 9 8 12 2 5 10 4 28 14 5 16 12

cal 40 51 52 152 164 110 139 220 219 67 220 285

glut 11 15 17 17 8 4 6 8 2 1 9 6

quin - - - - - - - . - . - -

nit - - - - - - - - - -

obi - - 1 - . - - - -

dig - . - - - - - - - -

dch - - - - - - - - -

iiniv 29 29 24 12 20 24 4 9 9 - 27 12

pel 3 7 4 .1 3 1 - 5 - 1 5 6

men+ 24 23 37 26 25 29 19 23 27 4 24 19

trim 17 10 . 1 2 - 2 -1 5 -

inf - - - - - . - - -

eras - - . - . - - - -

seit - - - - - -

hirs - - - - - - -

bill . 1 3 7 4 2 - - 2 -

fal - - - - - - -

rbc - J -> 1 1 J - - -

ten - - - - - - - . - - -

Sill - - - - - - - -

splf 200 210 204 740 823 437 364 517 447 290 583 490

sbf 1 7 14 ^ 4 238 107 1 38 16 1 1
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Table 11-1
,
continued

year 1995 1995 1995 1995 1995 1995 1995 1995 1995 1995 1995 1995

date 16.03. 16.03. 16.03. 19.03. 21.03. 21.03, 21.03. 21.03. 24.03. 24.03. 24.03. 24.03.

Station Ill II I Ill IV 111 11 I IV Ill II I

depth (m) 0-120 0-120 0-10 0-120 0-120 0-120 0-120 0-10 0-120 0-120 0-120 0-10

avvv (m3) 253.5 245.7 1158.1 ? 2133.1 216.4 147.9 210.2 7 77.7 351.6 345.2

sac+ 2 1 - - 3 - - - - 3 -

sac- 35 45 6 47 25 8 2 6 6 8 2

rubp 77 51 10 99 61 17 14 13 3 17 9

rubw 83 68 10 151 57 8 17 2 3 7 72 47

con 1 1 - 1 1 - 1 -

dut 14 20 1 23 U 6 8 1 6 16 14 2

pac - - - - - 1 - 2 -

si ph 11 10 1 33 2 12 80 2 140 120 37 -

cal 305 195 35 272 377 181 259 18 112 89 204
2

.1

glut 7 2 1 7 3 1 1 1 - - -

quin - - - - - - . - - .

nit - - . - - - - . -

obi 1 - - - - 1 -

dig - - - - - - . - -

deh - - . - - - - - -

un iv 31 26 1 8 23 8 9 - 51 49 40

pel - 4 - 9 7 3 7 3 3 1 -

men+ 24 15 1 40 13 5 7 1 6 3 2 1

trun - - 2 29 13 6 4 7 7 2 -

inf - - - - - - - . -

eras . - - - - . . - -

seit - - - - - - - - . -

hirs - . - - - - - - -

bul - - 1 2 - - 1 - -

fal - - - - - - . - - -

rbc - - - - - - - - - -

ten - - - - - - - - - - -

sul - - - - - - - - .

splf 591 438 67 694 612 262 422 28 348 304 402 64

sbf 3 4 137 2 9 60 28 2 - 34 700
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Table II-1, continued

year 1995 1995 1995 1995 1995 1995 1995 1995

date 27.03. 27.03. 27.03. 27.03. 31.03. 31 03. 31.03. 31.03.

station IV Ill II I IV Ill II 1

depth (m) 0-120 0-120 0-120 0-10 0-120 0-1 20 0420 04 0

a\v\ (m3) 477.6 329.9 215.0 163.4 947.5 5184 508.7 870.2

sac+ - - - - - - - -

sac- 1 3 5 i 1 - 1 1

rubp 6 4 10 4 24 6 6 11

rubw 3 10 23 14 22 5 7 9

con - - - - - - - -

dut 4 2 2 14 1 2

pac - - - - - - -

siph 14 21 - - 2 2 5 2

cal 79 152 211 5 6 10 4 3

glut 1 1 1 . 5 1 -

quin - - - - - -

nit - - . . - -

obi 2 - 1 - - - - -

dig - - - - - - -

den - - - - - - -

univ 21 37 39 - 12 2 3 -

pel 16 5 9 -

-2 7 6 1

men+ 3 1 - - 6 2 1 I

trun 5 6 6 - 6 2 2 -

inf - - - - - -

eras - - - - - - - -

seit - - . - - - - -

hirs - - - - - -

bul - - - - - - 1 -

fal - - - - - - . -

rbc - - 1 - -

ten - - - . - - -

Silt - - . . - - -

splf 155 242 308 25 101 38 38 28

sbf 8 8 61 4—hO 5 1 1 130
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Appendix III

Table III-l: Standing stocks (tests m 3) of living and dead specimens in the plankton.

