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ABSTRACT
 

Paleoecological and paleoenvironmental analysis of benthic and planktonic 
foraminiferal associations from sediments from the northern Adriatic Sea, the Kau 
Basin (Halmahera) and the Molucca Sea shed new light on the way in which various 
environmental factors influence foraminiferal distribution patterns. The qualitative 
and quantitative analyses on the faunas from these areas are presented and the 
results discussed in eight separate papers, compiled as chapters 1 - 8 of this thesis. 

In a series of three papers on the seasonally productive northern Adriatic 
Sea (chapters 2-4), the influence of oxygenation and food supply on the size and 
composition of benthic foraminiferal communities is emphasized. The paper on 
benthic foraminiferal microhabitat selection (chapter 2) shows that three categories 
of species can be distinguished on the basis of their vertical distribution patterns 
in the sediment. These categories include epifaunal, predominantly infaunal and 
potentially infaunal groups of taxa; the habitat selection appears to be closely 
related to the degree of oxygenation of the sea-bottom environment. 

From the distribution of living benthic foraminifera in fourteen sample 
stations in the northern Adriatic Sea (chapter 3) it is concluded that the downward 
organic flux is the most important factor determining the overall distribution 
patterns. This flux controls the complex relation between food and oxygen 
availability in the benthic environment. 

Chapter 4 deals with a study on the benthic foraminiferal record 
documenting the eutrophication history of the northern Adriatic Sea during the last 
160 years. Three time-successive changes in benthic foraminiferal assemblages can 
be attributed to the impact of man-induced changes in sedimentation rates, food 
and oxygen availability in front of the Po delta. Anoxic, pollution-related events 
occurred with increasing frequency since 1960, whereas the effects these events 
had became even more from about 1980 onwards. 

The two papers on the Kau Basin, Halmahera (chapters 5 and 6) give a 
detailed account of its environmental evolution since the latest Pleistocene. Kau 
Basin, which was a freshwater lake during the last glacial maximum, became 
reconnected with the open ocean about 10 ka SP, due to the sea level rise at the 
Pleistocene - Holocene transition. Dysoxic bottom conditions prevailed throughout 
the Holocene. The surface waters were homothermal over the last 8 ka, as evi
denced by the composition of the low-diversity planktonic associations. Changes 
in surface water productivity were most probably related to variations in river 
discharge. 
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Palynological, planktonic foraminiferal and stable isotope data from a 
piston core off Halmahera are used to reconstruct glacial! interglacial contrasts in 
the northern Molucca Sea (chapter 7). The inferred environmental changes are 
interpreted in terms of changes in monsoonal circulation, lapse rate, and water 
exchange between the Pacific and Indian Oceans. It is concluded that the glacial 
climate was drier than today and that surface water temperatures were between 
o and 2.5° C lower than at present. 

In chapter 8, where benthic foraminiferal assemblages from food- enriched 
areas are discussed, fluctuations in relative numbers of groups of opportunistic in
and epifauna from the Holocene of the Kau Basin are explained by applying the 
microhabitat model established for the northern Adriatic Sea. It is shown that the 
temporal and spatial relationships between the benthic faunas mainly mirror the 
effects of changes in oxygenation of the bottom environments, which, in turn, can 
be related to the Holocene climatic evolution. 
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SAMENVATTING 

De in dit proefschrift gepresenteerde paleoecologische analyses van 
benthische en planktonische foraminiferen associaties, aangetroffen in sedimenten 
uit de noordelijke Adriatische Zee, Kau Bay (Halmahera) en de Molucca Zee 
werpen nieuw licht op de wijze waarop distributie-patronen van foraminiferen 
beinvloed worden door diverse milieu-factoren. 

In de hoofdstukken 2 tot en met 4, die de seizoenaal hoog productieve 
noordelijke Adriatische Zee behandelen, wordt de invloed van zuurstof en 
voedselaanbod op de grootte en samenstelling van benthische foraminiferen 
populaties benadrukt. In hoofdstuk 2 wordt aangetoond dat drie categorieen van 
soorten kunnen worden onderscheiden op grond van hun verticale verspreiding in 
het sediment. Deze categorieen kunnen respectievelijk gekarakteriseerd worden als 
epifauna, predominante infauna en potentiele infauna. De microhabitat selectie 
lijkt in hoge mate te worden beinvloed door de mate van beluchting van de 
bodemsedimenten. 

Op grond van de distributie van levende benthische foraminiferen in 
veertien stations in de noordelijke Adriatische Zee (hoofdstuk 3) wordt 
geconcludeerd dat de totale populatie-grootte en de interspecifieke verschillen in 
geografische distributie-patronen in hoge mate worden bepaald door de 
neerwaartse flux van organisch materiaal, die in hoge mate bepalend is voor de 
complexe relatie tussen voedselaanbod en zuurstofconcentratie in het benthisch 
ecosysteem. 

In hoofdstuk 4 wordt aan de hand van een benthische foraminiferen record 
de eutroficatie-geschiedenis van de noordelijke Adriatische Zee in de afgelopen 
160 jaar gereconstrueerd. Drie opeenvolgende veranderingen in de benthische 
foraminiferen associaties worden toegeschreven aan door de mens beinvloede 
veranderingen in sedimentatie-snelheid, voedselaanbod en zuurstof-concentratie 
in de mariene benthische milieus in de onmiddelijke nabijheid van de Po delta. 
Vanaf ongeveer 1960 worden steeds meer aanwijzingen voor het periodiek optreden 
van anoxische condities gevonden. Ongeveer 10 jaar geleden bereikten deze door 
de uitstroom van de Po veroorzaakte anoxia een maximum, dat nog steeds voort
duurt, en jaarlijks een ecologische ramp veroorzaakt. 

De twee artikelen over Kau Basin, Halmahera (hoofdstukken 5 en 6) geven 
een gedeta1lleerde beschrijving van de evolutie van dit bekken sinds de 
Pleistoceen-Holoceen overgang. Het bekken, dat tijdens het laatste glaciale 
maximum een zoetwater meer was, kwam in het Holoceen door het stijgende 
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zeespiegelniveau (opnieuw) in verbinding te staan met de open oceaan. In het hele 
Holoceen prevaleerden anoxische condites in de bodem-milieu's. De samenstelling 
van de laag-diverse plankton associatie toont aan dat het oppervlakte-water gedu
rende de laatste 8000 jaar homothermaal was. De waargenomen fluctuaties in de 
productiviteit van het oppervlakte-water kunnen waarschijnlijk gerelateerd worden 
aan variatie's in rivier-uitstroom. 

In hoofdstuk 7 worden palynologische data, planktonische foraminiferen 
en stabiele isotopen gegevens gebruikt om glaciaal-interglaciaal contrasten in de 
noordelijke Molucca Zee te reconstrueren. De door de fauna en flora weergegeven 
milieu-veranderingen worden geinterpreteerd in termen van moessonale circulatie, 
verschuiving van vegetatie-zones en wateruitwisseling tussen de Pacifische en 
Indische Oceaan. Er wordt geconcludeerd dat het glaciale klimaat droger was dan 
het recente, en dat de oppervlaktewater temperatuur tussen 0 en 2.5 graden Celsius 
lager was dan nu. 

In hoofdstuk 8, wat dieper ingaat op benthische foraminiferen associaties 
uit voedselrijke gebieden, wordt geprobeerd het in de hoofdstukken 2 en 3 
ontwikkelde microhabitat model voor de Adriatische Zee toe te passen op de 
fauna-gegevens van Kau Basin. Op grond van fluctuatie's in relatieve frequenties 
van opportunische epi- en infauna wordt aannemelijk gemaakt dat de benthische 
faunas hoofdzakelijk veranderingen in de zuurstof-concentratie weergeven, die op 
hun beurt weer kunnen worden gerelateerd aan de klimatologische evolutie 
gedurende het Holoceen. 
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Chapter 1 

INTRODUCTION 

l.l. PURPOSE OF THE INVESTIGATION 

In modern micropaleontology increasing interest is being paid to 
paleoecology and to paleoenvironmental studies. At this stage it is clear that the 
distribution of microfaunal elements is controlled by a complex interplay between 
parameters related to oceanic circulation, climate, basin configuration and 
sedimentation. Such parameters include temperature, salinity, oxygen and nutrient 
concentration. However, fairly little is known of the details of the interaction 
between these parameters and of the effects this interaction had on the faunal 
composition and on the distribution of individual species. This holds in particular 
for productive areas, where small environmental perturbations may easily lead to 
pronounced changes in export production and oxygenation of the water column or 
basin floor. 

Recent investigations have shown that nutrient availability and oxygen 
content seem to be the main parameters which control prOductivity and 
composition of benthic foraminiferal communities. Food availability and oxygen 
content may be subject to ephemeral, even seasonal changes of a local character, 
or they may be the response to the effects of global changes, for instance to 
recurrent climatic changes. 

Productive areas seem most appropriate for a detailed study on the 
relationships between changes in environmental conditions and foraminiferal life. 
Such a study forms the major topic of this thesis, which aims at better 
understanding the influence of oxygenation and food supply on the composition of 
standing stocks and on the changes in the composition of foraminiferal associations 
through time. For the study of living associations the northern Adriatic Sea is 
highly suitable, because of the pronounced role of seasonality in this area. 
For the investigation of the temporal and spatial relationships between faunal 
associations in an area where conspicuous fluctuations in oxygen content can be 
expected we disposed of thanatocoenoses from the Kau Basin, Halmahera, 
(Indonesia). These thanatocoenoses were derived from a set of Holocene piston 
cores recovered from different depths during the Snell ius II Expedition in 1985. 
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Chapters II, III and IV of this thesis are devoted to the qualitative and 
quantitative analysis and to the interpretation of benthic foraminiferal associations 
from the northern Adriatic Sea. In chapter II data are presented on the 
discrimination between, and on seasonal fluctuations in, groups of living epi- and 
infauna. The stained foraminifera are obtained from a single sample station located 
in a detritus-enriched zone directly in front of the main outlets of the Po river. 

Chapter III concerns the relation between the input of organic matter and 
the geographical and vertical distribution of benthic foraminiferal associations 
recovered from fourteen stations in the productive northern Adriatic Sea. 

In chapter IV we will treat the vertical distribution of benthic foraminifera 
in a core in front of the Po delta, taken at a water depth of 32 meters. This core 
covers the time-span between AD 1830 and AD 1990; its foraminiferal record 
mirrors the natural and anthropogenic influences on the eutrophication history of 
the northern Adriatic Sea. 

Chapters V and VI are dedicated to the latest Pleistocene and Holocene 
paleoenvironmental evolution of Kau Bay, Halmahera, inferred from the study of 
four piston cores. Kau Bay is a semi- enclosed basin, separated by a 40 m deep sill 
from the open sea. It was a fresh-water lake in latest glacial time; its environmental 
evolution is discussed in terms of its transition from a fresh-water lake into a 
poorly ventilated basin after the Kau basin became reconnected with the open 
ocean during the Pleistocene - Holocene transition. 
In chapter VII we will discuss the paleoclimatic record of a late glacial piston core 
taken from a station in the Molucca Sea, near Halmahera at a depth of 3510 m. On 
the basis of the integration of palynological, planktonic foraminiferal and stable 
isotope data it will be attempted to present a tentative model for the evolution of 
the glacial monsoonal system in the eastern Indonesian archipelago. 
In chapter VIII the results obtained from the study of benthic foraminiferal 
associations in the northwestern Adriatic Sea are applied to interpret the Holocene 
record of the Kau Basin in terms of microhabitat evolution in stressed 
environments. 
Taxonomic notes on benthic and planktonic species are given in the appendix, 
along with SEM microphotographs of the most important taxa. 
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Chapter 2 

MICROHABITAT SELECTION BY BENTHIC FORAMINIFERA
 
IN THE NORTHERN ADRIATIC SEA
 

ABSTRACT
 

The vertical distribution of benthic foraminifera at a single sample station in 
the northern Adriatic Sea has been determined several times between December 
1988 and November 1989. Quantitative data on specimens stained by Rose Bengal 
indicate that the majority of the specimens live in the topmost centimetre of the 
sediment. However, most taxa occur throughout the sediment column; taxa living 
exclusively on the sediment surface, or exclusively within the sediment, were not 
found. Therefore a simple bipartition between epifaunal and infaunal taxa appears 
to be inadequate. 

Three categories of benthic foraminifera are distinguished on the basis of the 
vertical distribution patterns. Taxa predominantly found in the top centimetre are 
termed epifaunal. Taxa, which in all samples are spread over the top 7 centimetres 
in about equal numbers, are called predominantly infaunal. A third group, in this 
paper termed potentially infaunal, is largely restricted to the sediment top layer 
during part of the year, whereas it is mainly found within the sediment in the 
remaining months. Apparently these taxa base their habitat selection on the 
oxygenation of the sea-bottom, and track some critical oxygen level. Probably 
because of their lower tolerance of low-oxygen conditions, epifaunal taxa display 
much more seasonal variation in standing stocks than infaunal taxa do. Some of the 
potentially infaunal taxa are known especially as highly characteristic of 
low-oxygen environments. 

Relations between test morphology and microhabitat are not as clear as often 
is suggested. Since most infaunal taxa are very small, and nearly all predominantly 
infaunal taxa are non-fossilizing agglutinated forms, estimates of the relative 
importance of the infaunal niche in fossil environments will often be erroneous. 

This chapter has in modified form been accepted for publication by the Journal of Foraminiferal 

Research; authors n.M. Barmawidjaja, F.J. Jorissen, S. Puskaric and G.J. Van der Zwaan. 
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INTRODUCTION 

It has been known for about 30 years that benthic foraminifera do not live 
exclusively at the sediment water interface, but can also live at depth within the 
sediment (e.g. Richter, 1961; Boltovskoy, 1966; Brooks, 1967). This observation has 
a number of important consequences for the (paleo- )ecology of the group. Since 
studies based on an assessment of only the sediment surface layer appear to give an 
unreliable picture of the complete fauna (Loubere, 1989), a substantial number of 
data sets are probably inadequate in their description of modern benthic 
foraminiferal distribution patterns. Differences in living depth may also account 
for interspecific differences in carbon isotopic data (Woodruff and others, 1980; 
Grossman, 1984; Berger and Wefer, 1988; McCorkle and others, 1990). 
Furthermore, Van der Zwaan et al (1990) and De Stigter and Van der Zwaan (1991) 
demonstrated that the applicability of planktonic/benthic foraminiferal ratios in 
paleobathymetry is considerably improved if it is based on the ratio between 
planktonic and supposedly epifaunal benthic foraminifera. These authors suggested 
that epifaunal and infaunal niches are rather well separated, and utilize 
substantially different food sources. 

During the last decade the number of published observations on the vertical 
distribution of benthic foraminifera has increased markedly (e.g. Buzas, 1974, 
1977; Collison, 1980; Kitazato, 1984; Corliss, 1985; Gooday, 1986; Lutze and Thiel, 
1987; Mackensen and Douglas, 1989; Corliss and Emerson, 1990).However, detailed 
knowledge about interspecific differences in microhabitat selection is still 
extremely scarce. Many inferences about the preferred microhabitats of specific 
taxa are, for want of observational data, still largely based on the supposed 
relations between test morphology and microhabitat (e.g.Jones and Charnock, 1985; 
Bernhard, 1986; Corliss and Chen, 1988; Jorissen, 1988; Van der Zwaan and others, 
1990). 

The primary objective of this research was to collect data on the vertical 
distribution of a number of hitherto unstudied taxa. A second aim was to test the 
suggestion of Jorissen (1988), that certain benthic foraminifera should be able to 
track seasonal fluctuations of critical oxygen levels within the sediment, and thus 
should display seasonal variation in their vertical distribution. 

In the present paper data are presented from a single station in the northern 
Adriatic Sea, which was sampled a number of times between December 1988 and 
November 1989. Because the sample station is positioned in a detritus enriched 
zone directly in front of the main Po outlets, where large amounts of food particles 
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are buried, there is ample reason to expect a well-developed vertical stratification 
of foraminifera. The strong seasonal fluctuations in oxygen saturation of the 
bottom environments make this locality an ideal one to search for temporal 
variations in microhabitat selection. 

MATERIAL AND METHODS 

Station 108 is located in the northern Adriatic Sea, at 440 45.4'N and 120 45 E, 
at a water depth of 32 m (fig. 1). The station is situated in the immediate vicinity 
of the Po outlets, in an area of clay sedimentation (Brambati and others, 1983; 

108
• 

10 20 

..... ~--'-,~ --'='======::::J 

Figure 1. Position of sample station 108 in the northern Adriatic Sea. 
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--------------------------------------------------------------------

---------------------------------------------------------------------

Jorissen, 1988), which belongs to the most eutrophicated part of the northern 

Adriatic Sea (Todini and Bizzarri, 1988). There are strong indications that, 

particularly in the last decade, the bottom environment in this mud- belt seasonally 

becomes strongly depleted in oxygen (e.g Giordani and Angiolini, 1983; Chiaudani 

and others, 1983; Justic, 1987; Marchetti and others, 1988). 
On the basis of a 210Pb-profile constructed for the same station, Puskaric and 

others (1990) determined an average sedimentation rate of 0.35 cm per year. The 

surface mixed layer of the sediment is restricted to the uppermost cm, indicating 
that the influence of bioturbation by larger invertebrates is minimal in this area 

(Puskaric and others, 1990). Between December 1988 and November 1989 station 

108 was visited thirteen times; the physical properties of the bottom waters are 

listed in Table 1. This table clearly demonstrates the strong reduction in oxygen 

concentration in the bottom waters during late summer/autumn. Although 
interstitial oxygen levels were not directly measured, it seems plausible to suggest 

Date Sample Temp. Sal. 02- cone 02- Sat P04 N03 Si04
depth °c 0/00 ml/l % mmol/m3 mmol/m3 mmol/m3 

-----------------------------------------------.-------------------
22-12-88 8 em 11.0 38.06 5.97 98 0.15 1.69 5.85
 
12-01-89 8 em 10.8 38.79 5.90 97 0.10 1.05 5.39
 
01-02-89 15 em 10.0 38.70 5.90 96 0.00 1.08 4.15
 
07-03-89 9.5 38.49 5.26 84 0.15 2.10 6.80
 
29-03-89 9.5 38.26 3.94 63 0.30 2.33 13.44
 
09-05-89 8 em 10.5 38.42 4.47 73 0.12 1.66 10.97
 
13-06-89 8 em 11.6 38.41 3.64 61 0.12 0.46 19.05
 
06-07-89 13.5 38.55 3.71 65 0.26 0.99 16.63
 
24-07-89 13.0 38.31 2.46 42 0.25 1.82 25.21
 
14-08-89 13.9 38.43 1.98 35 0.47 5.55 26.97
 
06-09-89 15.7 38.34 1.80 33 0.48 5.90 14.15
 
17-10-89 16 em 16.5 37.26 3.94 74
 
27-11-89 8 em 14.7 38.38 4.89 87 0.05 2.03 12.67
 

TABLE 1. Station 108, physical properties of the bottom waters. 

that oxygen concentrations within the sediment were even lower. Mass mortality 
of fish and larger benthic organisms, observed at the sample station on 6 September 

1989, suggests that the benthic environment was completely anoxic for at least a 

short period of time. Sediment samples were taken with a conventional box corer 
on seven occasions; they were processed immediately after arrival on board ship. 