Table I1L2 (a-c): Basic data and calculation of residual size values of G. ruber (white).
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Table ULI: Standing stocks (tests m"' ) of living and dead specimens in the plankton.
station 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4

zop(m) 20 40 60 SO 100 200 300 500 700 20 40 60 80 100 200

zcl(m) 0 20 40 60 80 100 200 300 500 0 20 40 60 80 100

rplf - - - - - - - - - - -

tbf - - - - - - - 0.02 - . 0.04

sac-d 1.2 0.2 0.4 I 0.2 0.28 0.08 0.18 0.2 0.8 - 0.8 0.24

rubp-d 3.8 0.4 1 1.4 0.6 0.32 0.52 0,64 0.1 0.2 0.4 0.2 0.4 0.44

rubw-d 5.8 1 1.8 4.6 0.4 0.2 0.64 0,98 0.5 0.2 0.8 1 0.4 0.4 1

glut-d 1.6 0.2 0.2 1.6 0.2 2.36 3.92 5.(4 2.64 - 0.4 0.4 0.8 2.2 6.68

oth-cl 6.6 0.6 0.8 9.8 5 1.24 4.24 1.68 0.52 0.2 0.8 1.2 0.4 0.4 3.12

splf-d 19 2.4 4.2 18.4 6.4 44 9.4 9.12 3.96 0.6 M 2.8 1.6 4.2 1 1.5

sac-1 5.8 0.8 0.6 3 0.2 0.08 0.02 0.02 J -.2 0.2 0.2 0.12

rubp-1 11 0.8 0.4 2 1 0.4 0.08 0.02 0.1-4 1.4 4.8 1.2 1.2 0.6 0.64

rubw-1 21.2 4.8 2.4 7 0.6 0.36 0.08 0.16 0.1 1.2 7.4 1.8 1 1.4 1.08

con-1 0.2 - - - - . - - - - . - - -

dut 1 14.2 1.8 0.8 1.8 0.2 0.24 0.12 0.06 0,04 0.8 2.2 1.6 0.6 0.96

pac-1 - - - - - - - - - - - . -

siph-1 0.4 0.2 0.2 0.6 - 0.08 - 0.02 0.02 - 0.4 0.6 1.4 0.64

cal-1 - - - - - - - - - - - -

glut-1 16.2 2.2 2.8 2.6 - 0.4 0.08 0.2 0.14 0.6 6.6 4.4 1.4 1.4 2.08

quin-1 1.8 0.4 0.2 0.8 0.2 0.16 0.28 0.16 0.04 - 0.6 0.4 - -

ni 1-1 - - - - - - - - - -

obi 4 - - - - - - - - - - - -

univ-1 - - - 0.2 - - - - - - -

pcl-l - 0.2 - - 0.04 - - 0.08 - -

men+ -1 2 1.2 1 1 0.2 - - - 0,02 0.2 1.2 0.4 048

trun-1 - _ - - - 0.4 0.12 0.06 0.02 - 0.2 . _ 0.4

inf-1 . - - - - . - - - - . -

cras-1 - - - - - - . - - - - - .

scit-1 - - - - - - - - - - -

hirs-1 - _ - - 0.2 1.12 0.24 0.02 - - 0.6 0.6 - 0.08

bul-1 - - - - - - - - - -

lal-1 - - - - - - . - - - - - -

rbc-1 1.8 - 0.2 - - - - - - 0.2 - . 0.2 0.12

tcn-1 . - - - - - - - - - - -

anf-1 0.2 0.4 - 0.2 0.24 0.12 0.04 0.1 . 0.4 - -

inc-1 -.4 - - - - - - - . - .

par-1 -.4 -4 - 2 - -.2 - 0.04 . 0.2 - - .

iot-l - 0.6 0.4 0.2 - o.os 0-.04 - - - - . 0.2 - 0.12

dig-l - - - . - . - . - - - -

comp-l . - - . - - - - - .

glob-1 - - - 0.04 - - - - - - -

lium-1 . - - - - - - - - - - -

min-1 - - - - - -

unid-l 0.2 0.4 0.2 0.6 0.6 0,16 0.2 0.06 0.04 0.2 0.2 0,6 - - -

splf-1 75.8 14 9.6 20 3.2 2.88 2.24 1,08 -.78 4.4 24.8 12.4 4.6 5.8 6.72

splf 94.8 16.4 13.8 384 9.6 7,28 11.6 10.2 4,74 5 28 15.2 6.2 10 18.2
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Table ULI, continued

station 4 4 4 4 4 4 4 5 5 5 5 5 6 6 6

zop(m) 300 500 700 1000 1500 2000 2500 20 40 60 80 100 20 40 60

zcl(m) 200 300 500 700 1000 1500 2000 0 20 40 60 80 0 20 40

rplf - - - - - - - - - - - -

tbf 0.04 0.02 - - . - - - 0,2 - -

sac-d 0.28 0.04 0.08 0.08 0.06 0.06 0.13 1.4 1.2 0.2 - - 1 - .

rubp-d 0.4 0.56 0.7 0.31 0.4 0.48 0.53 5.6 3 2 3.6 1.4 0.2 0.4 f ,"4 0.6

rubw-d 1.28 1 0.92 0.51 1.63 1.18 1.6 5.6 5.2 5.6 2.8 1.2 1 3.2 2.4

glut-d 6.48 4.98 4.26 1.65 7.46 4.37 6.30 4.4 3.4 1.2 3 2.8 6 4.6 2.8

olh-d 1.96 1.56 1.4 0.88 2.32 1.77 2.46 2.8 1.8 1.4 1.8 1.6 5 3.4 2 2

splf-d 10.4 8.14 7.36 3.43 11.9 7.86 ILO 19.8 14 8 12 9 5.8 13.4 12.6 8

sac-1 0.24 0.06 - 0.03 - - 6 4 2.4 1 0.2 08 0.4

rubp-1 0.16 0.02 - - - - - 12.2 13.6 6.8 0.6 0,4 5.8 - 1.2

rubvv-1 0.36 0.1 - 0.01 0.02 - - 9.8 15.4 13.8 4 1.8 3.8 - 1.6

con-1 - - - - - - - 0.4 -

dut-1 0.76 0.56 0.24 0.08 0.12 0.04 0.01 10.8 86 3.8 0.4 0.2 34 0.2 0.8

pac-1 - - - . . . . - -

siph-1 0.2 0.12 0.04 0.03 0.02 - - 1 0,4 - 1.2 3.2 1 0.2 0 6

cal-1 - - - - . - - - 0.4 0.4 - - -

glut-1 0.44 0.38 0.1 0.16 0 02 - - 15 8 15.2 14.6 6.6 0.8 16.8 5.2 1.8

quin-1 0.04 - - - - . 0.2 0.6 1 2.4 0.2 -

nit-1 - - - - - - - . .

obl-1 - - - - - - - . . -

univ-1 0.04 - - - - . - 0.2 0.4 - .

pel-1 0.04 0 02 0.06 - 0.01 - - - 0.4 - - - - -

mcn+ -1 0.04 0.04 0.04 0.03 0,02 0.02 2.8 3.4 1.6 0.2 3.4 0.2 2

trun-1 0.92 0.18 0.02 0.05 0.01 0.01 0.01 . 0.6 - 1 . -

inf-1 0.04 - - - - - - - - - - - .

cras-l 0.88 0.3 0.02 - 0.01 - - - - - - - -

scil-1 0.08 - - - 001 - 0.02 - . - - -

hirs-1 0.44 0.18 - - 0.02 0.02 - - - - -

bul-1 . - - - 0.6 - - - -

fal-1 - - . - - - - - -

rbc-1 0.12 - - 0.03 - - - 0.4 0.2 1 8 0 6 0 6 0.4 - -

tcn-1 - 0.02 - - - - - 0.2 - . .

anf-1 0.12 0.04 0.04 - 0.02 0.01 0.07 - . 0 2 - 0.2 - -

inc-1 - - - - - - - . - - . -

par-1 - - - - - - - 06 0.2 - 0.2

iot-1 0.24 0.04 - 0.01 0.01 - 0.01 - - - . - - -

dig-1 - - 0.02 - - . - - - - - - - -

comp-1 - - - - - - - - 0.2 - - .

glob-1 - - - - - - - - -

hum-l - 0.02 - - - - - - - - - - -

m i n~l 0.04 - - - - - - - - .

unid-l 0.12 0.06 0.02 0.04 0 05 0.01 - . - . - - -

splf-l 5.32 2.14 0,6 0 47 0.34 0.1 0.11 59.6 62 8 48 4 17.2 8.2 36 5 8 8 4

splf 15.7 10.3 7.96 3.89 12.2 7 95 11.1 79.4 77 6 604 26,2 14 49 4 18.4 16.4
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Table ULI, continued

station 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7

zop(m) 80 100 200 300 500 700 20 40 60 80 100 200 300 500 700

zcl(m) 60 80 100 200 300 500 0 20 40 60 80 100 200 300 500

rplf - - - - - - - - - 18.6 - - - -

tbf . - - - - - - - -

~> *> 0.4 - 0.02

sac-d 0.4 0.2 0.(4 - 0,04 0.14 0.8 0.8 - - 0.4 - 0.02

rubp-d 0.4 0.4 0.4 0.28 0.26 0.4 3.6 1.8 0.4 0.4 0.6 - 0.08

rubw-d 1.4 0.4 0.52 0.68 0.84 1.02 74 7.8 1.8 1 2.6 0.08 0,32 0.44 0.46

glut-d 2.2 0.6 0.76 3 3.42 4.98 5.8 4.4 0.8 0.4 3.6 0.24 0.4 0.22

oth-d 1.6 1 0.84 1.64 1.88 1.64 3.6 4.2 1.6 1.6 4 0.28 0.36 0.66 0.42

splf-d 6 2.6 2.56 5.6 6.44 8.18 21.2 19 4.6 3.4 11.2 0.36 0.92 1.58 1.12

sac-l - 0.04 0.04 - - 0.2 2.6 0.4 0.2 - - 0.02

rubp-1 1.2 1.4 0.44 0.04 - - 1 5 0.2 0.2 - - - _ -

rubw-1 0.2 0.4 0.12 - - - 2.2 11.6 1.8 - 0.04 0.02

con-1 - - - - - - - 0.2 - - - .

dut-1 0.8 0.2 0.28 0.16 0.04 0.06 0.8 0.6 - -

pac-1 - - - - - - - - . - - .

siph-1 0.8 0.2 0.16 0.16 0.04 - 1 3 1 0.6 - 0.02 -

cal-1 - - - - - - - - - -

glut-1 1.2 0.4 0.32 0.2 0.02 - 8.8 6.8 0.8 0.2 0.2 - -

quin-l 0.4 - - - - - - - - - - - -

nit-1 - - - - - - - . - -

obl-l - - - - - - - - - - -

univ-1 - - - - 0.4 0.8 - 0.2 0.04 -

pcl-1 - - 0.16 - 0.06 0.04 _ - - - 0.04 0.04 0.08 -

mcn+ -1 0.6 0.4 0.24 0.12 - 0.02 - - - - - -

trun-1 - . 0.12 0.44 0.12 0.04 - - - - 0.08 0.72 0.12 0.02

inf-1 - - - - - - . - . - - - _ -

cras-1 - - - 1.12 0.56 0.08 - 0.2 . 0.2 - - - 0.04 -

seit-! - . 0.68 0.4 - - - - - . 0.04 0.08 -

hirs-i - - - - - - - . - - - .

bul-1 - - 0.04 - - - - - - - - . . .

fal-1 - - - - - - - - - - . -

rbc-1 - - - - - 1 2.2 1 - - .

tcn-1 - - - - - - - -
- .