Because of its soupy consistency, the top one or two centimetres of the sediment 

were taken off with a spoon as accurately as possible. The remaining sample was 
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subsampled using plastic tubes. The subsamples were immediately sliced into I 
centimetre intervals, which were stored in bottles further filled with ethanol and 
Rose Bengal. In the laboratory the subsamples were freeze-dried in order to 
determine the dry weight, washed carefully with water and sieved over 63 and 150 
micron meshes. In most cases all stained foraminifera were counted, but the 63-150 
micron fraction of the richest samples was split into aliquots containing at least 300 
stained specimens. 

It should be noted that the use of Rose Bengal for the recognition of living 
specimens of foraminifera has serious limitations (e.g. Bernhard, 1988); thus the 
stained association is only a reflection of the actual living one. However, the Rose 
Bengal method still is the most practical and widely used one for obtaining quanti 
tative data on living benthic foraminifera. Only those specimens which were 
vividly stained either throughout the test, or in sharply confined part of it 
(normally the first chambers) were counted. In case of doubt, specimens were 
immersed in water or glycerin (agglutinants) or were broken (miliolids). A rather 
subjective decision had nevertheless to be taken in a number of cases. The 
numerous separate chambers of Reophax scottii, a species for which complete tests 
(PI. 1, fig. 10) were rarely found, have not been Quantified. 

RESULTS 

TOTAL STANDING STOCKS 

Unstained foraminifera form the bulk of the material at all levels. In table 2 the 
total numbers of stained foraminifera per gram dry weight are listed for all 
subsamples. Five of the seven samples display the same pattern, with maximal 
standing stocks in the top cm, and rapidly declining values downwards. In samples 
Yu 84 and Yu 104, taken in June and November 1989 respectively, the pattern 
differs, and an apparently random succession of values is found (Table 2). We 
assume that this is the result of serious disturbance to the bottom sediments caused 
by inadequate sampling. As will be demonstrated later in this paper, the vertical 
distribution of individual taxa endorses this view. Futhermore, in two of the seven 
deepest subsamples (in Yu 77 and Yu 104) the total numbers attain unexpectedly 
high values. This is probably caused by contamination with surface sediments 
dragged down by the coring device. This suggestion is substantiated by the raised 

19
 



frequencies deep in the sediment of a number of taxa, which in all other samples 
are highly typical for the sediment top layer. For these reasons samples Yu 84, Yu 
104 and all lowest subsamples were discarded, and attention was focussed on 
distributions in the top 7 cm of the five remaining samples. 

=================================================================== 
LEVEL Yu 77 Yu 78 Yu 79 Yu 83 Yu 84 Yu 87 Yu 104 

Oee Jan Feb May Jun Oet Nov 
=================================================================== 
0-1 em 117.55 86.95 34.83 51.70 4.56 44.50 14.66 
1-2 em 19.83 20.45 28.06 15.43 9.42 26.82 8.14 
2-3 em 7.25 14.50 13.11 9.08 3.89 8.66 2.33 
3-4 em 7.67 13.49 18.53 5.92 2.09 6.98 9.62 
4-5 em 5.34 6.11 9.64 2.52 6.62 6.89 6.54 
5-6 em 4.68 6.91 2.62 7.79 3.76 4.42 
6-7 em 2.85 6.41 2.08 2.32 2.96 2.94 
7-8 em 8.98 4.24 3.09 0.51 2.19 15.47 

5-7 em 3.70 
7-9 em 1.90 
8-10 em 1.51 
9-11 em 2.31 
10-12 em 1.15 
11-13 em 2.19 
12-14 em 1.79 
13-15 em 2.18 
14-16 em 2.51 

Total 
0-7 em 165.17 154.82 111.57 89.35 36.69 100.57 48.65 

TABLE 2.	 Total number of stained foraminifera per gram dry weight 
in all subsamples. 

The total standing stocks in the top 7 cm (Table 2) strongly suggest that 
December and January are the most productive months. Although the overall 
patterns of change with depth in standing stocks are quite comparable (Fig. 2), the 
five samples show some notable differences if studied in more detail. Both in 
December and January the topmost cm shows a very strong maximum. These 
maxima could reflect an increase in production after the re-oxygenation of the 
sea-bottom taking place early in winter (Table 1). A little later, in January and 
February, the standing stocks in the interval from 2 to 4 cm show maximal values. 
If these maximal values are systematic, they could reflect the downward migration 
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of the oxycline into the sediment and the consequent increased availability of the 
infaunal habitat to larger numbers of foraminifera. From May onwards standing 
stocks show minimum values, both at the surface and within the sediment. This 
coincides with decreasing oxygen concentrations in the bottom water. 

December January February May October 

~~,-~,---.-~,- ,,-,.-,~,~-r--.-,-
o 25 50 100 0 25 50 100 0 25 

o 

2 
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7 

( 
,,-.,-,~,--r-~,~,~~,-~,---.-~,- r,-,.-,-'~-r--.-' 

50 100 0 25 50 100 0 25 50 100 

Figure 2. Total numbers of stained benthic foraminifera in all subsamples. 

FAUNAL COMPOSITION 

For all subsamples counts of the 63-150 and bigger than 150 micron fractions 
were combined, and expressed as specimens per gram dry weight (= foraminiferal 
number). In table 3 for all taxa the summed foraminiferal numbers for the top 7 
centimetres of the sediment are listed. In all months Hopkinsina pacifica and 
Stainforthia fusiform is are the most frequent species. There is a rather coarse 
separation into a group of taxa which clearly decrease in number with decreasing 
total standing stocks (e.g. Stainforthia fusiformis, Bolivina seminuda and 
Nonionella turgida), and a group of taxa which have more or less the same 
frequency in all samples (Bolivina dilatata. Bulimina marginata), or even appear to 

increase with decreasing total standing stocks (Bolivina spathulata). It is clear that 
the latter group of taxa, which is probably most resistant to lowered oxygen 
concentrations, is relatively enriched as the total standing stock decreases. 
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--------------------------------------------------------------------------------

--------------------------------------------------------------------------------

---------------------------------------------------------------------------------

Yu 77 Yu 78 Yu 79 Yu83 Yu87 

Dec Jan Feb May Oct 

Reophax nana 6.02 10.41 8.21 3.86 5.81 

Nouria polymorphinoides 1.29 0.31 1.04 0.02 0.30 

Adercotryma glomerata 0.43 0.25 

Cribrostomoides kosterensis 0.94 0.32 0.20 0.10 

Ammoscalaria pseudospiralis 1.45 2.93 2.02 0.61 0.34 

Aforulaeplecta bulbosa 4.87 8.97 6.76 2.17 3.54 

Textularia agglutinans 0.90 3.99 1.80 0.72 0.77 

Eggerella advena 10.10 7.96 7.85 2.27 8.12 

Eggerella scabra 1.87 4.99 0.95 0.33 0.40 

Quinqueloculina seminula 1.00 0.09 0.04 0.04 

Quinqueloculina spp. 1.71 1.06 0.83 0.28 

Dentalina spp. 0.42 0.03 0.04 0.05 

Lenticulina spp. 0.90 0.35 0.72 0.65 

Buliminella elegantissima 0.32 0.38 0.30 0.11 

Buliminella sp. 0.07 0.35 0.04 0.30 0.04 

Bolivina dilatata, typical 4.24 6.21 3.72 3.64 6.24 

B. dilatata, striatula-type 1.66 1.78 0.98 1.98 1.36 

B. dilatata, intermediate type 3.00 2.80 2.66 1.95 1.33 

Bolivina pseudoplicata 0.13 0.46 0.21 0.27 0.69 

Bolivina seminuda 18.40 17.77 6.66 11.00 5.94 

Bolivina spathulata 2.41 4.93 4.48 4.17 8.15 

Bulimina marginata 5.12 6.87 5.22 5.60 3.97 

Stainforthia fusiform is 45.87 20.97 21.68 14.81 13.41 

Hopkinsina pacifica 30.05 36.82 24.81 24.15 30.17 

Trifarina angulosa pauperata 0.47 0.70 0.67 0.38 0.63 

Epistominella exigua 2.32 3.27 1.35 3.14 2.33 

Pseudoeponides falsobeccarii 0.47 0.15 0.08 0.22 0.37 

Ammonia beccarii 0.46 0.12 0.12 0.16 

Elphidium advenum 0.27 1.21 0.42 0.73 1.33 

Nonionella turgida 17.89 8.68 7.57 5.46 4.75 

Others 0.44 0.18 0.03 0.06 

Total 165.17 154.82 111.57 89.35 100.57 

TABLE 3. Number of stained specimens in a standardized 7 em sediment column of 7 gram weight. 
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VERTICAL DISTRIBUTION OF INDIVIDUAL TAXA 

In Appendix I the foraminiferal numbers (per gram dry weight) of the 
quantitatively most important taxa have been listed for all subsamples. For the 14 
quantitatively most important species, the vertical variation in standing stocks has 
been depicted in figure 3. The first conclusion drawn from this figure is that there 
is no clear cut distinction between exclusively infaunal and exclusively epifaunal 
taxa. For most species, a maximum number of stained specimens is found in the 
uppermost em. However, there a is difference between taxa which show a very 
strong maximum in the top centimetre (e.g. Bolivina seminuda, Slainforlhia 

fusiformis, Nonionella lurgida), and taxa which are found in about equal numbers 
down to a considerable depth (e.g Morulaeplecla bulbosa, Bolivina spalhulala). In 
figure 4, in which for all subsamples the relative frequencies of the same taxa are 
shown, these differences are clearer. As expected, Bolivina seminuda, Slainforlhia 
fusiformis and Nonionella lurgida show a strong decrease with depth in all samples. 
The arenaceous taxa Ammoscalaria pseudospiralis, Morulaeplecla bulbosa, 
Texlularia agglulinans and Eggerella scabra in all samples show a clear (relative) 
increase with depth. The species Bolivina dilalala, Bolivina spalhulala, Bulimina 
marginala and Hopkinsina pacifica all show an increase with depth or at least a 
minimum in the top centimetre, in some, but not all, of the samples. 

In order to elucidate these differences in vertical distribution, in figure 5 the 
percentages of the total (stained) standing stock of a specific taxon found in each 
successive em-interval has been indicated. When interpreting this figure, it should 
be noted that the patterns may be heavily skewed by variation in standing stock in 
the top centimetre. Furthermore, the differences between the samples do not 
necessarily reflect temporal variation, but may also be caused by a large spatial 
heterogeneity, or even by sampling inadequacies. 

However, figure 5 convincingly shows differences in microhabitat selection 
between individual taxa. Furthermore, for some taxa there is a strong suggestion 
of variation in microhabitat selection throughout the year. In the December and 
October samples, for a first group of taxa (Slainforlhia fusiformis, Nonionella 
lurgida and Bolivina seminuda) the bulk of the stained specimens (>80%) is found 
in the topmost em. Clearly, these species are the most epifaunal ones found in our 
faunas. In the February sample, however, a substantial percentage of the total 
number of stained specimens of these species is found in the 1-2 em level. This 
could be due to a sampling inadequacy (the topmost sample could have a thickness 
of less than 1 em) or due to a decrease of absolute numbers in the top em, but the 
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Figure ga. Total numbers of stained specimens for the most frequent taxa in all subsamples. 
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patterns in the January and May samples, and the actual increase of absolute 
numbers within the sediment (Appendix I), strongly suggest that an invasion, and 
at a later stage the abandonment, of this level did indeed take place. If true, then 
all our taxa show infaunal characteristics to a certain degree, and also for those taxa 
which have the most superficial life position, the use of the term "epifaunal", which 
seems best fit to describe their distribution, is clearly an oversimplification. 

For a second group of species (Morulaeplecta bulbosa, Eggerella advena, 
Eggerella scabra and Textularia agglutinans), the bulk of the stained specimens 
(>50%) are found beneath the topmost subsample in all samples. We think that the 
term "predominantly infaunal" is best suited to describe this group of taxa. 
Apparently these taxa display less temporal variation in their vertical stratification 
than the group of "epifaunal" taxa do. 

The vertical distribution of a third group, consisting of Bolivina dilatata, 
Bolivina spathulata, Bulimina marginata, Hopkinsina pacifica and Epistominella 
exigua, is more complex. In some samples the majority of stained specimens is 
found in the topmost cm, in others a substantial part of the total standing stock is 
found within the sediment. If these differences are systematic and are a reflection 
of seasonal variability, then these species appear to live predominantly near the 
sediment surface in some months, but increasingly select infaunallife positions in 
other months. We think that this group can best be characterized as "potentially 
infaunal". 

In figure 5 the three (intergrading) morphogroups recognized in Bolivina 
dilatata are shown separately. It is remarkable that these morphogroups show clear 
differences in microhabitat preference, whereas the yearly patterns of deepening 
and/or shallowing of the average living depth are very comparable. 

DISCUSSION 

The present data set is far from ideal; the extremely time-consuming character 
of the present study precluded the analysis of duplicate samples. In view of the 
occasional large local heterogenity and the big differences between duplicates 
described in a number of papers (e.g. Brooks, 1967; Buzas, 1977), it is impossible 
to determine the significance of differences between samples. Only if the patterns 
described in the present paper can be shown to be repeated in a number of years, 
will the existence of seasonal variation be proved conclusively. 

However, despite such caveats, some important conclusions can be drawn from 
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Figure 6. Total numbers of stained foraminifera of the three basic 

microhabitat groups in five months. 

the present data. Although there are no exclusively infaunal or exclusively 
epifaunal taxa, there are important differences in vertical distribution between the 
various taxa; differences which are consistent in all samples. On the basis of the 
numerical distribution data it seems justified to distinguish three groups of taxa, 
each displaying a rather specific microhabitat selection pattern. 

The group of epifaunal taxa (Bolivina dilatata. striatula-type, Bolivina 
seminuda. Nonionella turgida and Stain!orthia !usi!ormis) is largely restricted to 
the topmost one or two centimetres of the substratum. Figure 6, in which the 
absolute frequencies of these taxa have been summed, shows that this group has a 
very distinct maximum in standing stock in December, followed by continuously 
decreasing values in the rest of the year. The presence of large numbers of taxa of 
this group in deeper samples was one of the reasons why we concluded that samples 
Yu 84 and Yu 104 were distorted during the sampling procedure. 

The group of predominantly infaunal taxa consists exclusively of arenaceous 
taxa (Ammoscalaria pseudospiralis. Eggerella advena. Eggerella scabra. 
Morulaeplecta bulbosa and Textularia agglutinans). The group shows a maximum 
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in January, and a clear minimum in the May sample. The distribution over the 
various depth levels is similar in all samples. 

The group of potentially infaunal taxa (Bolivina dilatata, typical and 

intermediate types, Bolivina spathulata, Bulimina marginata. Epistominella exigua. 
Hopkinsina pacifica) shows remarkably comparable standing stocks throughout the 
year. Although a maximum can be recognized in January, the standing stocks are 
much more stable than in the other two groups. The notable difference between 
this group and the group of predominantly infaunal taxa (figs. 5, 6) strongly 
suggests that the differences between the various months are indeed resulting from 
temporal variation. If true, then the group of potentially infaunal taxa is largely 
restricted to the sediment surface in December, starts invading the sediment in 
January, and lives mainly within the sediment in February. Between February and 
May, a large part of the total standing stock seems to return to epifaunal niches. 

At present a late summer oxygen crisis takes place probably yearly in the 
bottom environments in part of the northern Adriatic Sea. At our sample station, 
this event took in 1989 place in September, when large masses of dead fish were 
observed at the sea-bottom. The low oxygen saturation still found in November 
1989 (Table 1) suggests that dysoxic conditions had been present for a prolonged 
period of time. 

It seems reasonable to suppose that the oxygen concentration at the bottom is 
the major factor controlling the standing stocks of the three ecological groups. The 
fact that variation in standing stock is much larger in the epifaunal than in the 
infaunal groups supports the general idea that epifaunal taxa have a lower tolerance 
for low-oxygen conditions than infaunal taxa. When, after the 1988 oxygen 
minimum, the environment became fully oxygenated again (as was the case in 
December 1988), the epifaunal taxa were the first to profit from this situation. 
After their possible immigration from better oxydized refugia, they started to 
reproduce, and thanks to the still elevated food levels and perhaps the absence of 
larger, predatory invertebrates, they were able to build up the large standing stocks 
found in the December sample. 

In general, infaunal taxa show considerably smaller fluctuations in standing 
stock. However, a maximum can be recognized in January, one month after the 
maximum in epifaunal taxa. In this month, a large percentage of potentially 
infaunal taxa still live in the topmost centimetre, and a number of predominantly 
infaunal taxa (Eggerella scabra, Morulaeplecta bulbosa. Textularia agglutinans) also 
show absolute as well as relative maxima in the topmost cm (figs. 3,5). These data 
could suggest that also these infaunal species reproduce close to the sediment-water 
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interface, but show a time-lag in reproduction with respect to the epifaunal taxa. 
The group of potentially infaunal taxa show the smallest variation in standing 

stock throughout the year. It is suggested that, after a reproductive stage in 
January, young individuals invade the sediment, and reach maximal living depths 
in February. As soon as oxygen values decrease, these apparently very mobile taxa 
again shift towards the sediment-water interface, where they persist during the 
dysoxic period in late summer. This might imply an ability to track oxygen 
gradients, enabling such taxa to be tolerant of, and characteristic for, low-oxygen 
environments. 

The standing stocks of predominantly infaunal taxa are more variable. As 
oxygen values decrease in spring, standing stocks of these taxa decrease as well, 
and minima are found in May and October. Apparently these taxa are less capable 
of shifting to better oxygenated zones closer to the sediment-water interface. 

In a number of papers a strong relation between microhabitat and test mor
phology is assumed (e.g. Jones and Charnock, 1985; Corliss, 1985; Corliss and Chen, 
1988). As a consequence some papers go so far as to infer the microhabitat of 
individual taxa on the basis of the test morphology (e.g. Corliss and Chen, 1988; 
Jorissen, 1988). The results from the present study indicate that this relation is not 
so straight-forward as generally is supposed. In our study, even the most basic 
assumption (elongate forms are infaunal, e.g. Lipps, 1983) is not always true. From 
the five genera we have in common with Corliss and Chen (1988), two 
(Epistominella and Nonionella) in our study have a totally different microhabitat 
then was assumed by Corliss and Chen on the basis of test morphology. The 
suggestion from Jorissen (1988) that, in a number of taxa, intraspecific variation 
could perhaps be explained by differences in microhabitat, is exemplified by our 
data on Bolivina. There seems to be a continuous variation from the epifaunal 
Bolivina seminuda and striatula-types via intermediate types to potentially infaunal 
organisms represented by typical Bolivina dilatata. 

This study has demonstrated a remarkably large number of agglutinants 
amongst the infaunal taxa. Most of these taxa (all except Textularia agglutinans) 
do not fossilize. Therefore, an assessment of the occupation of the infaunal niche 
based on fossil material probably will often lead to an under-estimation. The 
majority of all infaunal specimens are restricted to the size fraction smaller than 
150 microns. Studies based on a larger size fraction would also give inadequate 
estimates of the importance of the infaunal niche. 
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CONCLUSIONS 

It appears to be an oversimplification to divide benthic foraminifera into 
infaunal and epifaunal taxa. In the clayey bottoms of the northern Adriatic Sea, 
most foraminifera live in the top centimetre of the sediment, but all species are also 
found deeper in the sediment. Only in a small number of taxa, termed 
predominantly infaunal, is a substantial part of the total stained fauna found 
deeper in the sediment throughout the year. In a number of other species, here 
termed potentially infaunal, occupation of infaunal habitats appears to be a 
seasonal phenomenon, which only occurs during periods of maximum oxygenation. 

The group of epifaunal taxa displays by far the most extreme fluctuations in 
standing stock; these taxa are most sensitive to low oxygen conditions. The category 
of potentially infaunal species apparently tracks critical oxygen levels. These 
species are the least sensitive to hypoxia and therefore are typical for (recent and 
fossil) low oxygen environments. 

Relations between test morphology and microhabitat are far from clear. As a 
consequence, conclusions concerning the microhabitats of individual taxa should 
only be made on the basis of observational studies, if possible in areas with 
different substrates, and should never be made on the basis of test morphology 
alone. 
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APPENDIX I; Number of stained foraminifera per gram dry weight for all 
subsamples. 

List of taxonomical categories: 

1. Reophax nana 
2. Nouria polymorphinoides 
3. Adercotryma glomerata 
4. Cribrostomoides kosterensis 
5. Ammoscalaria pseudospiralis 

6. Morulaeplecta bulbosa 

7. Textularia agglutinans 
8. Eggerella advena 
9. Eggerella scabra 
10. Quinqueloculina seminula 
11. Quinqueloculina spp. 
12. Lenticulina spp. 
13. Buliminella elegantissima 
14. Bolivina dilatata, dilatata-type 
15. Bolivina dilatata, striatula-type 
16. Bolivina dilatata, intermediate type 
17. Bolivina pseudoplicata 
18. Bolivina seminuda 
19. Bolivina spathulata 
20. Bulimina marginata 
21. Stainforthia fusiformis 
22. Hopkinsina pacifica 
23. Trifarina angulosa pauperata 

24. Epistominella exigua 
25. Pseudoeponides falsobeccarii 

26. Ammonia beccarii 
27. Elphidium advenum 

28. Nonionella turgida 
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Appendix I. continued 

Yu 77 -- December 1988 
.-----------------------------------------------------.-----
Taxon 0-1 1- 2 2-3 3-4 4-5 5-6 6-7 0-7 
-------------------------------------------.---.---.---.----

1 1.60 0.33 1.14 1.14 0.67 0.62 0.26 6.02 
2 0.70 0.49 0.00 0.00 0.00 0.04 0.06 1.29 
3 0.00 0.07 0.00 0.00 0.08 0.14 0.14 0.43 
4 0.80 0.07 0.00 0.07 0.00 0.00 0.00 0.94 
5 0.20 0.26 0.23 0.27 0.24 0.25 0.00 1.45 
6 0.80 0.26 0.60 0.87 1.22 0.80 0.32 4.87 
7 0.05 0.26 0.17 0.19 0.16 0.04 0.03 0.90 
8 4.00 1.90 1.07 1.29 0.83 0.69 0.32 10.10 
9 0.17 0.29 0.33 0.34 0.43 0.22 0.09 1.87 

10 0.80 0.07 0.10 0.00 0.00 0.00 0.03 1.00 
11 1.20 0.07 0.13 0.31 0.00 0.00 0.00 1.71 
12 0.80 0.07 0.03 0.00 0.00 0.00 0.00 0.90 
13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 
14 2.02 0.98 0.50 0.19 0.28 0.18 0.09 4.24 
15 1.20 0.26 0.13 0.00 0.04 0.00 0.03 1.66 
16 2.00 0.59 0.30 0.04 0.00 0.07 0.00 3.00 
17 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.13 
18 15.59 1.97 0.30 0.15 0.08 0.25 0.06 18.40 
19 0.40 1.18 0.23 0.15 0.28 0.11 0.06 2.41 
20 3.67 0.52 0.20 0.27 0.12 0.14 0.20 5.12 
21 41.17 3.41 0.47 0.34 0.08 0.11 0.29 45.87 
22 20.38 5.17 1.03 1.18 0.75 0.76 0.78 30.05 
23 0.40 0.07 0.00 0.00 0.00 0.00 0.00 0.47 
24 1.60 0.39 0.03 0.19 0.00 0.11 0.00 2.32 
25 0.47 0.00 0.00 0.00 0.00 0.00 0.00 0.47 
26 0.42 0.00 0.00 0.00 0.00 0.04 0.00 0.46 
27 0.00 0.20 0.03 0.00 0.00 0.04 0.00 0.27 
28 16.29 0.75 0.23 0.38 0.08 0.07 0.09 17.89 

Others 0.82 0.07 0.00 0.04 0.00 0.00 0.00 0.93 
---.--------.-------.---.----------------.-------.---.--------
Total 117.55 19.83 7.25 7.41 5.34 4.68 2.85 165.24 
-------------------.---.-----------.--------------------------
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---------------------------------------------------------------

Appendix I, continued 

Yu 78 -- January 1989 
------------------------------------------------------.-------
Taxon 0-1 1-2 2-3 3-4 4-5 5-6 6-7 0-7 
-------------------.-----------------------------------------.

1 3.86 2.35 1.65 1.32 0.37 0.52 0.34 10.41 
2 0.27 0.04 0.00 0.00 0.00 0.00 0.00 0.31 
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.32 
5 0.48 0.48 0.32 0.25 0.48 0.61 0.31 2.93 
6 2.25 1.12 1.65 1.18 0.74 1.08 0.95 8.97 
7 1.33 0.71 0.49 0.61 0.20 0.31 0.34 3.99 
8 2.25 2.35 1.40 1.03 0.28 0.34 0.31 7.96 
9 2.50 0.37 0.36 0.35 0.40 0.40 0.61 4.99 

10 0.06 0.00 0.00 0.00 0.03 0.00 0.00 0.09 
11 0.82 0.00 0.21 0.00 0.03 0.00 0.00 1.06 
12 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.35 
13 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.32 
14 3.22 0.80 0.72 0.38 0.34 0.21 0.54 6.21 
15 1.29 0.27 0.05 0.05 0.06 0.06 0.00 1.78 
16 1.61 0.37 0.47 0.23 0.03 0.09 0.00 2.80 
17 0.32 0.05 0.00 0.00 0.03 0.06 0.00 0.46 
18 15.44 1.18 0.57 0.28 0.11 0.09 0.10 17.77 
19 1.61 1.28 0.83 0.52 0.17 0.25 0.27 4.93 
20 2.96 0.88 0.99 0.78 0.40 0.52 0.34 6.87 
21 15.76 3.63 0.62 0.38 0.11 0.03 0.44 20.97 
22 21.23 1.98 3.00 5.18 1.99 1.88 1.56 36.82 
23 0.32 0.16 0.05 0.05 0.03 0.06 0.03 0.70 
24 0.96 0.91 0.41 0.47 0.14 0.28 0.10 3.27 
25 0.12 0.00 0.00 0.00 0.00 0.00 0.03 0.15 
26 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.12 
27 0.00 0.27 0.26 0.38 0.14 0.09 0.07 1.21 
28 6.80 1.25 0.45 0.05 0.03 0.03 0.07 8.68 

Others 0.38 0.00 0.00 0.00 0.00 0.00 0.00 0.38 

Total 86.95 20.45 14.50 13.49 6.11 6.91 6.41 154.82 
----.--------------------------------------.------------------
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---------------------------------------------------------------

---------------------------------------------------------------

Appendix I, continued 

Yu 79 -- February 1989 

Taxon 0-1 1-2 2-3 3-4 4-5 5-7 0-7 
.-----------------------------------------------.-------------

1 1.59 2.51 1.45 1.86 0.48 0.16 8.21 
2 0.28 0.52 0.09 0.15 0.00 0.00 1.04 
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4 0.20 0.00 0.00 0.00 0.00 0.00 0.20 
5 0.56 0.24 0.24 0.15 0.35 0.24 2.02 
6 0.64 1.30 0.88 1.06 1.08 0.90 6.76 
7 0.12 0.41 0.42 0.47 0.22 0.08 1.80 
8 2.33 1.30 1.58 1.37 0.95 0.16 7.85 
9 0.28 0.07 0.11 0.06 0.17 0.13 0.95 

10 0.04 0.00 0.00 0.00 0.00 0.00 0.04 
11 0.64 0.19 0.00 0.00 0.00 0.00 0.83 
12 0.53 0.19 0.00 0.00 0.00 0.00 0.72 
13 0.00 0.28 0.04 0.06 0.00 0.00 0.38 
14 0.74 0.74 0.62 0.68 0.52 0.21 3.72 
15 0.64 0.09 0.00 0.25 0.00 0.00 0.98 
16 1.27 0.65 0.26 0.25 0.17 0.03 2.66 
17 0.00 0.00 0.00 0.12 0.09 0.00 0.21 
18 3.29 2.14 0.57 0.37 0.13 0.08 6.66 
19 0.74 0.65 0.48 0.99 1.08 0.27 4.48 
20 0.64 0.31 0.97 1.74 1.08 0.24 5.22
 
21 12.29 8.47 0.26 0.62 0.04 0.00 21.68
 
22 4.56 3.72 4.05 7.21 2.99 1.14 24.81 
23 0.10 0.19 0.09 0.19 0.04 0.03 0.67 
24 0.21 0.19 0.35 0.37 0.17 0.03 1.35 
25 0.04 0.00 0.04 0.00 0.00 0.00 0.08 
26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
27 0.00 0.09 0.04 0.25 0.04 0.00 0.42 
28 3.02 3.74 0.53 0.28 0.00 0.00 7.57 

Others 0.08 0.07 0.04 0.03 0.04 0.00 0.26 

Total 34.83 28.06 13.11 18.53 9.64 3.70 111.57 
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Appendix I , continued 

Yu 83 -- May 1989 
---------._------------------------------------------------.--
Taxon 0-1 1-2 2-3 3-4 4-5 5-6 6-7 0-7 
-------------------------------------------------------------.

1 2.26 0.64 0.41 0.33 0.07 0.07 0.08 3.86 
2 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.02 
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4 0.03 0.05 0.00 0.00 0.00 0.02 0.00 0.10 
5 0.49 0.02 0.00 0.02 0.00 0.00 0.08 0.61 
6 0.75 0.25 0.15 0.33 0.12 0.26 0.31 2.17 
7 0.03 0.22 0.24 0.07 0.07 0.09 0.00 0.72 
8 1.35 0.20 0.24 0.26 0.05 0.07 0.10 2.27 
9 0.06 0.12 0.00 0.04 0.07 0.02 0.02 0.33 

10 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.04 
11 0.15 0.05 0.03 0.02 0.03 0.00 0.00 0.28 
12 0.30 0.15 0.15 0.02 0.03 0.00 0.00 0.65 
13 0.15 0.10 0.03 0.02 0.00 0.00 0.00 0.30 
14 1.21 0.79 0.47 0.52 0.28 0.14 0.23 3.64 
15 1.35 0.29 0.18 0.07 0.00 0.05 0.04 1.98 
16 1.21 0.34 0.18 0.13 0.00 0.07 0.02 1.95 
17 0.00 0.15 0.06 0.04 0.00 0.00 0.02 0.27 
18 8.89 1.33 0.44 0.17 0.07 0.00 0.10 11.00 
19 2.26 0.89 0.29 0.26 0.17 0.16 0.14 4.17 
20 3.13 1.06 0.44 0.44 0.12 0.31 0.10 5.60 
21 11.14 2.07 0.86 0.26 0.17 0.19 0.12 14.81 
22 10.24 4.63 4.17 2.42 1.03 1.06 0.60 24.15 
23 0.15 0.00 0.09 0.11 0.03 0.00 0.00 0.38 
24 2.41 0.34 0.15 0.09 0.07 0.02 0.06 3.14 
25 0.08 0.00 0.12 0.02 0.00 0.00 0.00 0.22 
26 0.06 0.02 0.00 0.02 0.00 0.00 0.02 0.12 
27 0.15 0.27 0.06 0.09 0.07 0.07 0.02 0.73 
28 3.64 1.33 0.29 0.09 0.07 0.02 0.02 5.46 

Others 0.21 0.12 0.03 0.02 0.00 0.00 0.00 0.38 
-----------------------------------------------------------.--
Total 51.70 15.43 9.08 5.92 2.52 2.62 2.08 89.35 
-- --- -.--- -- - - - - --. ----- ---- --- ---- --.- - -- - - -- -- - -- - - - - - -- - - - -
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Appendix I • continued 

Yu 84 -- June 1989 

Taxon 0-1 1-2 2-3 3-4 4-5 5-6 6-7 0-7 

1 0.47 0.75 0.12 0.10 0.20 0.34 0.06 2.04 
2 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.03 
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.03 0.13 0.06 0.04 0.00 0.04 0.04 0.34 
6 0.27 0.66 0.10 0.06 0.29 0.21 0.01 1.60 
7 0.05 0.16 0.09 0.03 0.12 0.05 0.04 0.54 
8 0.66 1.33 0.17 0.12 0.33 0.33 0.11 3.05 
9 0.11 0.25 0.06 0.00 0.06 0.08 0.00 0.56 

10 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.02 
11 0.01 0.00 0.01 0.00 0.03 0.04 0.03 0.12 
12 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.02 
13 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 
14 0.25 0.41 0.19 0.19 0.31 0.37 0.17 1.89 
15 0.00 0.00 0.01 0.00 0.12 0.37 0.04 0.54 
16 0.08 0.02 0.06 0.07 0.00 0.16 0.00 0.39 
17 0.00 0.04 0.01 0.00 0.05 0.00 0.00 0.10 
18 0.31 0.07 0.09 0.09 1.21 1.62 0.24 3.63 
19 0.31 0.65 0.26 0.06 0.73 0.61 0.24 2.86 
20 0.28 1.00 0.47 0.07 0.43 0.32 0.17 2.74 
21 0.31 0.36 0.15 0.09 0.48 0.60 0.35 2.34 
22 0.84 2.71 1.67 0.94 1.30 1.31 0.45 9.22 
23 0.03 0.05 0.03 0.01 0.03 0.00 0.00 0.15 
24 0.08 0.45 0.20 0.07 0.29 0.34 0.09 1.52 
25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
27 0.14 0.26 0.10 0.04 0.12 0.07 0.03 0.76 
28 0.28 0.02 0.03 0.06 0.37 0.71 0.21 1.68 

Others 0.04 0.17 0.00 0.00 0.11 0.30 0.04 0.66 

Total 4.57 9.49 3.88 2.05 6.60 7.89 2.33 36.81 
-----------------------------------------------------.--------
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Appendix I, continued 

Yu 87 -- October 1989 

Taxon 0-1 1-2 2-3 3-4 4-5 5-6 6-7 0-7 

1 2.98 1.51 0.33 0.25 0.54 0.09 0.11 5.81 
2 0.22 0.00 0.04 0.04 0.00 0.00 0.00 0.30 
3 0.00 0.00 0.00 0.00 0.00 0.18 0.07 0.25 
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.04 0.00 0.04 0.04 0.14 0.04 0.04 0.34 

6 0.46 1.58 0.38 0.29 0.32 0.40 0.11 3.54 
7 0.14 0.30 0.00 0.20 0.09 0.00 0.04 0.77 

8 1.38 3.09 1.04 1.03 1.08 0.27 0.23 8.12 
9 0.04 0.00 0.04 0.08 0.00 0.09 0.15 0.40 

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
13 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.11 
14 3.00 1•11 0.62 0.45 0.32 0.36 0.38 6.24 
15 0.92 0.32 0.08 0.00 0.04 0.00 0.00 1.36 
16 0.80 0.24 0.17 0.04 0.04 0.00 0.04 1.33 
17 0.23 0.16 0.17 0.04 0.09 0.00 0.00 0.69 
18 4.36 0.87 0.33 0.25 0.00 0.09 0.04 5.94 
19 3.66 0.87 0.38 0.78 0.99 0.76 0.71 8.15 
20 1.37 1.03 0.54 0.29 0.45 0.18 0.11 3.97 
21 10.89 1.43 0.38 0.33 0.14 0.09 0.15 13.41 
22 6.76 13.23 3.71 2.71 2.30 0.90 0.56 30.17 
23 0.23 0.24 0.08 0.04 0.04 0.00 0.00 0.63 
24 1.60 0.32 0.00 0.08 0.18 0.04 0.11 2.33 
25 0.27 0.06 0.00 0.00 0.00 0.00 0.04 0.37 
26 0.00 0.00 0.00 0.00 0.00 0.09 0.07 0.16 
27 0.82 0.16 0.17 0.00 0.09 0.09 0.00 1.33 
28 4.16 0.30 0.12 0.04 0.04 0.09 0.00 4.75 

Others 0.06 0.00 0.04 0.00 0.00 0.00 0.00 0.10 
----------------------------------_ ... --------------------------

Total 44.50 26.82 8_66 6.98 6.89 3.76 2.96 100.57 
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Appendix I, continued 

Yu 104 -- November 1989 
----------------------.----.----------------------------------
Taxon 0-1 1-2 2-3 3-4 4-5 5-6 6-7 0-7 
---------------------------------------------.-.---------.----

1 2.60 0.53 0.18 0.99 0.74 0.05 0.05 5.14 
2 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.04 
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 
6 0.39 0.26 0.09 0.32 0.28 0.15 0.00 1.49 
7 0.46 0.22 0.06 0.12 0.28 0.05 0.07 1.26 
8 1.04 0.61 0.09 0.50 0.43 0.18 0.05 2.90 
9 0.07 0.00 0.00 0.00 0.00 0.03 0.02 0.12 

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
11 0.13 0.04 0.00 0.00 0.00 0.00 0.00 0.17 
12 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.04 
13 0.13 0.09 0.00 0.03 0.00 0.00 0.00 0.25 
14 1.43 0.66 0.24 0.73 0.71 0.54 0.46 4.77 
15 0.20 0.22 0.03 0.09 0.09 0.03 0.16 0.82 
16 0.33 0.13 0.00 0.20 0.03 0.15 0.00 0.84 
17 0.20 0.00 0.06 0.09 0.12 0.00 0.00 0.47 
18 1.11 0.09 0.03 0.15 0.22 0.31 0.02 1.93 
19 1.04 0.88 0.33 0.96 0.84 0.78 0.53 5.36 
20 1.37 0.61 0.27 0.82 0.71 0.41 0.23 4.42 
21 0.72 0.48 0.06 0.53 0.19 0.18 0.21 2.37 
22 1.82 2.15 0.75 3.25 1.55 1.24 0.69 11.45 
23 0.00 0.04 0.00 0.03 0.00 0.00 0.02 0.09 
24 1.17 0.57 0.03 0.44 0.28 0.15 0.16 2.80 
25 0.07 0.00 0.00 0.00 0.00 0.03 0.07 0.17 
26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
27 0.26 0.39 0.12 0.32 0.00 0.10 0.12 1.31 
28 0.00 0.00 0.00 0.00 0.03 0.00 0.02 0.05 

Others 0.26 0.09 0.00 0.06 0.03 0.03 0.02 0.49 
----------------- -- ---- ----. - -  - - - - - - -- -- -- - - - - - - - - - - - -
Total 14.80 8.14 2.34 9.63 6.53 4.41 2.92 48.77 
---------------------------------------_.---------------------
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APPENDIX II; taxonomic notes. 

As far as possible, the taxonomy of Von Daniels (1970) and Jorissen (1987, 
1988), who worked in the same area, has been followed. In this appendix only one 
key reference is given for most species. Only for the more frequent taxa some extra 
references, and remarks on intraspecific variation, are presented. 

Reophax nana Rhumbler 1913 -- Von Daniels (1970). Small (<150 microns) 

infaunal form, showing some seasonal variation in microhibitat, largely 
restricted to the top 4 cm. 

Nouria polymorphinoides Heron-Allen and Earland 1914 -- Loeblich and Tappan 
(1964), Von Daniels (1970). Large epifaunal species, restricted to the top 
2 cm. 