anf-1 - - - - 0.06 - - - 0.2 - - 0.08 -

inc-1 - - - - - -
- -

par-1 - - - - - . - - -

iot-l - - - 0.2 0.02 - - - - - - -

dig-1 - - - - - - - - - . -

comp-l - - - - - - - - - -

glob-1 - . - - - - - - - - .

hum4 - - - - - - - - . - .

mind - - - - - - - - - - -

unkl-1 0.2 0.(4 - - - - 0.2 - - -

splf-1 5.2 3.2 1.96 3.16 1.32 0.24 15.4 33 5.6 0.8 1 0.2 0.88 0.36 0.04

splf 11.2 5.8 4.52 8.76 7.76 842 36.6 52 10.2 4.2 12.2 0.56 1.8 1.94 1.16
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Table III-1, continued

station 9 9 9 9 9 9 9 9 9 9 9 9 9 11 11

zop(m) 20 40 60 80 100 200 300 500 700 1000 1500 2000 2500 20 40

zcl(m)

rplf

tbf

0 20 40 60 80 100 200 300 500 700 1000 1500 2000 0 20

- _ _ _ - - . - _ _ _ 0.2

sac-d - - - - - 0.04 - 0.04 - 0.02 0.4 0.6

rubp-d 0.6 0.2 - - - 0.04 - 0.04 0.02 0.05 0.03 0.02 0.06 0.6 0.2

rubw-d 1 - 0.2 - 0.6 1 0.8 0.52 Fi 0.43 0.23 0.32 0.21 12.2 4.8

glut-d 0.2 0.6 0.6 0.6 04 0.48 0.32 0.42 0.38 0.23 0.3 0.10 0.32 1.2 1.2

oth-d 1.6 2 1.6 0.4 04 0.8 1.16 1.16 1 0.41 0.35 0.30 0.30 1.8 2.6

splf-d 3.4 2.8 2.4 1 1.4 2.36 2.28 2.14 2.54 1.12 0.91 0.76 0.89 16.2 9.4

sac-1 1.2 0.8 0.8 0.2 0.2 0.08 - - - - - - 1 0.8

rubp-1 1.6 0.2 0.8 - 0.2 - - - - 0.01 - - 0.6 -

rubvv-1 8.6 6.6 4.8 1 1.4 0.32 0,16 - 0.04 0.01 - - 10.8 1.2

con-1 - - - - - - - - - - - 0.2 -

dut-1 0.4 - 0.2 - - - - . - - 0.01 1.2 -

pac-1 - . - - - - - - - - -

siph-1 0.6 0.6 0.8 0.4 0.2 0.4 - 0.02 - . - - - 1.8 0.6

cal-1 - - - 0.04 - - - - - - -

glut-1 4.4 2 1.8 0.6 0.4 0.32 0.04 0.08 0,02 - - - - 5 1.2

quin-1 0,2 0.2 0.2 - - 0.08 0.04 0.04 . - - . - 0.2

nit-1 . - - - - - . - -

obl-1 - - - - - - - - - - -

univ-1 - - 0.2 0.2 0.2 0,04 - 0.02 - - - - 0.2

pcl-l - - - . 0.04 0.04 0.02 - - - .

mcn+ -1 - - - - - - - - - - - -

lrun-1 - 0.2 0.6 0.2 0.4 2.56 0.52 0.18 0.08 0.01 0.01 - .

inf-1 - - - - - - - - . - - -

cras-1 - - - - - 0.04 0.04 0.04 - - - - -

scit-1 - - - - - - - - - - - - . -

hirs-1 - - - - - - - 0.02 0.02 - - - -

buFl 0.6 0.2 - - 0.28 - - - - - - -

fal-1 - . - - - - - - - - - .

rbc-1 0.2 - - - 0.2 - - - - - - 1 0.4

ten-1 - - - - - - - - - - 0.2 -

anf-1 - - - - - - - - - -

inc-1 - - - - - - - - - - - -

par-1 - - - - - - - - 0.02 - - -

iot-1 0.2 0.2 - - 0.08 0.28 0.06 0.02 - - - - 0.2

dig-l 0.2 - . - - - - - - - -

comp-1

glob-1

hum-1

min-1

unid-1

splf-1

splf

0.2

18.2

21.6

0.2

0.2

11.4

14.2

0.6 0.4

0.2

3.2

4.23.4

- 0.52 0.08 0.02 -------

0.2

3.2 4.8 1.2 0.5 0.2 0.04 0.01 0.01 - 22.2 4.6

4,6 7.16 3.48 2,64 2.7-1 1.16 0.92 0.77 0.89 38.4 14
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Table ULI, continued