Adercotryma glomerata (Brady 1878) -- Loeblich and Tappan (1964), Von Daniels 
(1970): Adercotryma sp. Small « 150 micron) infrequent predominantly 
infaunal taxon, most often found between 5 and 7 cm depth. 

Cribrostomoides kosterensis (Hoglund 1947) -- Von Daniels (1970). Infrequent, 
epifaunal taxon, normally only present in the uppermost cm. 

Ammoscalaria pseudospiralis (Williamson 1858) -- Hofker (1932): Ammobaculites 
tenuimargo + Ammobaculites prostomum, Hoglund (1947), Von Daniels 
(1970): A.tenuimargo. In our material extremely broad types with a large 
planispiral part seem to be linked by intermediate forms with much more 
slender types with a small planispiral part. Large, predominantly infaunal 
taxon, which is relatively frequent down to 7 cm. 

Morulaeplecta bulbosa Hoglund 1947 --- Von Daniels (1970): Textularia porrecta. 

It is difficult to discern the streptospiral structure of the oldest chambers 
(PI. I, fig. 7), which is typical for the genus. Apart from the bulbous, 
somewhat protruding, initial portion, which is clearly visible in most 
specimens, the species is very similar to Textularia porrecta (Brady). Small 
« 150 micron), predominantly infaunal taxon, present in fair numbers down 
to 7 cm. 

Textularia agglutinans D'Orbigny 1839 -- Von Daniels (1970). Large, 
predominantly infaunal species, most frequent in the top 4 em. 

Eggerella advena (Cushman 1922) -- Hoglund (1947), Von Daniels (1970). Small 
« 150 micron), predominantly infaunal species, which occurs in fair 
numbers in the top 4 em. 

Eggerella scabra (Williamson 1858) -- Hoglund (1947), Von Daniels (1970). Large, 
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predominantly infaunal taxon, which is relatively frequent down to 7 cm. 
Quinqueloculina seminula (Linnaeus 1758) -- Von Daniels (1970). Large, epifaunal 

taxon, only occurring in the topmost cm of the sediment. Only observed in 
larger quantities in December 1988. 

Quinqueloculina spp. -- In this group smooth as well as externally agglutinated taxa 
are included. The group consists of epifaunal forms which are only present 
in fair amounts in the months with highest oxygen values 
(December-January). 

Lenticulina spp. -- Epifaunal, only in the topmost cm found in higher quantities. 
Buliminella elegantissima (D'Orbigny 1839) -- Von Daniels (1970). Small (<150 

micron) infrequent epifaunal taxon largely restricted to the top 2 cm. 
Bolivina -- All types of non-reticulate bolivinids seem to be linked by intermediate 

forms. We distinguish three species; Bolivina seminuda and Bolivina dilatata 
are linked by numerous intermediate morphotypes (included in Bolivina 
dilatata). Bolivina dilatata and Bolivina spathulata seem only to be linked 
by a small number of (always striate) specimens. 

Bolivina dilatata Reuss 1850 -- Three types are distinguished within this species: 
-- dilatata-types (Von Daniels, 1970: B. dilatata): elongated types, 
coarsely perforated allover, inflated chambers with retral processes. 
Oval in cross section, not keeled. 
-- striatula-types (Von Daniels, 1970: Brizalina striatula): earlier 
part of the test striate. This type is recognized on the basis of the 
striate earlier part of the test. Apart from this, a complete variation 
between dilatata-like types, spathulata-types, and types 
intermediate with Bolivina seminuda is present. There are no retral 
processes, the cross-section is oval, a keel may be developed. 
Chambers are perforated completely, or only in their lower part. 
-- types intermediate between dilatata-types and Bolivinaseminuda: 
only perforated in the lower part of the chambers, retral processes 
weakly developed or absent, oval in cross-section, no keel. 
Microhabitat characteristics: 
-- dilatata-type: potentially infaunal; in the dilatata-seminuda
cline the most infaunal morphotype. 
-- striatula-type: epifaunal. 
-- intermediate (between dilatata and seminuda) type: 
transitional between epifaunal and potentially infaunal. 

Bolivina pseudoplicata Heron-Allen and Earland 1930 -- Von Daniels (1970). Rare 
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species, apparently potentially infaunal. 
Bolivina seminuda Cushman 1911 -- Von Daniels (1970): Bolivina spinescens. This 

species shows a continuous variation with Bolivina dilatata. Bolivina 
seminuda is elongate, rounded in cross-section, and has no retral 
processes. Only the lower part of the chambers is perforated. Small (only 
found in fraction < 150 micron) epifaunal taxon, only present in the 
uppermost 2 cm. 

Bolivina spathulata (Williamson 1858) -- Von Daniels (1970), Jorissen (1987). This 
species is by a limited number of striate morphotypes linked to Bolivina 
dilatata. The test is strongly compressed, with a (often prominent) keel. 
Inconspicuous retral processes, sutures not depressed. Relatively large, 
potentially infaunal form, most infaunal of all non-reticulate bolivinids. 

Bulimina marginata D'Orbigny 1826 -- Von Daniels (1970): B.aculeata and B. 
marginata, Jorissen (1987, 1988). A large variation with denudata-types 
and aculeata-types (compare Jorissen, 1988) is present. Potentially infaunal 
species, showing large difference between the various months. 

Stainforthia fusiformis (Williamson 1858) -- Hoglund (1947): "Bulimina" 
fusiformis, Von Daniels (1970): Bolivina (?) laevigata. There is a continuous 
variation between types with a strongly tapering initial end and strongly 
inflated chambers in the later part of the test, and more cylindrical types 
with compact chambers throughout the test. In both types the upper half 
of the later chambers may be imperforate. Small epifaunal species, 
restricted to the top 2 cm of the sediment. 

Hopkinsina pacifica Cushman 1933 -- Von Daniels (1970): Hopkinsina sp., 
Boltovskoy and others (1980). Apparently two generations are present in our 
material. The bulk of the specimens have a triserial initial portion, a limited 
number of specimens starts with a very prominent planispiral part. 
Otherwise there is no difference between these forms. Small potentially 
infaunal species, with is largely limited to the top 4 cm. 

Trifarina angulosa pauperata (Heron-Allen and Earland 1932) -- Von Daniels 
(1970): Trifarina angulosa, Boltovskoy et al. (1980) : T. angulosa 
occidentalis. In our association there is a variation between specimens with 
continuous costae and specimens with interrupted costae on the complete 
test. The complete association is much smaller (only found in the 63-150 
micron fraction) than typical A. angulosa. Scarce form, which appears to 
be epifaunal. Only in the February sample there is some tendency towards 
infaunal behaviour. 
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Epistominella exigua (Brady 1884) -- Von Daniels (1970): E. vitrea. Small, 
potentially infaunal species, largely restricted to the top 4 em. 

Pseudoeponides /alsobeccarii Rouvillois 1974 -- Jorissen (1988). Infrequent, 
apparently epifaunal species. 

Ammonia beccarii (Linnaeus 1758) -- Jorissen (1988). Infrequent, apparently 
epifaunal species. 

Elphidium advenum (Cushman 1922) -- Jorissen (1988). Infrequent species with a 
clear infaunal tendency. 

Nonionella turgida (Williamson 1858) -- Von Daniels (1970) : Nonionella opima, 
Jorissen (1987). Epifaunal taxon, mainly occurring in the top 2 em. 
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PLATE 1 

1-2 Reophax nana Rhumbler. 3 Adercotryma glomerata (Brady). 4a - b 

Cribrostomoides kosterensis (Hoglund). 5-7 Morulaeplecta bulhosa (Hoglund). 7 
streptospirally coiled early portion. 8 Eggerella scabt·a (Williamson). 9 Eggerella 

advena (Cushman). 10 Reophax scottii Chaster. 11 Textularia agglutinans 
D'Orbigny. 12-13 Ammoscalaria pseudospiralis (Williamson). 
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PLATE 1
 

49 



'PLATE 2
 

11-4 Bolivina seminuda Cushman. 5-7 Bolivina dilatata Reuss, transitional types
 
Iwith Bolivina seminuda Cushman. 8-9 Bolivina dilatata Reuss, typical. 10 Bolivina
 

dilatata Reuss, striatula-type, transitional to Bolivina seminuda Cushman. 11
 
IBolivina dilatata Reuss, intermediate between dilatata-type and striatula-type. 12
 
IBolivina dilatata Reuss, striatula-type. 13 Bolivina dilatata Reuss, striatula-typ 

transitional to Bolivina spathulata (Williamson). 14 Bolivina dilatata Reuss, typical. 

15-17 Bolivina spathulata (Williamson). 
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PLATE 2
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PLATE 3 
1-5 Stainforthia fusiformis (Williamson). 6-9 Hopkillsilla pacifica Cushman. 
10-11 Bulimina marginata D'Orbigny. 12-14 Epistomillella exigua (Brady). 15 
Buliminella elegantissima (D'Orbigny). 16-17 Buliminella sp. 18 Trifarina 
angulosa pauperata (Heron-Allen and Earland). 
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PLATE 3
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PLATE 4 
1 Ammonia beccarii (Linnaeus). 2 Pseudoeponides /alsobeccarii Rouvillois. 3a -b 

Elphidium advenum (Cushman). 4 Nouria polymorphinoides Heron-Allen and 
Earland. 5-6 Asterigerinata adriatica Haake. 7 Quinqueloculina sp. 8 Bolivina 
pseudoplicata Heron-Allen and Earland. 9 Quinqueloculina seminula (Linnaeus). 
10-12 Nonionella turgida (Williamson). 
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PLATE 4
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Chapter 3 

VERTICAL DISTRIBUTION OF BENTHIC FORAMINIFERA
 
IN THE ADRIATIC SEA; THE RELATION WITH THE ORGANIC FLUX
 

ABSTRACT 

In October 1989 the distribution of benthic foraminifera stained by Bengal Rose 
in the uppermost 7 cm of the sediment has been determined in 14 sample stations 
in the northern Adriatic Sea. The downward organic flux, which controls the 
complex relation between food and oxygen availability in the benthic environment, 
appears to be the main factor determining the distribution of benthic foraminifera. 
In most bottom environments especially the oxygen concentration is limiting 
benthic life; low values are responsible for the low faunal densities within the 
sediment of some of the most organic-rich areas. As soon as the oxygen level 
surpasses a critical treshold value, food availability becomes the limiting factor, 
regulating abundance and species composition of the benthic faunas. 

The areas with the highest downward organic flux are typified by a number of 
very opportunistic taxa, which can be epifaunal as well as potentially (mobile) 
infaunal. These taxa are most able to profit from the combination of a high food 
availability and fair oxygen levels after the turnover of the water column in 
autumn. 

The areas with lower organic fluxes are characterized by a more stable fauna, 
consisting of less stress-tolerant epifaunal taxa in combination with less mobile 
infaunal species, which lack the possibility to track critical oxygen levels. 

The present data confirm that microhabitat differentiation is minimal in months 
of low oxygen values in the sediment. However, fossil records of such 
environments will mainly be determined by production in the well-oxygenated 
season, and therefore knowledge about microhabitat behaviour of individual taxa 
can certainly be useful for the reconstruction of ancient organic fluxes. 

This chapter has in modified form been accepted for publication by Marine Micropaleontology; authors: 

F.J. Jorissen, D.M. Barmawidjaja, S. Puskaric and G.J. Van der Zwaan. 
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INTRODUCTION 

The relationship between the composition of benthic foraminiferal faunas and 
the amount of organic carbon in the sediment has been the subject of a number of 
papers (e.g. Miller and Lohmann, 1982; Corliss, 1985; Jorissen, 1987; Van der 
Zwaan and Jorissen, 1991). In general, it has been noticed that especially in high 
productivity areas very characteristic associations occur (e.g. Seiglie, 1968; Phleger 
and Soutar, 1973; Van der Zwaan, 1982; Bernhard, 1986; Altenbach and Sarnthein, 
1989; Gooday and Turley, 1990). However, there has been considerable debate 
whether these characteristic faunas are resulting from the raised food availability, 
from the lowered oxygen availability, or from a combination of both. In most cases 
these factors are not well separable. The percentage of organic carbon in the 
sediment is basically a reflection of the organic flux from the surface layer, its 
decay during downward transport and the subsequent preservation history. With 
increased quantities of organic detritus reaching the sea- bottom, increased amounts 
of refractory organic matter tend to be preserved in the sediment. Since high input 
of organic matter demands considerable amounts of oxygen for the consumption 
of its labile part, a high organic flux often results in dysoxic conditions in bottom 
environments. 

Recently, it has been suggested that not only the faunal composition, but also 
the faunal morphology changes in relation with the amount of organic matter in the 
sediment (Bernhard, 1986; Jorissen, 1988). A number of authors (Corliss, 1985; 
Corliss and Chen, 1988; Jorissen, 1988) suggested that these variations in test form 
are related to the life position of the foraminifera. According to Corliss and Chen 
(1988), the epifaunal microhabitat should be advantageous in food-limited 
environments, whereas environments with a high organic flux, and thus high 
amounts of organic carbon in the sediment, should be characterized by a 
dominance of infaunal taxa. Implicit in the discussion thusfar is the assumption 
that many taxa are either epifaunal or infaunal (e.g. Corliss and Chen, 1988). 
Recently, it has been suggested (Jorissen, 1988; Corliss and Emerson, 1990; 
Barmawidjaja et aI, 1991) that the microhabitat preference of individual taxa may 
change as a function of the depth of the redox front and/or the amount of food in 
the substrate. 

Most ideas about the life position of individual benthic foraminiferal taxa are 
based on studies of boxcore samples stained by Bengal Rose. Unfortunately this 
protein stain not exclusively colours living animals, but probably also specimens 
which have been dead for some time (Bernhard, 1988). A "carbon decomposition
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sediment mixing" model developed by Corliss and Emerson (1990), suggests that 
there could be a substantial difference between the rate of protoplasm degradation 
at the sediment-water interface and deeper in the sediment. However, the 
assessment of faunas stained by Bengal Rose is still the best method available for 
the study of vertical distributions. 

In this paper we will discuss the relationship between the input of organic 
matter and the distribution of benthic foraminifera in the Northern Adriatic Sea, 
which is an extremely productive area. In a first paper (Barmawidjaja and others, 
1991) the vertical distribution of a number of taxa has been studied at a single 
station in front of the main outlets of the Po river. Between December 1988 and 
November 1989, the distribution in the top 7 cm of sediment was determined 5 
times. One of the main conclusions of Barmawidjaja and others was that there is 
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Figure 1. Localities of the sample stations. 
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a considerable variation in the occupation of the infaunal niche throughout the 
year, Furthermore, they could recognize three groups of foraminifera, each which 
a specific pattern of behaviour. One group, labelled epifaunal, was almost 
exclusively found in the topmost one or two centimeters. A second group of taxa, 
termed predominantly infaunal, was spread in even 'numbers over the top five to 
seven centimeters of the sediment throughout the year. The distribution of a third 
group, called potentially inbenthic, showed epifaunal characteristics in one part of 
the year, and infaunal characteristics in the remaining months. However, all taxa 
showed some infaunal characteristics, and exclusively infaunal taxa were not 
found. 

Station Latitude N Longitude E Date 

001 45°21.1 ' 12°52.0' 18-10-1989 
003 45°19.1' 13°00.2' 18-10-1989 
005 45°18.4' 13°08.0' 18-10-1989 
007 45°17.0' 13°16.0' 18-10-1989 
101 44°59.8' 12°49.8' 17-10-1989 
103 45°01.0' 12°59.7' 17-10-1989 
105 45°02.0' 13°09.3' 17-10-1989 
107 45°02.8' 13°19.0' 17-10-1989 
108 44°45.4' 12°45.0' 17-I 0-1989 
201 44°29.5' 12°34.0' 19-10-1989 
203 44°34.0' 12°48.0' 19-10-1989 
205 44°38.5' 13°01.8' 19-10-1989 
207 44°43.0' 13°15.7' 19-10-1989 
209 44°47.5' 13°29.8' 19-10-1989 
301 44°09.2' 12°54.0' 19-10-1989 
303 44°14.7' 13°03.5' 19-10-1989 
305 44°20.2' 13°12.5' 19-10-1989 

Table I. Geographical coordinates and sampling dates of all stations. 
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The present study will focuss on the geographical variation in vertical 
distributional patterns, which in the northern Adriatic Sea probably can be 
explained in terms of input of organic matter from a single point source: the Po 
river. To unravel the interaction of the food enrichment and the oxygen content of 
the bottom waters, we studied the vertical distribution in 14 stations, sampled in 
October 1989. 

MATERIAL AND METHODS 

Box cores were collected in October 1989 at 14 stations in the northern Adriatic 
Sea (Fig. I). The precise sampling dates, locations, water depths, as well as the 
temperature, salinity and oxygen content of the bottom waters, are listed in Tables 
I and 2. All samples were taken by a conventional boxcorer, and were further 
processed immediately upon arrival on board ship. The samples were subsampled 
with plastic tubes; the subsamples were sliced in centimeter intervals, which were 
stored in plastic bottles filled with ethanol and Bengal Rose. In the laboratory, 
samples were freeze-dried (the dry weight was determined), and subsequently 
carefully washed (in water) over sieves with 63 and 150 micron meshes. In most 
cases all foraminifera stained by Bengal Rose were picked and counted. Only in the 
richest subsamples complete splits were used until at least 300 specimens had been 
counted. For all samples, the counting results of the 63 and 150 micron fractions 
were combined; foraminiferal densities are expressed in number of specimens per 
gram dry weight. 

As mentioned before, the use of Bengal Rose for the recognition of living 
foraminifera has serious limitations. Therefore, we took care to count only 
perfectly stained foraminifera. In cases of doubt, individual specimens were 
broken, or immersed in glycerin. However, it should be realized that in a number 
of cases the decision to accept or reject an individual as being stained, was rather 
subjective. The often numerous individual chambers of Reophax scottii, an 
arenaceous taxon which tends to break very easily, were not quantified. 
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--------------------------------------------------------------

--------------------------------------------------------------

--------------------------------------------.----------------
Station Depth SampLe Temp. SaL in. Oxygen Oxygen 

depth °c 0/00 cone. sat. 
mL/L % 

001 29 m	 0 16.88 35.82 5.46 100 
10 18.13 36.74 5.45 103 
20 18.00 36.78 5.25 99 
29 17.26 37.17 3.59 67 

003 32 m	 0 17.83 36.86 5.76 108 
10 17.80 36.86 5.42 102 
20 17.98 37.13 4.86 92 
32 14.80 37.59 2.74 49 

005 31 m 0 17.95 36.41 5.43 102 
10 18.06 36.57 5.45 103 
20 15.25 37.68 2.82 51 
31 15.00 37.76 2.66 48 

007 30 m	 0 17.89 36.57 5.72 107 
10 17.87 36.88 5.16 97 
20 14.92 37.78 2.40 43 
30 14.83 37.78 2.27 40 

101 33 m 0 17.80 35.20 5.48 102 
10 18.27 36.38 4.96 94 
20 17.98 36.70 5.30 100 
30 14.39 37.37 2.41 42 
33 14.31 37.43 2.33 41 

103 33 m	 0 18.32 35.91 5.61 106 
10 18.10 35.99 5.63 106 
20 18.30 36.72 4.85 92 
30 14.35 37.36 2.20 39 
33 14.31 37.36 2.02 36 

105 36 m 0 18.28 36.28 5.64 107 
10 17.95 36.36 5.35 100 
20 15.20 37.30 0.69 12 
30 14.94 37.30 0.73 13 
36 14.95 37.30 0.80 14 

107 37 m 0 18.58 36.21 5.49 104 
10 18.19 36.21 5.41 102 
20 15.63 37.27 1.60 29 
30 14.62 37.33 1.48 26 
37 14.58 37.33 1.32 23 

108 32 m 0 17.08 32.83 6.36 115 
10 18.15 36.32 5.26 99 
20 18.12 
30 16.48 37.26 1.68 31 
32 17.80 36.82 3.94 74 

Table 2. Physical properties of the water column; boLd numbers indicate 
bottom water values. 
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--------------------------------------------------------------

--------------------------~----------------------_._ .. -------
Station Depth Sample Temp. Sal in. Oxygen Oxygen 

depth °c 0/00 cone. sat. 
ml/l % 

-------------------------------------_.----------------------
201 28 m 0 16.93 32.93 6.59 119 

10 18.20 36.35 5.43 102 
20 18.32 37.30 4.86 92 
28 17.06 37.53 3.92 73 

203 36 m	 0 18.46 37.04 5.36 102 
10 18.40 37.07 5.39 103 
20 18.48 37.19 5.28 101 
30 17.40 37.54 5.11 96 
36 17.00 37.65 4.73 88 

205 41 m	 0 18.23 37.17 5.43 103 
10 18.20 37.53 5.38 102 
20 18.20 37.77 5.20 99 
30 17.31 37.97 4.48 84 
41 16.80 38.07 3.89 72 

207 44 m	 0 18.35 37.25 5.35 102 
10 18.40 37.33 5.40 103 
20 18.48 37.45 5.35 102 
30 18.54 37.49 5.18 99 
44 17.67 37.89 4.76 90 

209 43 m	 0 18.31 36.97 5.58 106 
10 18.57 37.29 5.24 100 
20 18.70 37.43 5.53 106 
30 18.50 37.52 4.61 88 
43 15.20 37.87 1.86 33 

301 32 m 0 17.81 36.88 5.33 100 
10 18.07 37.35 5.06 96 
20 17.10 37.58 5.37 100 
32 16.68 37.58 4.74 88 

303 50 m 0 17.80 37.22 5.25 99 
10 17.70 37.34 5.21 98 
20 17.59 37.54 5.17 97 
30 17.10 37.62 4.93 92 
40 17.01 37.62 4.66 87 
50 15.80 37.75 4.74 86 

305 51 m	 0 18.28 37.12 5.24 99 
10 18.30 37.12 5.31 101 
20 18.28 37.15 5.31 101 
30 17.83 37.61 4.97 94 
40 17.60 37.63 5.21 98 
51 16.08 37.75 5.07 93 

Table 2, continued. 
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Figure 2. Simplified surface current pattern, averaged for the whole year (after Breman, 1975). 

ENVIRONMENTAL SETTING 

In general, the Mediterranean and the Adriatic Sea are low nutrient systems. In 
the northern Adriatic Sea, the essentially low nutrient budget is considerably 
enriched by the input of nutrients, organic matter and clay by the Po river, which 
has an average discharge volume of about 50 km3 , and is one of the largest rivers 
in the Mediterranean. Once the runoff products are introduced into the marine 
ecosystem, their further distribution is mainly determined by the surface 
circulation pattern (Fig. 2). 

The main feature, an anti-clockwise gyre system, is strongest in winter, when 
the bulk of runoff products is transported in southern direction along the Italian 
coast, causing the presence of a well-defined mudbelt there. In summer, when the 
water column in the northern Adriatic Sea is completely stratified, the gyre system 
is weaker and part of the Po effluents are transported in eastward direction (Franco 
et aI, 1982; Malanotte Rizzoli and Bergamasco, 1983). 

In the northern Adriaitic Sea this distributional system causes an ample nutrient 
availability in summer, resulting in seasonal phytoplankton blooms (Revelante and 

Gilmartin, 1976, 1977, 1980; Degobbis and others, 1979; Gilmartin and Revelante, 
1980; Chiaudani and others, 1983; Marchetti and others, 1988). 
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In turn, the food availability in the benthic ecosystem is determined by the input 

of both the remains of these blooms and of land-derived organic debris. Although 

the algal blooms are spread over large areas, the circulation system probably causes 

that their remains are deposited in a much smaller part of the basin. The highest 
amounts of organic matter in the sediment (Breman, 1975; Jorissen, 1987) occur in 
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Figure 3. Simplified sediment textural map (modified after Brambati and others, 1983). 
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the clay-belt deposited by the outflowing Po water along the Italian coast. In view 
of the good correlation between grain-size and organic matter content, we suggest 
that the grain-size of the substrate could give a fair approximation of the year
averaged food availability in the benthic system. 

In areas with a high input of organic matter, much oxygen is consumed by 
decomposition processes. Three factors, a maximal algal production in spring
summer, high summer temperatures stimulating the decomposition process, and a 
maximal stratification of the water column in summer/autumn, have especially in 
the last decades led to periodic (late summer/autumn) anoxia (Stefanon and 
Boldrin, 1980; Giordani and Angiolini, 1983; Stachowitsch, 1984; Faganeli and 
others, 1985). Especially the environments close to and south of the outlets of the 
Po are sensitive to these events (Justic, 1987; Todini and Bizarri, 1988). Normally 
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Figure 4. Oxygen saturation (percentages) of the bottom waters in October 1989. 
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the bottom waters become re-oxygenated after the turnover of the water column 
in late autumn. 

In Figure 3 our sample localities have been plotted within a simplified version 
of the sediment textural map of Brambati and others (1983). As was suggested 
before, the substrate map probably gives a fair indication to which degree the 
various subareas (and the foraminifera living there) are prone to the high food 
availability ultimately resulting from the Po runoff. 

In Figure 4 the oxygen concentrations of the bottom water at the time of 
collection of our samples have been contoured. This figure (and the other physical 
properties of the water column, see Table I) strongly suggests that in October 1989 
the water column was still stratified in the northern part of the Adriatic Sea, 
whereas the autumn turnover had already taken place in the southern part of the 
northern Adriatic. Bottom water oxygen concentrations clearly change rapidly, and 
only a detailed monitoring could reveal possible rapid faunal responses. Since 
sedimented food particles can probably be used by benthic life for a prolonged 
period of time, the food availability could be considerably less prone to short term 
changes than the oxygen concentration. 

RESULTS 

TOTAL STANDING STOCKS 

The foraminiferal densities for all em-levels in the 14 stations have been listed 
in Table 3. In Figure 5 summed total standing stocks have been contoured; if 
possible for a standard column of 7 em with a weight of 7 gramme. In stations 003 
(5 em), 005 (3 em), 007 (6 em), 301 (6 em) and 303 (5 em) shorter sediment 
columns were sampled. Inspection of Table 3 shows that foraminiferal densities in 
the lower em-levels are generally very low; total standing stocks are mainly 
determined by the numbers in the uppermost em. Therefore, a comparison of all 
samples is, despite the different penetration depths of the above-mentioned 
samples, still meaningful. 

Figure 5 shows that a zone of high standing stocks largely coincides with the 
mud-belt along the Italian coast (compare with Fig. 2) and thus with the zone 
containing the highest organic carbon contents. Especially the value of station 20 I, 
positioned in the centre of the coast-parallel clay-belt, with an amount of 1084 
stained foraminifera in a 7 em long sediment column of 7 gramme, is remarkable. 
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----------------------------------------------------------------

-----------------------------------------------------------------

Station em1 em2 em3 em4 emS em6 em7 Total 

001 29.82 3.06 2.41 0.65 1.12 0.55 0.39 38.02
 
003 42.42 6.42 2.21 1.05 0.65 52.75
 
005 26.02 7.49 5.45 38.96
 
007 9.77 2.45 0.56 0.20 0.32 13.30
 
101 31.62 4.35 3.85 1.33 0.73 0.31 0.46 42.65
 
103 6.97 5.07 2.93 1.77 0.09 0.18 0.61 17.62
 
105 8.51 3.33 2.01 1.24 1.37 1.35 0.77 18.58
 
107 4.37 2.59 2.45 2.34 2.60 1.36 0.27 15.98
 
108 44.50 26.82 8.66 6.98 6.89 3.76 2.96 100.57
 
201 1062.45 11.07 6.32 1.38 0.95 0.93 0.72 1083.82
 
203 10.76 8.25 4.45 1.40 1.55 1.85 0.96 29.22
 
207 8.19 10.32 15.41 4.59 0.49 0.49 0.46 39.95
 
301 61.52 2.23 1.27 0.72 0.15 0.29 66.18
 
303 13.46 9.92 2.52 1.21 1.81 28.92
 

Table. 3. Total t auna l dens it ies in all subsamples. 

This value, which is more than 10 times higher than all other values found, 
indicates that in October 1989 the environmental conditions at this station were 
optimal for the production of high numbers of foraminifera. Most of the stations 
located in the mud-belt have relatively high oxygen contents, which indicate that 
a turn-over of the water column had already taken place. Therefore, they are 
characterized by a combination of high organic contents and rather well ventilated 
conditions. A zone of minimal foraminiferal densities can be observed in the 
eastern part of the study area. This area precisely coincides with lowest 
concentrations of oxygen in the bottom water (Fig. 4); apparently, turnover of the 
water column had not yet taken place. Therefore, total standing stocks seem to be 
controlled by two factors. Oxygen appears to be the primary controlling factor, low 
contents leading to low abundances. However, if a certain minimum oxygen values 
is surpassed (corresponding with a value in the bottom water of about 2.5 ml/l, see 
Table 2), food availability seems to decide on the size of the foraminiferal faunas. 

In Figure 6 total standing stocks have been contoured for the I to 7 cm level; 
these values should give an impression of the abundance of true infauna. The 
picture differs significantly from that of the total standing stocks (mainly 
controlled by the top cm). Within the sediment maximal values are found in the 
southern part of the northern Adriatic (south of the 101 -107 transect). Going in the 
direction of the Italian clay-belt the values decrease, and the whole northern part 
of the northern Adriatic shows low values as well. The correspondence with Figure 
4, where the oxygen saturation of the bottom water is shown, is remarkable. The 
north-south separation between the zones of low and high faunal densities exactly 
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coincides with the break in the oxygen values, which represents the boundary 
between the (still) stratified water column in the northern part of the northern 
Adriatic, and the (already) mixed water column in the southern part of the 
northern Adriatic. Therefore, Figure 6 strongly suggests that the amount of 
foraminifera found deeper in the sediment is largely controlled by the oxygen 
concentration. There appears to be a strong, nearly instantaneous, response to the 
fluctuations in oxygen content of the bottom waters. The decreasing values towards 
the Italian clay-belt fit well within this picture; in the direction of the mOre fine
grained, food-enriched sediments of this zone the oxygen penetration depth will 
probably show a significant decrease. The discrepancy between the top cm, where 
enough oxygen is available, and where faunal densities appear to be mainly 
controlled by food availability, and the I to 7 cm level, where oxygen acts as the 

44°-'---- ----" ---J 

Figure 5. Total faunal densities in the top 7 cm; number of foraminifera present in a standard column 

of 7 gram sediment. 
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primary limiting factor, is most clear in station 201. At this station faunal densities 
are 50 times higher in the uppermost cm than in the whole I to 7 cm interval. 

GEOGRAPHICAL DISTRIBUTION OF INDIVIDUAL TAXA 

In Figure 7 relative frequencies of the 16 most frequent taxa (percentages of 
total stained fauna in the top 7 cm) have been contoured for the 14 stations. These 
values are mainly determined by the values of the topmost cm. The various 
distributional patterns show some important differences. A number of taxa show 
a clear increase in relative proportions in the direction of the clay-belt along the 
Italian coast. Apparently, these taxa are relatively advantaged by the higher food 

·001· 
.•. 0030ClS 

.. B.2 ..•. ····007 
... ".10.31!.9~:5"· 

440 

-'-----------=:,~---------.I 

Figure 6. Total faunal densities in the 1 to 7 cm; number of foraminifera present in a standard column 

of 6 gram sediment. 
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availability there. The very high standing stocks they attain in station 20 I suggest 

that they make an optimum use of the available food sources, and can probably be 
considered as the most opportunistic species present. Hopkinsina pacifica, striatula
types of Bolivina dilatata, Bolivina seminuda and Nonionella turgida are the most 
typical representatives of this group. A second group, consisting of Stainforthia 
concava, Bolivina spathulata, Bolivina dilatata, Bulimina marginata and 
Epistominella exigua reaches highest abundances at the outer edge of the clay- belt, 

and therefore appears to be slightly less opportunistic than the first one. A third 
group, consisting of Eggerella advena, Reophax nana and Morulaeplecta bulbosa, 
shows no clear distributional trends in relation with the coarseness of the substrate; 

species are present in fair amounts everywhere. A fourth group (Textularia 
agglutinans, Eggerella scabra, Cribrostomoides kosterensis and Hanzawaia boueana) 
is in general absent or highly infrequent in the clay-belt. 

Bolivina spathulata 2 B 
Bolivina seminuda I A 
Bolivina dilatata, striatula-type I A 
Bolivina dilatata, typical 2 B 
Bulimina marginata 2 B 
Cribrostomoides kosterensis 4 A? 
Eggerella advena 3 C 
Eggerella scabra 4 C 
Epistominella exigua 2 B 
Hanzawaia boueana 4 A? 
Hopkinsina pacifica I B 
Morulaeplecta bulbosa 3 C 
Nonionella turgida I A 
Reophax nana 3 C 
Stainforthia fusiform is 2 A 
Textularia agglutinans 4 C 

Table 4. Values on our opportunism ranking scale and microhabitat characteristics 
(mainly from Barmawidjaja and others, 1991) for the 16 most frequent taxa; (1) = 
highly opportunistic; (4) = less opportunistic; (A) = epifaunal; (B) = potentially 
infaunal; (e) = predominantly infaunal. 
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Bolivina dilatata Bolivina seminuda
striatula -type 
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Bulimina marginata Cribrostomoides kosterensis 

Figure 7a. Relative abundances (percentage of total fauna) of the most frequent taxa in the 14 sampling 

stations. 
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Hanzawaia boveana Hopkinsina pacifica 

440 -' ------''- _ 

5.9
• 

7.0
• 

~ 4.7 

'1~'2• 

44°"'- ------'~ ~ 

Reophax nana 

6.8. 
/Y

/ 
Nonionella turgida 

Figure 7b . Relative abundances (percentage of total fauna) of the most frequent taxa in the 14 sampling 

stations. 
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Bolivina dilatata Epistominella exigua
typical morphotypes 
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Figure 7c . Relative abundances (percentage of total fauna) of the most frequent taxa in the 14 sampling 

stations. 
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Morulaeplecta bulbosa Bolivina spathulata 
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Figure 7d . Relative abundances (percentage of total fauna) of the most frequent taxa in the 14 sampling 

stations. 
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In our opinion these four groups represent a succession of taxa with different 
degrees of opportunistic behaviour: group 1 contains the most opportunistic taxa, 
which are able to profit most from a high food availability, whereas group 4 
contains the least opportunistic taxa, which have a minimal capability to compete 
for food in highly productive areas. 

In Table 4 a comparison has been made between the degree of opportunism of 
the various taxa and their assumed microhabitat selection. Barmawidjaja and others 
(1991) showed that in our station 108, microhabitat differentiation was largest in 
late winter when oxygen concentrations in the sediment are probably maximal. In 

October, when our sample set was taken, a number of (potentially infaunal) taxa 
was largely restricted to the top cm, whereas the same taxa were found 
considerably deeper in other months. It appears that in the highly seasonal 
environment of the northern Adriatic, it is only possible to trace the vertical 
distribution of individual taxa, if these are is studied in various periods of the year. 
For that reason we will here for most species use the microhabitat characteristics 
given by Barmawidjaja et al (1991). 

The relation between the four groups and preferred microhabitat is obvious; the 
most opportunistic taxa (group 1) are, with the exception of Hopkinsina pacifica 

(potentially infaunal), all epifaunal, whereas taxa of group 2 are, with the 
exception of Stainforthia fusiformis (epifaunal), all potentially infaunal. Group 3 
contains only predominantly infaunal taxa, whereas group 4 contains 
predominantly infaunal taxa as well as taxa, which on the basis of our data appear 
to be epifaunal. No potentially infaunal taxa belong to groups 3 and 4, just as no 
predominantly infaunal taxa occur in groups 1 and 2. 

VERTICAL DISTRIBUTION OF INDIVIDUAL TAXA 

In Figure 8 the vertical distribution of the 12 most frequent taxa has been 
depicted. In Oktober 1989 microhabitat separation was minimal. In the northern 
part of the northern Adriatic (stations 001-107), where the water column was still 
partly stratified (Fig. 4), the foraminiferal densities in the sediment are minimal. 
Even the taxa considered by Barmawidjaja and others (I 991) as most typically 
infaunal, occur only in the top sediment layer. In the southern part of the northern 
Adriatic (stations 108-303), where bottom water oxygen contents indicate that 
mixing already took place, the vertical differences are somewhat larger. Especially 
in station 108, but also in stations 201, 301 and 303, the deeper sediment layers 
contain rather abundant faunal populations. Species for which a partly infaunal 
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behaviour was described by Barmawidjaja and others (1991) are indeed more 
frequent in these deeper layers than epifaunal species. 

The absence of clear differences in vertical separation could support earlier 
observations (Barmawidjaja and others, 1991) that microhabitat separation is 
minimal in summer and autumn, and maximal in winter. In our view, this is mainly 
due to the variation in oxygen content of the bottom sediments. This would also 
account for the fact that microhabitat separation is nearly non-existant in the 
northern part, and minimal but recognizable in the southern part of the basin, 
where the turn-over of the water column had probably just taken place in October. 

DISCUSSION 

Before the data presented by Barmawidjaja and others (1991) and in this paper 
were present, Van der Zwaan and Jorissen (1991) proposed a microhabitat model 
for the species living in the Adriatic Sea clay-belt. This model (Fig. 9) is based on 
the assumption that the presence of infaunallife is controlled by a critical oxygen 
level in the sediment column. A second assumption was that a number of taxa are 
exclusively epifaunal, whereas others are infaunal during periods of well 
oxygenated bottom waters (in winter), and shift to epifaunal positions during 
periods of low oxygen concentrations in the sediment (in summer and autumn). 

Our data seem to confirm the validity of this model. During the month of 
October the system shifts from a completely stratified water column with dysoxic 
bottom water conditions to a mixed water column with ventilated bottom waters. 
Consequently, the faunal patterns show that during this initial stage of re
oxygenation, both epifaunal and potentially infaunal taxa can proliferate in the 
topmost cm, where they profit from the combination of increased oxygen contents 
and abundantly present food. Apparently the deeper layers are still quite 
inhospitable. Standing stocks in the better ventilated areas increase enormously as 
compared with the still dysoxic stations. 