station 11 11 11 11 11 11 11 12 12 12 12 12 12 12 12

zop(m) 60 80 100 200 300 500 700 20 40 60 80 100 200 300 500

zcl(m) 40 60 80 100 200 300 500 0 20 40 60 80 100 200 300

rplf - - - - - - - - - - - 0.88 0.08 -

tbf - - - - 0.02 - - - - - - - 0.12 0.02

sac-d 0.4 - - - 0.04 - - 0.2 - 0.4 - -

rubp-d 0.6 - 0.2 - 0.04 0.08 0.02 1 0.8 - 0.2 - 0.04 0.02

rubvv-d 3.6 1.2 3.2 0.36 0.2 0.46 0.08 3 1 1.2 3 2.8 1.28 0.88 0.58

glut-d 0.8 1 0.8 - 0.32 0.64 0,2 1.2 - 0.2 1.6 0.8 1.4 I 0.62

oth-d 2.6 0.8 2.6 1 1.48 1.58 0.3 1.4 1.2 0.8 4.4 2.6 2.12 1.84 2.14

splf-d 8 3 6.8 1.36 2.08 2.76 0.6 6.8 3 2.2 9.2 6.6 4.84 3.72 3.36

sac-1 0.4 - 0.4 - - - 0.6 - - - 0.04 0.04 -

rubp-1 0.2 0.4 - 0.04 - - - 1.8 0.2 - 0.2 0.04 - -

rubvv-1 2.4 1.2 1.8 0.08 - - - 7.2 2.2 1 0.6 - 0.28 0.04 0.06

con-1 - - - - - - - - - - -

dut-1 - - - - - - - 0.4 0.2 - - 0.08 -

pac-1 - 0.2 - - - - - - - - - - -

siph-1 1 1.4 0.4 0.28 - 0.02 - 2 0.6 0.6 0.2 0.2 0.2 - 0.02

cal-1 - - - - - - - - -

glut-1 0.4 - 1.2 - - - 3.2 1.4 1.2 - 0.56 0.04 0.04

quin-1 0.2 - - - - - - - 0.04

nit-1 - - - - - - - - - - - -

obl-1 - - - - - - - - - - - - -

univ-1 0.2 0.6 - - - 0.02 - 0.2 0.12 -

pcl-1 - 0.4 0.04 - 0.04 - 0.2 - 0.2 - 0.12 0.04

mcn+ -1 - - - - - - - - - - - - -

lrun-1 - 0.2 0.84 0.36 0.3 0.02 - 0.2 - 0.2 - 1.08 0.88 0.16

in Fl - - - - - - - - - -

cras-1 - - - - 0.02 0.02 . - ~ . .

scit-1 - - - - - - - - - - - - 0.02

hirs-1 - - - - - - - - - -

bul-1 . - - - - - - - - - - - 0.04

fal-1 - - - - - _ . - - . . . .

rbc-1 0.4 0.8 1 0.4 0.04 - - 0.8 - 0.8 1 0.8 0.08 0.08 0.02

ten-1 - 0.6 - - 0.02 - - - - - 0.36 0.04 0.02

anf-1 - 0.2 - - - - - - 0.4 - - - 0.04

inc-1 - - - - - - - - - - - - -

par-1 - 0.2 - - - 0.04 - - - - - -

iot-1 - - 0.04 0.36 0.1 - - 0.2 - 0.36 0.16

dig-1 - - - - - - - - - - - - -

comp-l
r,UK 1

04 - 0.4 - - - - - - - 0.04

A A 1

0.(4 -

0.2 0.32 0.02

" u.z, - - ~ - ~

5.4 5.8 6 1,92 1.08 0.56 0.06 16.2 5.4

13.4 8.8 12.8 3.28 3.16 3.32 0.66 23 8.4

0.04 0.04

3,8 2,4 I 2.88 1.76 0.66

6 11,6 7.6 7.72 5.48 4.02
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Table III-1, continued