In October 1989 potentially infaunal taxa were in nearly all stations much more 
frequent than epifaunal species. The data of Barmawidjaja and others (1991) show 
that this is in contrast with the situation in later months. In December 1989, in 
station 108 epifaunal taxa were more abundant than potentially infaunal taxa (Fig. 
10), whereas the latter taxa showed a maximum in January. This pattern suggests 
that the potentially infaunal taxa generally are more tolerant for low oxygen 
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A SEDIMENT DISTRIBUTION 
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Figure 9. Microhabitat model for the Adriatic Sea clay-belt (after Van der Zwaan and Jorissen, 1991). 
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concentrations, and are therefore the first to profit from the high food availability 
in autumn. As reoxygenation continues, epifaunal taxa become more successful, 
and are able to attain maximum values in early winter. Apparently, the deeper 
sediment layers can only be invaded after a considerable time of oxygenation. The 
combination of this factor, and the decline in food availability at the surface, could 
explain why in January potentially infaunal taxa again become more frequent than 
epifaunal taxa. An important consequence of this temporal succession is that 
microhabitat differentiation becomes more clearly developed some time after the 
mixing event and concurrent re-oxygenation. The clearly less opportunistic 
predominantly infaunal species are less affected by these changes, although our 
data suggest that during periods of stratification (as in the northern stations), these 
species are restricted to the topmost sediment layer as well. This subscribes to the 
idea, that the socalled predominantly infaunal taxa can not cope with dysoxic 
conditions, resulting in small populations during summer months (Fig. 10). With 
ongoing re-oxygenation, these species spread through the whole sediment column 
and become relatively enriched in deeper sediment layers again. 
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Figure 10. Total numbers of stained foraminifera for the three basic microhabitat groups, observed at
 

station 108 in 1989, in five different months.
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Ou.r data clearly demonstrate that food abundance and oxygen content jointly 
influence the total number patterns, whereas the vertical distribution of species is 
largely determined by oxygen concentration alone. The geographical distribution 
of species shows that food abundance is clearly the regulating factor for the species 
abundance patterns once a critical oxygen level is surpassed. Therefore in the entire 
northern Adriatic Sea the amount of the downward organic flux seems to be the 
primary factor controlling the benthic faunas. The ultimate downward organic flux 
rate controls both the food availability and the oxygen concentration at the bottom. 
Destruction of water stratification and subsequent re-oxygenation of bottom 
environments in autumn leads to repopulation, eventually even of the deeper 
sediment layers. As a function of the interplay of these processes, different taxa 
inhabit the various flux-determined subenvironments of the northern Adriatic. 
Therefore, benthic foraminiferal successions, and especially the differences in 
behaviour of the various microhabitat groups, could be very useful for the 
reconstruction of ancient organic fluxes. 

ACKNOWLEDGEMENTS 

The authors are grateful to Dr. Nenad Smodlaka, Dr. Danilo Degobbis and other 
colleagues from the Center of Marine Research in Rovinj for stimulating 
discussions and for putting the oceanographic data at our disposal. The Ministry of 
Science, Technology and Informatics of the Republic of Croatia is thanked for the 
available ship-time. We acknowledge T. van Hinte for his drawings. 

REFERENCES 

ALTENBACH, A.V. and SARNTHEIN, M., 1989. Productivity Record in Benthic 
Foraminifera. In: W.H. Berger, V.S. Smetacek and G. Wefer (eds.) 
Productivity of the Ocean: Present and Past., p. 255-269. John Wiley and Sons 
Limited. 

BARMAWIDJAJA, D.M., JORISSEN, F.J., PUSKARIC, S. and VAN DER 
ZWAAN, G.J., 1991. Microhabitat selection by benthic foraminifera in the 
northern Adriatic Sea. Submitted to J. Foraminiferal Res. 

B'ERNHARD, J.M., 1986. Characteristic assemblages and morphologies of benthic 
foraminifera from anoxic, organic-rich deposits: Jurassic through Holocene. 

81 



J. Foraminiferal Res., 16, p. 207-215. 
BERNHARD, J.M., 1988. Postmortem vital staining in benthic foraminifera: 

duration and importance in population and distributional studies. J. 
Foraminiferal Res., 18, 143-146. 

BRAMBATI, A., CIABATTI, M., FANZUTTI, G.P., MARABINI, F. and 
MAROCCO, R., 1983. A new sedimentological textural map of the northern 
and central Adriatic Sea. Boll. Oceanologia Teor. Applic., 4, p. 267-271. 

BREMAN, E., 1975. The distribution of ostracodes in the bottom sediments of the 
Adriatic Sea. Thesis, Vrije Univ. Amsterdam, 165 pp. 

CHIAUDANI, G., PAGNOTTA, R. and VIGHI, M., 1983. Eutrophication in 
Emilia-Romagna coastal waters: scientific basis for protection actions. 
Thalassia Jugoslavica, 19, p. 64-75. 

CORLISS, B.H., 1985. Microhabitats of benthic foraminifera within deep-sea 
sediments. Nature, 314, p. 435-438. 

CORLISS, RH. and CHEN, C., 1988. Morphotype patterns of Norwegian Sea deep
sea benthic foraminifera and ecological implications. Geology, 16, p. 716-719. 

CORLISS, B.H. and EMERSON, S., 1990. Distribution of Rose Bengal stained 
deep-sea benthic foraminifera from the Nova Scotian continental margin and 
Gulf of Maine. Deep-Sea Res., 37, p. 381-400. 

DEGOBBIS, D., SMODLAKA, N., POJED, I., SKRIVANIC, A. and PRECALI, 
R., 1979. Increased eutrophication of the northern Adriatic Sea. Marine 
Pollution Bull., 10, p. 298-301. 

FAGANELI, J., AVCIN, A., FANUKO, N., MALEJ, A., TURK, V., TUSNIK, 
P., VRISER, B. and VUKOVIC, A., 1985. Bottom layer anoxia in the central 
part of the Gulf of Trieste in the late summer of 1983. Marine Pollution Bull., 
16, p. 75-78. 

FRANCO, P., JEFTIC, L., MALANOTTE RIZZOLI, P., MICHELATO, A. and 
ORLIC, M., 1982. Descriptive model of the northern Adriatic. Oceanol. Acta, 
5, p. 379-389. 

GILMARTIN, M. and REVELANTE, N., 1980. Nutrient input and the summer 
nanoplankton bloom in the northern Adriatic Sea. P.S.Z.N. I: Marine Ecology, 
I, p. 169-180. 

GIORDANI, P. and ANGIOLINI, L., 1983. Chemical parameters characterizing the 
sedimentary environment in a NW Adriatic coastal area (Italy). Estuarine, 
Coastal and Shelf Science, 17, p. 159-167. 

GOODAY, A.J. and TURLEY, C.M., 1990. Responses by benthic organisms to 
inputs of organic material to the ocean floor: a review. Phil. Trans. R. Soc. 
Lond. A, 331, p. 119-138. 

JORISSEN, F.J., 1987. The distribution of benthic foraminifera in the Adriatic Sea. 
Marine Micropal., 12, p. 21-48. 

JORISSEN, F.J., 1988. Benthic foraminifera from the Adriatic Sea; principles of 
phenotypic variation. Utrecht Micropal. Bull., 37, 176 pp. 

JUSTIC, D., 1987. Long-term eutrophication of the northern Adriatic Sea. Marine 
Pollution Bull., 18, p. 281-284. 

82
 



MALANOTTE RIZZOLI, P. and BERGAMASCO, A., 1983. The dynamics of the 
coastal region of the Northern Adriatic Sea. J. Phys. Oceanogr., 13, p. 1105
1130. 

MARCHETTI, R., GAGGINO, G.F. and PROVINI, A., 1988. Red tides in the 
northwest Adriatic. Unesco Reports in marine Science, 49, p. 133-142. 

MILLER, K.G. and LOHMANN, G.P., 1982. Environmental distribution of recent 
benthic foraminifera on the northeast United States continental slope. Geol. 
Soc. Amer. Bull., 93, p. 200-206. 

PHLEGER, F.B. and SOUTAR, A., 1973. Production of benthic foraminifera in 
three east Pacific oxygen minima. Micropaleontology, 19, p. 110-115. 

REVELANTE, N. and GILMARTIN, M., 1976. The effect of Po river discharge 
on phytoplankton dynamics in the northern Adriatic Sea. Marine BioI., 34, p 
377-396. 

REVELANTE, N. and GILMARTIN, M., 1977. The effects of northern Italian 
rivers and eastern Mediterranean ingressions on the phytoplankton of the 
Adriatic Sea. Hydrobiologia, 56, p. 229-240. 

REVELANTE, N. and GILMARTIN, M., 1980. Microplankton diversity indices 
as indicators of eutrophication in the northern Adriatic Sea. Hydrobiologia, 
70, p. 277 -286. 

SEIGLIE, G.A., 1968. Foraminiferal assemblages as indicators of high organic 
carbon content in sediments and of polluted waters. Amer. Ass. Petr. Geol. 
Bull., 52, p. 2231-2241. 

STACHOWITSCH, M., 1984. Mass mortality in the Gulf of Trieste: The course of 
community destruction. P.S.Z.N. I: marine Ecology, 5, p. 243-264. 

STEFANON, A. and BOLDRIN, A., 1980. The oxygen crisis of the northern 
Adriatic sea waters in fall 1977 and its effects on benthic communities. Proc. 
6th Int. Sci. Symp. World Underwater Fed. (CMAS), p. 167-174. 

TODlNI, E. and BIZARRI, A., 1988. Eutrophication in the coastal area of the
 
Regione Emilia Romagna. Unesco rep. Marine Science, 49, p. 143-152.
 

VAN DER ZWAAN, G.J., 1982. Paleoecology of Late Miocene Mediterranean
 
foraminifera. Utrecht Micropal. Bull., 25, 202 pp. 

VAN DER ZWAAN, G.J. and Jorissen, F.J., 1991. Biofacial patterns in river
induced shelf anoxia. Geoi. Soc. Spec. PubI., in press. 

83
 



Chapter 4 

A BENTHIC FORAMINIFERAL RECORD DOCUMENTING 
THE EUTROPHICATION HISTORY OF THE NORTHERN ADRIATIC SEA 

ABSTRACT 

The vertical distribution of benthic foraminifera in a core in front of the 
Po delta has been studied in detail. According to our age model, based on 210Pb 
and 137CS analyses of a core on the same location, this core documents the last 
160 years. The isotope profiles further show that sediment mixing is largely 
restricted to the top cm, suggesting that this core should provide an extremely 
detailed record. 

Benthic foraminiferal patterns and grainsize analyses indicate a number of 
substantial changes in sedimentation rate, food and oxygen availability in the 
benthic ecosystem. Changes occurring at about 1840 and 1880 can be attributed 
to man-induced changes in the main outflow canals of the Po river. The first led 
to an important reduction of the vegetation cover which had been present up to 
that date. The second one resulted in the present-day situation in which the Po 
outflow is passing the studied core locality closely. 

From 1900 onwards, the benthic foraminifera indicate a steadily increasing 
nutrient load. This trend is interpreted as the effect of anthropogeneous 
eutrophication, due to agriculture and waste water disposal. A marked faunal 
transition around 1930 indicates the intensification of this eutrophication. 
Around 1960 the first signs of an increasing importance of anoxic events can be 
recognized in the benthic record. The faunal changes in the last decade, which 
are ascribed to changes in preservation potential, indicate that more intense or 
more prolonged anoxia started about 10 years ago, and that the ecological health 
of the northern Adriatic is still in decline. 

This chapter has been submitted to Marine Geology; authors: n.M. Barmawidjaja, G.J. Van der 

Zwaan, F.J. Jorissen and S. Puskaric. 
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INTRODUCTION 

The influence of the river Po as the main eutrophication source of the 
northern Adriatic Sea is beyond dispute. The enormous input of fine-grained 
matter by the Po river and the subsequent transport by surface currents, has 
resulted in a well-defined clay belt along the Italian coast. Concurrently, large 
quantities of nutrients are brought into the basin, leading to high primary 
production. In late summer and autumn, the combination of thermal 
stratification and a high downward organic flux leads to dysoxic, or even 
anoxic, bottom water conditions over an increasingly large area (Giordani and 
Angiolini, 1983; Chiaudani and others, 1983; Justic, 1987; Marchetti and others, 
1988). The effects of these bottom water conditions on the benthic foraminiferal 
distribution patterns have been described by Jorissen (1987,1988), Van der 
Zwaan and Jorissen (1991) and Jorissen and others (1991). 

The record of anoxic events of the past decades suggests that the 
anthropogeneous nutrient input is increasingly affecting the marine 
environment. We have virtually no knowledge as to the change from the past 
"natural" fluviatile-marine interaction, to the present-day strongly human
influenced situation. In a recent paper, Puskaric and others (1990) described a 
strong and sudden increase of phytoplankton remains in a sediment core over 
the past 40 years. This was taken as a sign of the strong post-war increase of 
phosphorous, originating from human activities. Especially the increase of 
coccolithophorids would be indicative for this increase in nutrient discharge. 
The observed increase of siliceous remains was considered to reflect decreasing 
oxygen concentrations in the bottom environments over the past decades. 

In the present paper, we will attempt to document the eutrophication 
history over a considerable period of time, using the impact it has had on the 
benthic ecosystem. To this end, we analyzed in close detail the benthic 
foraminifera preserved in a core for which we had a reliable time control for 
the last 70 years, and which we expected (on the basis of linear extrapolation) to 
document the past 160 years, i.e. the period from about 1830 to 1990. 

MATERIAL AND METHODS 

In Figure I the location of the core is indicated; the 57 cm long core was 
taken at station 108 by SCUBA divers using a portable PVC coring device. 
Samples taken earlier at the same station are discussed extensively by Puskaric 
and others (1990), Barmawidjaja and others (1991), and Jorissen and others 
(1991). The station is located in front of the Po delta. Figure I shows that the 
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Figure 1. Location of sample station 108 (Lat,44° 45,4'N, Long. 120 45.0' E, water depth 32 m), 
together with a simplified surface sediment map (after Brambati and others, 1983). 

substrate at the location is predominantly muddy. The effect of the Po outflow 
on the sedimentation pattern is clearly reflected by the rather narrow, but well
defined, mud belt which has developed in southward direction along the Italian 
coast. 

Puskaric and others (1990), who in 1989 collected a 110 cm long core at the 
same station, noticed a transition from sandy pelite to pelite at 60 cm depth, 
slightly deeper than the bottom of our core. In order to demonstrate this possible 
fining-upward, and to search for other variations in grainsize, detailed grainsize 
analyses were performed on l2 evenly spaced samples. For these analyses we 
employed a Laser Particle Sizer, and followed standard routines. 

The core was sliced in l-cm intervals. The samples were washed carefully 
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over a set of sieves; for this study the 63-595 micron size fraction has been 
employed. We studied all samples in the upper 30 cm, whereas 16 samples were 
studied in the lower 27 cm of the core. For all samples complete splits were used 
until a minimum number of 300 benthic foraminifera had been picked, 
determined, and counted. For the determination of foraminifera as much as 
possible the taxonomy of Jorissen (1987, 1988) and Barmawidjaja and others 
(1991) was followed. 

AGE MODEL 

In a study of a core taken in 1989 at the same sample station, Puskaric and 
others (1990) employed two isotopes with a different origin and halflife time: 
137CS (t1/2 = 30 A) and 210Pb (t1/2 = 22.4 A). There are two different sources of 
Caesium. The first one is the fallout from nuclear bomb explosions. The first 
year of significant 137CS fallout was 1954, whereas this isotope reached a peak 
value in 1963. This last maximum was recognized by Puskaric and others (1990) 
at a depth of 7.5 cm, which thus would coincide with an age of 25 years (Fig. 2). 

The second source of Caesium is the fallout produced by the Chernobyl 
nuclear power plant accident in April 1986. This second event coincides with a 
peak value of 134CS, which, in the light of its very short half-life (t1/ 2 = 1.9 A), 
can only be related to the 1986 Chernobyl accident. Puskaric and others found 
this isotope only in the topmost cm (Fig. 2), indicating that the top of the core 
was intact, and probably also that deep bioturbation is minimal. The average 
sedimentation rate resulting from the 1963 peak is 0.35 cm/yr. Exactly the same 
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Figure 2. 21Opb, 137Cs and 134Cs profiles of a sediment core sampled at station 108 in 1989 (after 

Puskaric and others. 1990). 
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result was arrived at by employing the profile of 210Pb in the top 20 cm of the 
core (Fig. 2), corresponding with the interval from 1919 to 1989. It is important 
to note that also the 210Pb_profile suggests that the maximal thickness of the 
sediment surface mixed layer is one cm, indicating a near-absence of larger 
deep-burrowing organisms. 

Since our core was taken at exactly the same location as the one studied by 
Puskaric and others (1990), we assume that the age model they arrived at is also 
applicable to the top 20 cm of our core. By a downward extrapolation of the 
sedimentation rate of 0.35 cm/year we would obtain an age of about 160 years 
for our bottom sample (56-57 cm below the core-top). If the thickness of the 
sediment mixed layer in the past has been just as thin as it is at present, mixture 
of sediments by bioturbation has been minimal. Therefore, our core could 
document the development between 1830 and 1990 in great detail. 

However, we have to admit that the age contraints are much looser in the 
lower part than in the top part of the core, and that the thickness of the surface 
mixed layer could have been greater in the past. 

GRAIN SIZE ANALYSES 

We analyzed 12 samples on grainsize distribution patterns in order to check 
whether there are significant changes over the cored interval. For each sample 
multiple (5 - 8) analyses were performed in order to assess analytical variability. 
The average values of all reliable runs are depicted in Figure 3. The results 
indicate a remarkable constancy in grainsize distribution. Two features stand 
out: from the 34 - 35 cm sample until the 14 - 15 cm sample a clear shoulder 
can be noticed in the 3.0 - 3.8 micron grainsize class; secondly, the curves from 
the two lowermost samples (49 - 50 cm and 54 - 55 cm) display a rather distinct 
shoulder in the larger grainsize classes (13.0 - 53.5 microns). It is difficult to 
assess whether this latter feature, the secondary peak in the larger grainsize 
classes, is real or an artefact caused by flocculation of clay particles. As it is, a 
preliminary conclusion could be that the two lowermost samples are somewhat 
coarser than the other samples. However, the mean values of all 12 samples are 
remarkably close. The impression of homogeneity is confirmed by an ANOVA 
carried out for all 12 samples and for subsets of samples in various 
combinations. According to these statistical analyses the probability that samples 
belong to different populations is less than 1% (P < 0.0 I). This confirms our 
visual impression that there is little difference between the samples and that 
there is no dramatic break in the sedimentation pattern. 
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Figure 3. Grainsize distribution patterns (in microns) in 12 samples; in each case the curve depicts 
the average of 5 to 8 reliable runs. 

FAUNAL PATTERNS 

The counting results of the 59 taxa recognized are listed in Table I. In 
Figures 4 and 5 absolute (per standard volume unit) and relative abundances of 
the 28 most frequent taxa are presented versus core depth and absolute age. The 
most remarkable feature of the total number curve (Fig. 4a) is the clear break at 
about 50 cm depth. Below this level much higher total numbers are found than 
above it. A second break, although of lesser magnitude, occurs around the 40 cm 
level. This pattern could have two causes; a substantial lowering of benthic 
production and/or an increase in sedimentation rate. In this respect it is 
worthwhile to recall that the lowermost two samples studied on grainsize indeed 
suggest a somewhat coarser substrate. 
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The changes in faunal composition coinciding with these foraminiferal 
accumulation rate patterns are much more gradual. Basically a fauna dominated 
by Elphidium spp. and Asterigerinata adriatica is eventually replaced by a fauna 
dominated by Nonionella turgida (Fig. 4b). The gradual disappearance of a 
number of taxa with a planoconvex morphology, which is typical for epiphytic 
taxa (Asterigerinata mamilla, Buccella granulata, Cibicides lobatulus, 
Gavelinopsis praegeri, Neoconorbina terquemi), and the concurrent increase in 
relative abundance of muddwellers (Fig. 5; e.g. Ammonia perlucida, Bulimina 
marginata, Epistominella vitrea) suggests that a weakly sorted substrate, which 
carried some vegetation, was by two steps replaced by a somewhat better sorted 
substrate, which was lacking the coarser grain-size classes, and which seems to 
have largely lost its vegetational cover. This suggests that the most feasible 
explanation for the two drops in total numbers in the basal part of the core is 
not a decrease in production, but an increase in sedimentation rate in a 
predominantly muddy setting, leading to an almost complete destruction of 
vegetation. For the toppart of the core, foraminiferal accumulation rates suggest 
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Figure 4. Numbers of benthic foraminifera in a standard volume unit (38.5 cm3). Fig. 4a . Total fauna. 
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Table 1; Benthic foraminiferal counts; split indicates the part of the total sample
 
that has been counted (8 = 1/8 of the total sample, etc.).
 
Numbers 1 to 60 indicate the various taxa counted:
 

1 Adelosina longirostra 
2 Ammonia beccarii 
3 Ammonia parkinsoniana 
4 Ammonia perlucida 
5 Ammoscalaria pseudospiralis 
6 Amphicoryna scalaris 
7 Asterigerinata adriatica 
8 Asterigerinata mamilla 
9 Bolivina dilatata, striatula-type 
10 Bolivina dUatata, typical-type 
11 Bolivina pseudoplicata 
12 Bolivina seminuda 
13 Bolivina spathulata 
14 Buccella granulata 
15 Bulimina costata 
16 Bulimina marginata 
17 Buliminella elegantissima 
18 Buliminella sp. 
19 Cassidulina crassa 
20 Cassidulina subglobosa 
21 Cibicides lobatulus 
22 Eggerella advena 
23 Eggerella scabra 
24 Elphidium advenum 
25 Elphidium crispum 
26 Elphidium granosum 
27 Elphidium poeyanum 
28 Elphidium sp. 1 
29 Epistominella exigua 
30 Fissurina spp. 

31 Gavelinopsis praegeri 
32 Hanzawaia boueana 
33 Haplophragmoides kosterensis 
34 Hopkinsina pacifica 
35 Lagena spp. 
36 Mioliolinella spp. 
37 Morulaeplecta bulbosa 
38 Neoconorbina terquemi 
39 Nonion depressulum 
40 Nonionella turgida 
41 Polymorphinidae spp. 
42 Pseudoeponides falsobeccarii 
43 Pyrgo subsphaerica 
44 Quinqueloculina badenensis 
45 Quinqueloculina oblonga 
46 Quinqueloculina seminula 
47 Quinqueloculina spp. 
48 Quinqueloculina stalkeri 
49 Reophax nana 
50 Reussella spinulosa 
51 Rosalina spp. 
52 Sigmoilina distorta 
53 Sigmoilopsis schlumbergeri 
54 Stainforthia fusiformis, type 1 
55 Stainforthia fusiformis, type 2 
56 Textularia agglutinans 
57 Trifarina angulosa pauperata 
58 Triloculina tricarinata 
59 Triloculina trigonula 
60 Spec. indet. 
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SampLe\Taxa 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

1 0 1 10 6 2 1 12 1 11 18 1 28 34 0 0 54 0 0 8 1 2 

2 0 1 3 11 2 0 13 0 6 9 3 10 25 2 0 24 0 0 5 5 3 

3 0 5 2 11 2 2 10 1 8 1fl. 2 12 12 3 0 42 1 0 1 0 4 

4 0 3 1 10 0 0 11 1 12 8 4 12 12 0 0 24 1 0 2 2 3 

0 0 5 5 2 0 7 1 6 6 9 6 14 0 1 28 0 0 3 4 0 

6 1 2 1 5 4 0 4 0 7 7 2 6 10 0 0 15 0 1 2 1 0 

7 0 1 1 6 5 0 7 0 4 16 2 10 14 3 0 28 0 2 6 1 1 

8 0 2 2 8 3 0 6 1 8 10 0 5 14 4 0 16 0 0 1 1 1 

9 0 3 0 11 5 0 9 0 10 12 4 12 17 0 1 37 0 0 9 1 3 

0 4 3 11 4 0 10 0 9 12 5 9 14 1 0 47 0 0 2 1 2 

11 0 2 0 6 2 0 5 0 2 5 2 7 10 0 0 11 0 2 3 2 0 

12 0 4 0 5 6 1 0 2 4 6 1 1 17 2 0 29 1 1 4 1 2 

13 0 1 3 4 2 0 3 0 1 3 1 11 5 0 0 17 0 0 3 1 1 

14 0 3 2 6 3 0 5 0 5 3 0 3 15 1 0 23 0 0 3 0 2 

0 4 2 12 6 0 8 0 10 8 4 11 24 3 0 56 0 1 9 6 3 

16 0 5 2 11 6 0 8 4 3 8 1 11 15 2 0 49 0 1 6 0 2 

17 2 2 0 5 4 0 3 1 6 9 1 5 11 0 0 25 0 2 2 1 5 

18 0 0 0 3 3 0 2 1 10 2 1 5 7 1 0 24 0 1 0 4 0 

19 0 1 0 5 0 1 7 1 5 5 1 3 22 1 0 39 0 1 5 0 0 

1 7 0 7 10 0 12 0 4 2 2 1 9 3 1 40 0 0 1 0 3 

21 0 4 0 27 3 0 10 0 19 10 3 21 25 5 0 86 1 0 5 1 2 

22 0 4 1 15 3 0 9 0 6 3 3 2 9 0 0 39 0 0 4 0 1 

23 3 5 1 8 0 0 2 2 8 3 2 0 8 2 0 42 0 0 3 0 3 

24 2 0 6 7 5 0 6 4 5 3 2 0 14 2 0 47 0 0 2 0 0 

0 10 0 9 5 0 8 3 6 7 3 1 5 3 0 39 0 0 7 1 3 

26 0 4 2 14 4 0 8 2 6 4 4 3 5 1 0 31 0 0 7 0 5 

27 0 3 7 10 1 0 13 2 5 6 2 0 11 2 0 29 0 0 3 0 1 

28 0 2 4 1 1 0 8 3 6 5 2 2 10 1 0 31 0 0 5 1 0 

29 0 4 6 11 1 0 5 0 8 2 2 1 10 0 0 38 0 0 4 1 0 

0 3 2 14 0 0 8 5 3 3 4 1 9 3 0 41 0 1 4 3 2 

31 0 3 10 13 1 0 4 0 5 1 2 0 4 1 0 31 0 1 4 2 2 

33 0 1 4 16 0 0 7 0 7 1 2 0 4 2 0 30 0 1 5 2 2 

2 7 2 46 1 0 16 0 5 1 2 1 13 6 1 39 0 1 2 0 5 

36 2 4 6 32 2 0 11 4 4 2 2 0 8 7 0 35 0 1 4 1 5 

38 0 2 5 48 4 0 18 2 4 0 2 0 2 2 0 22 0 0 0 0 3 

0 2 2 12 2 0 12 2 4 3 1 0 6 0 0 24 0 0 3 1 3 

41 0 1 5 15 1 0 8 2 8 1 0 0 9 8 0 39 0 0 5 1 6 

43 0 3 6 26 2 1 22 2 1 1 0 0 10 8 0 44 0 0 0 0 2 

0 1 9 13 2 0 21 2 2 1 0 0 7 6 0 17 0 0 2 1 3 

46 0 3 15 14 3 0 16 4 2 0 2 0 7 6 0 10 0 0 3 0 8 

48 0 0 17 17 2 0 25 5 0 1 0 0 7 3 0 16 0 0 3 0 3 

0 5 11 17 0 0 35 6 3 0 0 0 5 6 0 5 0 0 1 0 5 

51 0 0 14 15 1 0 30 13 2 0 1 0 8 10 0 5 0 0 3 0 7 

53 0 2 20 6 0 0 50 2 2 1 0 0 7 10 0 11 0 0 5 2 9 

0 2 20 5 1 0 48 3 4 3 0 0 5 6 0 8 0 0 0 4 7 

57 0 3 17 6 0 0 44 8 1 0 3 0 7 9 0 7 0 0 4 1 21 
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Table 1, continued 
22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 

1 3 9 8 2 18 39 33 53 4 1 1 2 3 1 13 9 0 5 179 2 6 

2 8 7 6 1 11 16 31 35 1 2 0 1 21 4 15 1 0 0 101 0 9 

3 2 6 5 5 15 30 34 35 2 3 0 3 36 0 2 6 2 2 118 0 3 

4 0 2 6 1 13 17 20 41 4 0 1 3 39 0 3 9 1 0 152 0 1 

5 1 4 8 0 7 12 15 24 4 1 0 0 32 2 1 5 0 0 159 0 4 

6 5 2 1 0 8 7 23 23 2 1 0 2 18 3 2 7 0 2 141 1 3 

7 7 2 4 1 16 16 26 25 3 1 0 2 24 3 2 0 0 0 170 0 7 

8 1 5 4 1 11 22 26 31 3 2 0 1 23 4 1 11 0 5 173 0 5 

9 1 5 6 0 11 16 23 49 7 2 0 5 19 0 1 15 1 2 184 0 1 

10 3 11 3 2 15 13 22 54 7 2 0 7 30 2 4 12 1 0 154 0 5 

11 4 3 2 2 9 11 11 24 1 2 0 1 7 0 1 7 2 0 83 0 1 

12 3 5 2 1 8 8 30 41 1 4 0 0 11 0 0 9 0 7 101 0 3 

13 2 2 0 1 8 9 18 12 4 0 0 4 6 1 1 2 1 0 95 0 3 

14 0 7 2 2 10 13 16 23 0 2 0 0 1 0 0 4 0 1 76 0 3 

15 2 12 4 3 21 19 27 50 10 4 0 3 24 6 1 10 0 1 238 0 4 

16 2 3 3 1 15 20 30 48 2 2 0 0 10 2 1 3 0 0 170 0 5 

17 0 4 2 0 8 12 24 31 0 1 0 0 6 1 0 2 1 0 126 1 4 

18 0 12 3 2 8 7 14 26 4 1 0 1 7 0 0 2 0 0 108 1 3 

19 0 0 1 2 12 32 30 42 0 5 0 0 15 0 0 6 3 1 148 1 9 

20 1 4 3 2 8 11 21 31 3 2 0 2 9 0 1 6 0 0 98 0 7 

21 7 8 6 2 22 45 76 114 10 7 0 5 27 2 0 5 0 5 292 0 13 
22 1 5 3 5 17 18 16 43 3 0 0 1 2 0 0 5 0 1 96 0 4 

23 0 8 2 1 19 37 21 43 2 2 0 0 1 1 2 1 2 0 84 1 2 

24 3 5 5 2 17 25 53 49 2 3 0 0 1 2 0 1 0 2 110 0 10 

25 1 9 5 4 16 24 29 52 0 3 0 1 5 1 0 1 0 0 112 0 9 

26 1 4 4 4 17 43 39 40 3 1 0 0 0 0 2 3 2 0 66 2 5 

27 0 7 4 5 31 30 43 38 4 3 0 0 3 3 2 2 4 1 62 0 7 

28 0 6 1 2 22 27 28 59 4 5 0 1 3 1 0 3 0 1 89 0 6 

29 0 4 2 2 17 28 43 43 2 2 0 1 3 1 4 3 2 1 84 0 5 

30 0 7 0 3 25 31 50 56 4 2 0 0 1 0 2 3 1 0 67 0 10 

31 1 6 2 4 24 36 55 39 1 5 0 3 0 0 2 2 3 1 80 0 5 

33 0 5 0 3 12 23 44 53 4 5 0 0 0 0 1 2 0 1 60 1 4 

35 0 4 2 6 21 27 33 62 2 5 0 0 0 1 5 2 0 3 61 1 7 

36 0 2 5 3 32 38 53 54 4 6 0 2 0 0 5 4 2 4 59 0 3 

38 0 1 8 5 23 46 58 27 0 5 0 2 0 0 2 2 1 4 42 1 6 

40 0 3 1 3 8 29 64 28 3 3 0 0 0 0 6 2 2 0 29 0 13 
41 0 0 1 3 12 43 43 33 2 3 1 0 0 0 4 0 4 0 34 0 6 

43 0 2 10 5 27 42 41 23 1 5 0 0 0 0 2 0 4 1 36 0 6 

45 0 2 3 0 18 23 41 40 1 12 1 3 0 0 0 0 1 1 19 0 10 

46 0 2 2 0 11 19 55 29 4 4 0 0 0 0 4 0 3 6 30 0 6 

48 0 0 4 1 23 29 68 14 3 12 0 0 0 0 2 2 2 4 28 0 7 

50 0 3 12 4 14 27 83 20 3 12 0 0 0 0 4 0 9 4 28 0 3 

51 0 0 3 0 26 19 76 16 2 5 0 0 0 2 0 0 5 7 26 1 2 

53 0 0 11 0 9 33 79 22 3 16 0 2 0 1 3 0 1 8 35 0 4 

55 0 0 11 1 27 36 92 18 1 10 1 0 0 1 1 0 6 5 24 0 1 

57 0 0 17 2 24 26 102 33 2 17 1 0 0 1 0 0 8 3 28 0 2 
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Table 1, continued 
43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 Total split 

1 0 0 4 12 5 23 0 1 0 0 3 12 13 9 0 0 0 0 663 8 
2 0 0 3 17 5 32 11 4 0 0 2 6 4 15 1 1 0 0 493 8 
3 0 0 5 11 7 30 13 3 0 2 3 12 14 15 1 0 0 0 559 8 
4 0 0 0 10 4 33 1 2 0 0 2 6 7 9 2 1 0 0 496 8 

5 0 0 1 2 2 39 6 2 0 0 1 3 4 15 0 0 2 0 453 8 

6 0 0 0 7 0 22 3 0 0 0 2 2 8 3 4 0 1 0 371 8 
7 0 0 2 1 4 35 5 2 0 0 0 2 5 11 1 0 0 0 484 8 
8 0 1 0 4 0 26 2 5 0 0 2 7 9 4 3 0 0 0 474 8 

9 0 0 0 5 2 26 3 1 0 0 1 6 11 11 4 0 0 0 552 8 

10 0 0 0 9 3 35 12 2 0 0 2 3 7 18 3 0 0 1 576 8 

11 0 1 3 4 1 5 3 3 0 0 2 2 2 6 0 0 0 1 263 16 

12 0 0 0 5 1 17 4 2 1 0 5 4 0 10 1 0 0 0 377 16 

13 0 0 4 1 2 18 4 2 1 0 1 2 0 7 1 1 0 0 269 16 

14 0 0 0 1 2 13 0 2 0 0 2 2 2 9 2 0 1 0 270 16 
15 1 2 1 5 1 37 0 5 0 1 10 1 1 33 2 1 0 1 709 8 
16 0 0 0 5 1 30 0 2 0 0 8 0 2 21 3 2 4 0 529 8 

17 0 0 0 5 1 19 0 0 0 0 2 1 1 12 6 0 0 0 354 16 

18 0 0 0 6 1 16 0 0 0 0 1 2 0 9 1 0 3 0 302 16 

19 0 1 0 2 0 20 3 2 0 2 7 5 5 16 3 0 1 0 471 16 
20 0 0 1 7 0 18 2 1 0 0 3 1 2 7 3 0 0 0 357 16 

21 0 1 1 14 0 22 2 5 0 2 9 4 7 30 4 0 0 0 969 8 

22 5 3 0 2 2 2 0 0 0 0 6 1 3 14 1 0 0 2 360 16 

23 0 0 0 7 0 3 1 1 0 0 1 0 5 12 0 0 0 0 351 16 

24 0 2 0 13 1 2 1 3 0 1 3 1 4 18 3 0 1 1 449 16 

25 2 0 0 20 0 0 0 0 0 1 7 1 5 24 5 0 5 1 453 16 

26 0 1 0 15 0 8 0 3 0 0 4 0 3 21 3 1 2 1 398 8 

27 0 1 0 11 5 2 0 1 0 2 6 1 2 15 0 0 0 0 390 16 
28 0 2 0 15 5 0 1 2 1 0 6 2 2 13 1 0 2 0 392 16 

29 1 1 0 7 0 11 0 0 0 0 5 0 2 13 2 0 1 1 384 16 

30 0 0 0 15 1 3 0 6 0 2 6 0 2 21 2 0 4 0 430 16 

31 0 1 0 16 0 8 0 3 1 2 3 0 3 26 2 1 2 1 420 16 
33 0 0 0 5 0 5 0 2 1 0 4 1 3 21 1 0 1 0 346 16 

35 2 2 0 10 2 2 1 1 0 2 6 0 3 19 2 0 0 1 445 16 

36 0 2 0 7 1 6 0 2 0 1 6 0 2 25 3 1 1 1 464 16 

38 0 0 0 9 1 4 0 5 0 0 3 0 3 17 3 0 3 0 395 16 

40 0 2 0 8 0 0 0 8 0 3 2 0 2 13 1 0 2 0 312 32 

41 1 3 0 11 0 2 0 2 0 1 3 0 1 14 0 0 0 0 336 32 

43 2 0 0 12 2 0 0 8 0 0 4 0 0 30 3 0 1 0 395 32 
45 1 1 1 5 0 0 0 2 0 1 2 0 2 15 4 1 0 1 298 32 

46 1 0 1 4 0 2 0 1 0 0 4 0 1 18 2 0 0 1 303 32 
48 0 0 0 2 1 0 0 6 0 2 1 0 2 23 2 0 1 0 338 32 

50 0 0 1 3 4 0 0 7 0 1 0 0 0 29 1 0 0 1 372 32 

51 0 0 0 0 0 0 0 2 0 2 0 0 1 16 1 0 0 1 322 64 

53 0 0 0 2 2 0 0 7 0 1 1 0 0 27 1 0 1 0 396 64 

55 0 0 1 2 4 1 0 12 0 1 2 0 1 22 1 0 2 0 400 128 

57 1 0 0 4 6 0 0 8 0 0 0 0 1 20 5 0 1 0 443 64 
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rather constant sedimentation rates; this is confirmed by the constancy of the 
grainsize patterns and by the tight age model constraining the top 20 cm. 

After the faunal turnover in the basal part of the core, a very gradual, 
longterm trend can be distinguished in the muddwelling association in the 
higher part of the core (Fig. 5). Nonionella turgida and a number of correlated 
taxa increase in (relative) frequency; until about 20 cm at the expense of species 
as Ammonia perlucida, Elphidium granosum, Elphidium poeyanum and 
Elphidium spp., and thereafter at the expense of Bulimina marginata, 
Epistominella exigua and Pseudoeponides jalsobeccarii (Fig. 5). 

A cluster analysis confirms the four-fold division of our faunal 
.associations (Fig. 6). A first cluster is numerically dominated by Nonionella 
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E1phidium granosum 
Reussella spinulosa 
E1phidium advenum 
Textularia agglutinans 
Cibicides lobatulus 
Buccella granulata 
Gavelinopsis praegeri 
E1phidium spp. 
Asterigerinata adriatica 
Ammonia parkinsoniana 
Cassidulina crassa 
Pseudoeponides falsobeccari 
Quinqueloculina seminula 
Bulimina marginata 
Sigmoilopsis schlumbergeri 
Epistominella exigua 
Eggerella scabra 
Bolivina dilatata, striatula-type 
Bolivina spathulata 
Morulaeplecta bulbosa 
Stainforlhia fusiformis 
Bolivina dilatata, typical 
Bolivina seminuda 
Nonionella turgida 
Quinqueloculina stalkeri 
Hopkinsina pacifica 

Figure 6. Dendrogram resulting from a cluster analysis on the basis of the relative frequencies of the 

28 most frequent taxa. 
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turgida, a second cluster by Bulimina marginata and Epistominella vitrea. A 
third cluster consists of two subclusters: the first one, which contains a number 
of probable epiphytes, is numerically dominated by Elphidium spp., and the 
second one is made up by Ammonia perlucida, Elphidium granosum and 
Elphidium poeyanum. 