station 12 16 16 16 16 16 16 16 16 16 17 17 17 17 17

zop(m) 700 20 40 60 80 100 200 300 500 700 20 40 60 80 100

zcl(m) 500 0 20 40 60 80 100 200 300 500 0 20 -10 60 80

rplf - - - - - - - - - - - -

tbf 0.02 - - - - 0.04 0 04 0 08 - - - -

sac-d 0.04 2.2 3 1.8 0.4 0.6 - 0.04 0 02 0.02 0.6 0.8 0.2 0.4

rubp-d - 4.8 4.6 0.8 1.6 0.4 0.24 0.2 0.08 0.1 1 0.6 1 0.6

rubvv-d 0.36 24.8 21.6 12.2 5.2 1.6 148 0.76 1.2 1.92 20 13 4.6 2.4 2

glut-d 0.66 2.6 1.2 0.6 0.8 0.8 0.56 0.56 0.9 1.02 4.2 5.4 3.6 1.6 1.6

oth-d 1.3 5.6 7.6 5.6 2 24 1.04 0.64 1.7 1.94 1 1.6 1 1 1 8

splf-d 2.36 40 38 21 10 5.8 3.32 2.2 3.9 5 26.8 21.4 104 5.6 5 8

sac-I - 1 0.6 2.8 - 0.4 0.08 - - - 1 1.8 0.4 0.2 0 8

rubp-1 - 1.4 0.6 1.4 0.8 0.2 0.24 - - 0.02 5.6 4.6 0.6 0.6 0 8

rubvv-1 - 2 0.6 13.6 1 1 0.4 0.12 - 0.1 4.4 8 8 2.4 2 3

con-1 - - 0.2 0.4 - - - - - - - -

dut-1 - 1.4 0.6 0.6 0.6 - 0 08 0.12 - 0.02 1 0.6 0.6 0.4 0 6

pac-l - - - - - - - - - - - - 0 2

siph-1 0.04 2.2 1.8 0.8 0.2 0.6 0.28 0.04 0.06 0.02 1.4 1.2 1.2 0.4 0.4

cal-1 - - - - - - - - - - -

glut-1 - 5.6 4.8 4.2 2.8 1.2 0.52 0.24 0.08 0 02 0.6 0.2 0.2 0.2 1

quin-1 - 0.2 0.2 2 1.2 0.6 0.12 - - - 0.2 0.2 0.2 0.4 0.2

nit-1 - - - - - - - - -

obl-1 - - - - - - - - - - - -

univ-1 - - - 0.4 0.28 - - 0.02 - 0.6 - -

pcl-1 0.02 - - - 0.08 0.04 0.04 - - - -

mcn+ -1 - - 0.2 0.2 - 0.2 0.04 0.04 - - - 0.6 0.8 0.2

trun-1 0.1 - - - - - 0.76 0.48 0.02 0.08 - - 0.2 0.6

inf-1 - - - - - - - - - - - -

cras-1 0.02 - - - 0.2 - 0.12 - - 0.02 - - -

scit-1 - - - - - - - - - - -

hirs-1 - - - - - - - - - - - - -

bul-1 0.02 0.2 0.2 0.2 - - 0.2 - . 0.6

fal-1 - - - - - - - - - - -

rbc-1 - 0.2 - 2.6 1.4 0.12 0.12 - - - 02 02 0.2 0.2

ten-1 - 0.2 0.2 0.8 - - 0.08 0.04 - - -

ani-1 - - - - - - 0.08 - 0.06 0 02 - 0.4 0.2

inc-1 - - - - - - - - -
- -

par-1 - 0.2 - - - - - - 0.6 - -

iol-l 0.02 - - 0.2 - - - - 0.06 0.04 - - - -

dig-1 - - - - - - - - -

comp-l - - - - - - - - - - - -

glob-1 - - - - - - - - - -

hum-1 - - - 0.2 0.2 0.2 0.04 0.12 - 0.04 - -

min-1 - - - - - -
-

unid-1 - 0.4 0.2 - - - - - 0.2 0.2 0.8 0.2

splf-1 0.22 15 10.2 30 84 48 3.32 1.36 0.32 0.4 144 20,2 6.8 5.6 8.6

spll" 2.58 55 48.2 51 18.4 10.6 6.64 3.56 4.22 54 41.2 41.6 17.2 11.2 14.4
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Table ULI, continued

station 17 17 17 21 21 21 21 21 21 21 21 21 24 24 24

zop(m) 200 300 500 20 40 60 80 100 200 300 500 700 20 40 60

zcl(m) 100 200 300 0 20 40 60 80 100 200 300 500 0 20 40

rplf - - - - - - - - - - - -

tbr - 0.02 0.2 - 0.2 - - 0.04 - - - - -

sac-d 0.32 0.08 0.(4 0.4 0.4 - 0.4 0.4 - 0.12 0.04 0.02 2.2 0.8 -

rubp-d 0.24 0.04 0.02 2.4 0.8 0.4 0.2 0.2 0.08 0.16 0.02 0.02 3.6 2.4 0.8

rubvv-d 1.56 0.(4 0.58 2.8 1.6 1 1 1.8 1.56 0.92 1.28 0.72 18.8 6.4 3

glut-d 1.68 1.84 0.56 0.4 - 1.4 0.6 3 2 72 1.84 1.28 0.74 44 1.2 0.4

oth-d 3.96 0.64 0.98 1.2 4.2 0.4 0.6 1.2 1.8 1.4 1.88 1.7 4.4 3.4 2.4

splf-d 7.76 3.24 2.18 7.2 7 3.2 2.8 6.6 6.16 4.44 4.5 3.2 33.4 14.2 6.6

sac-1 0.04 - 0,02 54 2.8 1.4 0.6 0.24 0.16 0.04 - 13.2 4.6 5,4

rubp-1 0.12 0.04 134 6.2 2.6 1.6 14 0.12 0.16 0.06 0.02 18.2 12 14.4

rubvv-1 0.88 0.04 0.14 51.8 37 12.6 4.4 2.6 0.76 0.2 0.26 0.16 72.4 53.2 58.6

con-1 - - 0.4 - - - - - 3.2 1.4 1.6

dul-1 0.04 - 0.06 3.4 1 1.6 0.8 0.6 0.44 0.16 0.06 - 6.8 3.8 2.4

pac-1 - - - - - - - - - - - - -

siph-1 - - 3.8 4 4 1 0.8 0.6 0.12 0,06 - 3.4 2.6 4.8

cal-1 - - - - - - - 0.04 - - - 0.6 0.8 0.8

glul-1 0.44 0.04 0.04 35 24.6 7.6 2.4 1.8 0.72 0.24 0.(4 - 22 20.2 18.4

quin-1 0.04 - 0.04 0.6 1 0.6 0.2 - 0.08 0.02 - 0.8

nit-1 - - - - 0.2 - - - 0.04 - - - - -

obl-1 - - - - - - - - - -

univ-1 0.08 - - 0.6 0.2 1 0.6 1.6 0.08 - - 1 0.4 0,2

pel-1 - 0.04 0.08 - 0.2 - - 0.04 0.08 0.0-4 0.02 - - -

mcn+ -1 0.04 0.04 0.04 0.6 0.2 0.8 0.4 0.4 - - 0.02 1.6 0.8 1.6

trun-1 0.88 0.24 0.18 - - 0.2 - - 0.6 0.28 0.14 0.04 - - -

inf-1 - - - - - - - - - - - - -

cras-1 - 0.04 - - - - - - - - 0.02 - -

scit-1 - - - - - - - - - - - -

hirs-1 - - - - - - - - - 0.02 0.02 - - -

bull - - - - 0.2 - - - . . . - 1 0.6 0.8

fal-1 - - - - - - - - . 0.2 - -

rbc-1 0.52 - 0.26 3,6 0.6 3 0.8 2.2 0.12 0.06 - 1.4 0.6 -

ten-1 0.08 - - - - - - - 0.04 0.04

anf-1 - 0.02 - 0.2 - - - 0.04 0.02 0.2

inc-1 - - - - - - - - - - 0.2 -

par-1 - - 0.2 - - - - - - - - -

iot-1 - 0.12 - - - - - 0.28 0.2 - 0.4 04 I

dig-1 - - - - - - - - - - - - -

comp-1 - - - - - - - - - - - - 0.2

glob-l - - - - - - - - - -

hum-1 0.04 0.12 0.04 - - - - 0.2 0.04 0.08 - - -

min-1 - - - - - - - - - - - 0.4

unid-1 - 0.04 - 0.2 0.2 0.2 0.2 - 0.04 0.04 0.02 0.02 2.4 0.6 I

splf-t 3.2 0.6 1.08 119 784 35.8 13 11.6 4.04 1.84 1.06 0.3 149 103 111

splf 1 1.0 3.84 3.26 126 85.4 39 15.8 18.2 10.2 6.28 5.56 3.5 182 117 118
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Table ULI, continued

station 24 24 24 24 24 24 24

1000

24 24 24 28 28 28 28 28

zop(m) 80 100 200 300 500 700 1500 2000 2500 20 40 60 80 100

zcl(m) 60 80 100 200 300 500 700 1000 1500 2000 0 20 40 60 80

1 pll

tbf _ « _ 0.02 - . - - _ _ _ 0.2

sac-d 0.4 0.2 0.2 0.44 0.3 0.32 0.19 0.07 0.08 0.07 14 1.2 2.2 1.4 -

rubp-d 0.6 0.2 0.4 0.56 0.48 0.26 0.25 0.29 0,24 0.29 0.4 1 2 1.2 0.2

rubw-d 1.8 1.8 1.32 1.44 1.04 1.88 1.45 0.62 0.73 1.18 19.4 6.2 16.2 7.6 66

glut-d 0.6 0.6 1.56 4.12 1.26 2.86 2.83 1.35 1.64 1.64 5.2 1 9.2 5.4 3 8

oth-d 2 2.8 1.44 3.24 1.64 1.76 1.96 0.90 0.82 1.42 6.2 1.2 8 7 6

splf-d 5.4 5.6 4.92 9.8 4.72 7.08 6.68 3.23 3.51 4.59 32.6 10.6 37.6 22.6 16.6

sac-1 0.6 0.4 0.64 1.24 0.12 0.06 0.05 0.01 0.02 17.2 4 6 9.8 16.4 12

rubp-1 0.6 0.6 0.56 0.2 0.22 0.02 0.12 0.02 0.01 0.01 4.2 1.4 3 2.4 1

rubvv-1 8.6 6.2 2.52 1.56 0.64 0.24 0.41 0.05 0.06 0.03 26 9.4 16.4 21.8 7 8

con-1 0.4 - 0.08 - - - 0.01 1 1.2 0.8 -

dut-1 0.6 0.8 0.36 0.28 0.14 0.08 0.19 0.03 0.01 0.01 3 0.4 3.4 3.2 1.4

pac-l - - - 0.04 0.02 - - - - - -

siph-1 0.8 0.6 0.92 0.2 0.08 0 07 0.01 0.02 0.01 18 6 54 14 15.8 16.4

cal-1 0.6 1.2 - 0.04 - - - - - 0.2 -

glut-l 2.6 1.6 1.04 1.08 0.24 0.1 0.21 0.06 0.02 0.05 134 54 13.8 19.2 3.4

quin-1 - - 0.08 - 0.06 - - - - - - 0.2 0.4 - 0.4

nit-l - - - - - - - - - - 0.2

obl-1 - - - - - - 0.01 - - - - - 0.2

univ-1 0.2 0.4 0.28 0.04 - - 0.03 0.01 - 1.2 0.6 1 0 8 2

pel-1 - - - - 0.02 0.06 - - - 0.2 - 0.2 0.2 0.2

mcn+ -1 1,4 0.8 0.04 0.28 0.04 0 06 0.03 0.02 - - 0.8 0.2 1.6 1.2 2

trun-1

i n f 1

- - 0.44 0.36 0.08 0.04 0.07 - 0.01 - - - 1

mi-i

cras-1 - „ 0.04 0.12 0.08 0.04 0.04 0.01 0.01 0 01 - - „

scit-1 - - - - 0.04 0.08 - - 0.01 - . - - -

hirs-1 - - - - 0.02 - - - 0.01 - - -

bul-1 - - - - 0.06 - - - - - - 0.2 0.2

fal-l - - - - - - - - - - - - -

rbc-1 - 0.2 0.28 - 0.02 - - - - 1,4 0.2 0.2 1

tcn-1 - - - - 0.04 0.02 0.04 - - - 0,2 0.4

anf-1 - - - 0.04 0.02 0.04 0.04 0.01 0.01 0.02 0.8 - 0.2 0.6 0.2

inc-I - - - - - . 0.03 0.01 0.02 - . - -

par-1 - - - - - 0 02 - - - - 0.2 - - 04

iot-1 0.4 0.2 0.(44 - 0 04 - - - 0.01 - 0.2 - 04 -

dig-1 - - - - - - - - - - - - -

comp-1 - - - - - - - - - - - 0.2

glob-1 - - - - - - - - - -

hum-l - - - - - - - - - - - - - -

min-1 - - - - - - - - - - -

unid-1 - 04 0.08 0.2 0.06 - 0,03 0.01 0.2 - - -

splf-1 16.8 13.4 7.4 5.68 2.04 0 86 1.35 0.24 0.21 0.14 88.6 27.8 65.4 84,8 37.8

splf 22.2 19 12.3 15.5 6.76 7,94 8.03 3.47 3.72 4.73 121 38.4 103 107 54.4



Appendix III 164

Table ULI, continued

station 43 43 43 43 43 43 43

300

43 43

zop(m) 20 40 60 80 100 200 500 700

zcl(m) 0 20 40 60 80 100 200 300 500

rplf - - - - - - - -

tbf - - - - - 0.02 -

sac-d 3 2.4 0.8 0.2 - 0.16 0.04 0.06 -

rubp-d 1.2 1.8 - 0.8 0.2 0.12 0.04 0.02 0,06

rubw-d 5 5.8 3.2 1.6 1.6 04 0.04 0.3 0.6

glul-d 1.2 1.4 1.8 2.6 3.6 0.64 0.04 0.72 1.18

oth-d 4.2 2.8 4 4.o 5 2.56 0.68 0.66 0.28

splf-d 14.6 14.2 9.8 10 10.4 3.88 0.84 1.76 2.12

sac-l 2.2 4.6 2 1.6 - 0.12 0.28 . 0.02

rubp-1 3.2 3.8 3.2 1.6 0.2 0.(4 - - -

rubw-1 13 12.2 8.6 8.8 3.2 0.76 0.12 -

con-1 - - 0.4 - - - 0.04 - -

dut-1 1.4 1.2 0.8 1.6 - 0.04 0.08 - -

pac-1 - - - - - - - - -

siph-1 4.2 6.6 4.2 2.6 2 1.76 0.16 0.12 0.04

cal-1 - - - - - - -

glut-1 6.2 3.8 4.4 2.8 1.4 0.72 1 0.04 0.02

quin-i 0.2 - 0.4 - - - - - -

nit-l - - - - - - - -

obl-1 - - - - - - - -

univ-1 0.8 0.4 0.2 0.2 - 0.12 - - -

pel-1 - - - 0.6 0.04 - 0.06 0.02

mcn+ -1 0.4 0.2 0.4 0.4 2 0.24 0.12 0.02 0.02

trun-1 - - - - 0.12 0.12 0.08 -

in Fl - - - - - - - -

cras-1 - - - - - - 0.28 0.08 0.02

scit-1 - - - - - - - 0.02

hirs-1 - - - - 0.2 - - -

bul-1 - - - - - - - -

fal-1 - - 0.2 1 6 - - - 0.02 .

rbc-1 0.4 - - - - - - - 0,72

ten-l - - - - - - -

an Fl - - 1.2 - - 0.02 -

inc-1 - - - - - - - - -

par-1 - - 0.4 - - - -

iot-l - 0.2 0.2 0.2 0.02

dig-l - - - - - - - -

comp-1 - 0.2 - - - -

glob-1 - - - - - - -

hum-t - - - - - - - -

min-i - - - - - -

unid-1 0.8 - 1.6 1 - -

splf-l 32.8 32.8 27.2 23.6 9 8 3 96 2.2 0.48 0 86

splf 47.4 47 37 33.6 20.2 7.84 3.04 2.24 2 98
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Table III-2 a: Stan ding stocks (tests irG') of G.ruber (w hite) in difïerent size classes.

lunar day 15 17 18 19 20 21 22 23 25 27 28 -> 9 sum

>315 pm 0.6 0.5 0 0.4 0 0.2 0 0.4 0.6 1.8 19 0.6 0.2 24.3

250-315 pm 3.2 3.1 0 0.8 0.4 0.4 0 1.2 2.8 0.6 41.2 5.6 0.8 60.1

200-250 pm 2.4 5.5 0.2 1 1.2 14 0 4.4 4.6 0.2 20.2 3.8 1 -15.9

150-200 pm 6.8 9.3 0.6 4.4 2.6 1.8 3.2 5 74 1.6 64,4 23.2 5.6 136

125-150 pm 7 4.4 2 4.6 5.8 2.2 2.6 2 9.2 1.6 33.6 15.2 2.8 93

100-125 pm 15.4 4.4 2.8 4.4 11 9.6 5.2 4.2 15.4 0.2 14.4 25.2 5.2 117

sum 35.4 27.2 5.6 15.6 21 15.6 11 17.2 40 6 193 73.6 15.6

Table III-2 b: Proportion of the different size-classes of G. ruber (white).

lunar day 15 17 18 19 20 21 22 23 25 27 28

9.85

2

0.82

9 sum

>315 pm 1.69 1.84 0 2.56 0 1.28 0 2.33 1.5 30 1.28 4.09

250-315 pm 9.04 11.4 0 5.13 1.90 2.56 0 6.98 7 10 214 7.61 5.13 6.78

200-250 pm 6.78 20.2 3.57 6.41 5.71 8.97 0 25.6 11.5 3.33 10.5 5.16 6.41 8.78

150-200 pm 19.2 34.2 10.7 28.2 12.4 11.5 29.1 29,1 18.5 26.7 33.4 31.5 35.9 24.6

125-150 pm 19.8 16.2 35.7 29.5 27 6 14.1 23.6 11 6 23 26.7 174 20.6 17.9 21.8

100-125 pm 43.5 16.2 50 28.2 524 61.5 47.3 24.4 38.5 3.33 7.47 34.2 33.3 33.9

sum 100 100 100 100 100 100 100 100 100 100 100 100 100

Table III-2 c: Residual values of G. ruber (white) in the size-classes >150 and <150 pm

lunar day 15 17 18 19 20 21 22 23 25 27 28 2 9

>150 pm

<I50 pm

-7.57 23.3

7.57 -23.3

-30.0

30.0

-1.98

1.98

-24.3

24.3

-19.9

19.9

-15.2

15.2

19.7 -5.79 25.7 30.8 0.82

-19.7 5.79 -25.7 -30.8 -0.82

4.43

-4.43
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