The temporal pattern of the clusters is easily identified by a Principal 
Components Analysis. The plot of scores on the first two (significant) principal 
component axes (Figure 7, see Table 2a for eigenvalues and Table 2b loadings) 
shows that the first axis is almost exclusively loaded by Nonionella turgida 
(positively) and by Elphidium spp. (negatively). The main, rather gradual, 
turnover takes place between 40 and 20 em. At the 20 em level, Hopkinsina 
pacifica, Quinqueloculina stalkeri and other species of cluster I enter the record 
or become more frequent; here the scores on the first factor attain maximum 
values. Minor changes occur between 10 and 15 em, where the scores on the 
first factor are somewhat lower (as a result of the lower relative frequencies of 
Nonionella turgida and Hopkinsina pacifica), and in the uppermost part of the 
core, between 2 and 4 em, where the low values on the first axis are again 
resulting from lower percentages of Nonionella turgida. 

Principal Percent of Total 

component Eigenvalue variance variance 

axis described described 

1 161.37 75.83 75.83 

2 22.35 10.50 86.33 

3 6.56 3.08 89.41 

4 4.58 2.15 91.56 

5 3.38 1.59 93.15 

6 2.74 1.29 94.44 

7 2.35 1.10 95.54 

8 1.52 0.72 96.26 

9 1.43 0.67 96.93 

10 1.11 0.52 97.45 

Table 2a . Eigenvalues of the first 10 principal components (unstandardized 

version) and percentage of the total variance accounted for. 
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Taxon 

Ammonia parkinsoniana 
Ammonia perlucida 
Asterigerinata adriatica 
Bolivina dilatata,striatula-type 
Bolivina dilatata,typical 
Bolivina seminuda 
Bolivina spathulata 
Buccella granulata 
Bulimina marginata 
Cassidulina crassa 
Cibicides lobatulus 
Eggerella scabra 
Elphidium advenum 
Elphidium granosum 
Elphidium poeyanum 
Elphidium spp. 

Epistominella exigua 
Gavelinopsis praegeri 
Hopkinsina pacifica 
Morulaeplecta bulbosa 
Nonionella turgida 
Pseudoeponides falsobeccarii 
QUinqueloculina seminula 
Quinqueloculina stalkeri 
Reussella spinulosa 
Sigmoilopsis schlumbergeri 
Stainforthia fusiformis 
Textularia agglutinans 

Table 2b . Factor loadings of the 28 taxa used 

values (> 99%) are bold. 

PCA 1 

-0.09 
-0.10 
-0.19 
0.02 
0.05 
0.06 
0.04 

-0.05 
0.07 
0.00 

-0.05 
0.03 

-0.03 
-0.09 
-0.16 
-0.43 

0.01 
-0.06 
0.12 
0.04 
0.80 

-0.02 
-0.01 
0.17 

-0.03 
0.00 
0.04 

-0.10 

PCA 2 

-0.14 
0.18 

-0.30 
0.04 

-0.03 
-0.06 
-0.00 
-0.03 
0.48 

-0.02 
-0.06 
0.06 

-0.08 
0.08 
0.23 

-0.40 

0.49 
-0.06 
-0.16 
-0.01 
-0.22 
0.06 
0.15 

-0.18 
-0.05 
0.07 

-0.02 
0.03 

on the first 2 principal component axes; significant 
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Factor 2 is positively loaded by Epistominella exigua and Bulimina 
marginata, and negatively by Elphidium spp. and Asterigerinata adriatica. The 
main turnover points on this axis are at the 45 and 20 cm levels. The lowest level 
coincides with the level where the epiphytic faunal elements are gradually 
disappearing, and are replaced by a number of muddwelling taxa. The second 
turnover point is the level where Nonionella turgida attains maximum values at 
the expense of Epistominella exigua and Bulimina marginata. 

Summarizing, the faunal patterns show a number of significant changes 
over the studied interval. Both at the 50 and the 40 cm levels there is evidence 
for an increase in sedimentation rate, albeit without significant changes in 
grainsize. Coincidently, the faunal patterns show a change to faunas which are 
increasingly dominated by muddwellers, and in which epiphytic taxa become 
rare. At the 20 cm level, a major turnover point is shown by both axes, 
apparently completely unrelated to any substantial changes in grainsize. Finally, 
some changes of minor extent seem to be present in the top part of the core. 

DISCUSSION 

The ecology of most of the benthic foraminifera occurring in our samples 
is discussed in some of the more recent papers (Von Daniels, 1970; Jorissen, 
1987, 1988; Van der Zwaan and Jorissen, 1991; Barmawidjaja and others, 1991; 
Jorissen and others, 1991). The results of these papers, which are used here as 
basis for the interpretation of the faunal clusters, are summarized in Table 3. In 
this table reference is made to the degree of opportunism of species based on 
their recent distribution in the food-enriched and stressed northern Adriatic 
Sea. Basically, a high degree of opportunism is only feasible if the species 
considered has a high tolerance level to stressed conditions, in the northern 
Adriatic Sea particularly being oxygen deficiency. 

In the basal part of the core, the faunas are strongly dominated by 
representatives of cluster IlIa (Figs. 5, 6). Table 3 shows that most of these taxa 
are characteristic for sandy/muddy substrates in rather unstressed environments. 
The presence of a number of taxa with an epiphytic morphology suggests a well 
vegetated area covered by rather clear waters. In the modern Adriatic Sea such 
vegetated areas only exist in the eastern parts of the basin, and vegetation (as 
well as epiphytic taxa) is largely absent in the area close to the Po delta. 
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Figure 7. Score plots of the first two (significant) axes of a principal components analysis.
 

102
 



As remarked earlier, our age model only provides reliable constraints for 
the top part of the core. If we extrapolate our age model to the lower part, it can 
be dated as older than 1830 AD. Since the sedimentation rate may indeed have 
increased significantly during the deposition of the core, we are dealing here 
with a minimum age estimate. 

The peculiarity of finding an association with epiphytic elements, bearing 
witness to a vegetation cover in the Po delta region, suggests that the situation in 
the first half of the nineteenth century was drastically different from the 
present-day one. Ciabatti (1966), Nelson (1970), Gandolfi and others (1982) and 
Boldrin and others (1988) all refer to the historical changes which took place 
during the past centuries. Gandolfi and others, who document the changes since 
pre-Etruscan time, show that the outflow pattern of the Po, both in terms of 
amount and loci of discharge, changed substantially due to human activities. 
Deforestation and interference with the natural course of the Po river (canals, 
dikes) were the main factors. The variation in humidity and discharge, which 
can be considerable (Dal Cin, 1983; Dal Cin and Simeoni, 1984), has been a 
third factor of importance. Ciabatti (1966) documents in quite some detail the 
changes of the past few centuries. 

Outstanding from this work are the important geographical shifts of the 
major outlet canals of the Po river as a result of human activity. In Figure 8 the 
situation prior to 1840, from 1840 to 1870, and after 1870 (essentially the 
present-day situation) are given. It can been seen that before 1840 the main Po 
outlet was the Po di Maestra. According to Gandolfi and others (1982) the 
coastline was located considerably more land-inward than at present. 
Consequently, the major sediment load was transported through the Po di 
Maestra and quickly diverted southward by the long-shore current, bypassing 
the position of core 108. 

Around 1840 the course of the Po was diverted southward to the Po della 
Tolle and the Po di Goro. The likely consequence of this is indicated in Figure 
8B: now the outflowing waters and sediment load are more likely to have 
reached the locality of core 108. Around 1870 finally, the recent situation, with 
the Po della Pila as most important outlet, was reached (Figure 8e). Probably 
this configuration led to a second increase of sediment supply to station 108. 
The 210Pb record and the rather constant foraminiferal total numbers confirm 
that, at least since 1935 (the 20 cm level), no major changes in sedimentation 
occurred. 
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Taxon 

Cluster I: 
Hopkinsina pacifica 
Quinqueloculina stalkeri 
Nonionella turgida 
Bolivina seminuda 
Bolivina dilatata, typical 
Stainforthia fusiformis 
Aforulaeplecta bulbosa 
Bolivina spathulata 
B. striatula, striatula-type 
Eggerella scabra 
Cluster II: 
Epistominella exigua 
Sigmoilopsis schlumbergeri 
Bulimina marginata 
Quinqueloculina seminula 
Pseudoeponides falsobeccarii 
Cassidulina crassa 
Cluster IlIa: 
Ammonia parkinsoniana 
Asterigerinata adriatica 
Elphidium spp. 
Gavelinopsis praegeri 
Buccella granulata 
Cibicides lobatulus 
Textularia agglutinans 
Elphidium advenum 
Reussella spinulosa 
Cluster I1Ib: 
Elphidium granosum 
Elphidium poeyanum 
Ammonia perlucida 

Ecological Significance 
(Reference) 

MOl (3) 

MOl (3) 
MOl (3) 

M02 (3) 

M02 (3) 

M03 (3) 
M02 (3) 
MOl (3) 

M04 (3) 

M02 (3) 
ME (1,2) 
M02 (3) 

S/M (1,2) 
ME (1,2) 

ME/S (1,2) 

S/M, (I) 
S/M, (1,2) 
S/M, (1,2) 
M04 (3) 
ME (1,2) 
S/M (1,2) 

ME/S (2) 
ME/S (2) 
ME/S (2) 
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This historical record fits rather well with the age estimates of our 
observed faunistic and sedimentary changes. The probable consequences of the 
increased load of fine-grained sediments are an increase in sedimentation rate, 
destruction of the vegetation due to the mud load and the subsequent 
disappearance of the related epiphytes. The timing of the two main events in 
total numbers (Figs. 4, 5), situated at 50 cm (AD 1847) and 40 cm (1876) 
respectively, coincides remarkably well with the timing of the shifts of the Po 
outlet channels. 

From about 1840 on we see a relative increase of a number of taxa 
belonging to clusters mb and II. At 52 cm (AD 1841) Ammonia perlucida shows 
a strong increase, at 47 cm (AD 1856) followed by Epistominella exigua, and at 
44 cm (AD 1864) by Bulimina marginata. In the same period most taxa of 
cluster IlIa show a regular decrease in relative frequency, whereas the 
supposedly epiphytic taxa subsequently disappear completely. 

From 40 cm (AD 1876) on, a muddwelling association dominated the site 
of core 108. The first taxa with increasing abundances (clusters mb and II) are 
all typical for an initial stage of nutrient enrichment, but are not very tolerant 
for low oxygen concentrations (Table 3). This indicates that although the 
sediment load and probably also the nutrient and phosphate load increased, the 
environment was not yet stressed. In this sense, the patterns could indicate a 

Table 3; ecological significance of benthic foraminiferal taxa,
 

interpretations are based on Jorissen, 1987 (1), 1988 (2) and Jorissen and
 

others (3).
 

-- M01-M04: taxa typical for muddy (enriched, seasonal1y stressed)
 

substrates, with (from 1 to 4) a decreasing degree of opportunism, and an
 

increasing degree of stress (low oxygen) tolerance.
 

-- ME: taxa typical for muddy substrates, which are food-enriched, but
 

normal1y not stressed.
 

-- M: muddy substrates which are relatively poor in food.
 

-- S: sandy substrates.
 

- - A: epifaunal.
 

- - B: potential1y infaunal.
 

-- C: predominantly infaunal.
 

-- E: epiphytic.
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Figure 8. Simplified maps (after Ciabatti, 1966) of the Po delta area, showing the main outlet 
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natural, pre-pollution increase of nutrient supply in muddy environments close 
to the river mouth. 

From about AD 1880 the taxa of clusters Illb and II were very gradually 
replaced by the more stress-tolerant taxa of cluster I. This is most clear in 
Nonionella turgida, which starts to increase at 34 cm (AD 1893). Nonionella 
turgida is an epifaunal species (Barmawidjaja and others, 199 I), tolerant to 
oxygen stress. In the present day Adriatic Sea it occurs abundantly in the mud 
zone resulting from the outflow of the Po plume, indicating that it is a highly 
opportunistic species, which is able to proliferate in nutrient-rich environments, 
even when oxygen concentrations are periodically very low. Its steadily 
increasing abundance pattern suggests a continuously increasing nutrient 
enrichment of the basin. 

A next major turnover seems to take place between 24 and 18 cm, around 
AD 1930. The scores on the first principal component axis reach maximal values 
and those on the second factor shift to negative values. This is clearly caused by 
the increasing dominance of a number of highly opportunistic, stress tolerant 
taxa (Hopkinsina pacifica, Bolivina seminuda and Quinqueloculina stalkeri; 
compare Table 3) at the expense of anumber of other species. The series of 
events shows that from 1930 onwards, the oxygen-tolerant taxa of cluster I are 
more and more advantaged with respect to the less tolerant taxa of cluster II, 
suggesting that oxygen starts to be a factor of importance. 

Between 14 and 10 cm (around 1960 AD) a next faunal adjustment takes 
place. Hopkinsina pacifica and Stainforthia fusiform is reach maximal 
frequencies, and also the percentages of Eggerella advena, Morulaeplecta 

bulbosa and Reophax nana, all very fragile arenaceous taxa, increase. This event 
strongly suggests that at 1960 anoxic events became a common phenomenon. 
Hopkinsina pacifica is probably our most stress-tolerant taxon, whereas the 
increased numbers of the arenaceous taxa can be explained by the increased 
preservational potential. These taxa tend to decompose quite rapidly under oxic 
conditions (Bizon and Bizon, 1985). 

The influence of oxygen on the preservation could also explain the 
striking minimum of Nonionella turgida in the 3 and 2 cm samples (AD 1981 
1987), which apparently is in contrast with the trend of increasing 
eutrophication. Together with a number of miliolid taxa, the very fragile 
Nonionella turgida is among the taxa most sensible for dissolution. If, as we 
suspect, the 1981-1987 minimum of this taxon is indeed resulting from 
dissolution, then this would indicate that anoxia were stilI becoming more 
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intense during the last decennium. 
The afore-mentioned faunal changes basically suggest a rather strong 

increase of the nutrient load in the last century. It is clear from the historical 
records that this change has not been implemented by a change in the delta 
system. A comparison with the discharge record of the Po since 1918 (Dal Cin, 
1983) shows clearly that the pattern of peaks and lows in the annual discharge 
volume is not reflected in our faunistic record. Therefore, discharge does not 
play a significant role either, although Degobbis and others (1979) suggest 
differently. 

There is considerable evidence for the influence of the Po river on the 
marine ecosystem of the Adriatic Sea. The natural and anthropogeneous 
dissolved nutrient and particulate load, which the Po river is bringing into the 
marine realm, leads to considerable eutrophication of an otherwise rather 
oligotrophic system (Stirn, 1973; Degobbis et aI, 1979; Chiaudani et aI., 1983; 
Giordani and Angiolini, 1983; Ivancic and Degobbis, 1987; Justic, 1987). It has 
been well established now that the nutrient load and the subsequent primary 
production, lead to anoxia during late summer and autumn over increasingly 
large areas (Fagane1i et aI., 1985, Justic, 1987). Apart from the organic 
pollution, there is considerable (especially post-war) inorganic pollution (e.g. 
Guerzoni and others, 1984; Pavoni and others, 1987). 

Anoxia have been known for centuries in the Adriatic Sea (Justic, 1987), 
although they seem to be more common since a few decades. Justic (op cit.) 
presents evidence that in the period between 1911-1913 and 1955-1966 already 
considerable changes took place in the Adriatic Sea with respect to especially the 
surface water oxygen contents. He showed that supersaturation likely occurred 
just in front of the Po outflow. Later on, between 1955-1966 and 1972-1982, 
the picture changed dramatically. In that period, the likelyhood of the 
occurrence of supersaturation in surface waters and anoxia in bottom waters, 
became widespread. The study of Justic indicates that eutrophication would 
already mark the history of the Adriatic Sea for some 75 years. 

The steadily increasing trend of Nonionella turgida from about 1900 AD 
onwards indicates that the nutrient load and consequent stress on the benthic 
system increased since then. Since we find no correlation with the discharge 
records of the Po, we think that the conclusion is justified that the human
induced nutrient load, especially phosphates, has increasingly been 
eutrophicating the Adriatic Sea since the beginning of this century. This is 
confirmed by the pattern of Hopkillsilla pacifica and Bolivina seminuda, which 
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at present belong to the most low-oxygen tolerant taxa (Jorissen and others, 
1991), and which show a strong increase at about 1930 AD. Especially the 
record of these two species could indicate that anoxic or dysoxic conditions 
started to appear since that time. This conclusion would be in line with the 
conclusion drawn by lustic (1987), although our data indicate that the 
eutrophication started somewhat earlier than was assumed by lustic. Around 
1960 anoxia apparently became a regular phenomenon, and if we interpret the 
faunal signal correctly, even the strong increase of anoxia in the last decennium 
is reflected in our faunal Curves. 

CONCLUSIONS 

Thanks to the absence of deep sediment-mixing, the benthic foraminiferal 
associations of core 108 perfectly record the youngest history in the 
development of northern Adriatic Sea. Two significant (man-induced) shifts of 
the main Po outlets, as documented in historical records, led to substantial 
changes in the sedimentation and faunal patterns in front of the Po delta. 
Between 1800 and 1840, ~ first shift led to a substantial increase of the mud and 
nutrient load arriving at the core locality. The then existing vegetation cover 
was destroyed and the relative importance of epiphytic elements in the faunal 
association decreased considerably. After a second shift around 1870, when the 
Po della Pila became the most important outlet, the fauna consists almost 
exclusively of mud-dwellers, indicative of natural, pre-industrial nutrient 
levels. Since 1900, there has been a steady faunal trend indicating increasing 
nutrification, initially mainly indicated by rising percentages of Nonionella 

turgida. A major step in this process can be recognized around 1930, when a 
number of very stress-tolerant taxa enter the record, or increase substantially in 
relative abundance. Apparently at about 1930 the basin became strongly 
eutrophicated. A last faunal change indicates that seasonal anoxia started to be 
prominent from 1960 onwards. If the remarkable decrease shown by Nonionella 

lurgida since 1980 is indeed resulting from dissolution due to even lower oxygen 
concentrations, this would indicate that the trend of increasing man-made 
pollution, which started around 1930, is still in progress. 
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Chapter 5 

KAU BAY, HALMAHERA, A LATE QUATERNARY 

PALEOENVIRONMENTAL RECORD OF A POORLY VENTILATED BASIN 

ABSTRACT 

Kau Bay is a small marine basin in between the two northern arms of the 
island of Halmahera (Indonesia), separated from the adjacent Philippine Sea by 
a sill of 40 m deep. Microfossil and radiocarbon data of piston cores indicate 
that Kau Bay was a freshwater lake in Weichselian times. At 10 ka BP, the Bay 

became reconnected with the open ocean. 
Present-day deep water in Kau Bay is poorly ventilated because the sill 

limits water exchange with the adjacent ocean. Ventilation occurs through 
occasional inflow of denser oceanic water, but when this fails oxygen depleted 
conditions rapidly arise. The permanent presence of oxygen tolerant deep water 
benthic foraminifers over the past 10 ka indicates that dysoxic conditions 
prevailed and that anoxic conditions, as observed during the Snellius- I 

expedition (May 1930), apparently existed for a short time only and left no trace 
that could be resolved with our time-resolution of 35 years. Slight and 

long-term variations in the degree of oxygen deficiency most likely are caused 
by long-term changes in the density of inflowing oceanic water, possibly in 
consequence of climatic oscillations. The homothermal surface water of Kau 

Bay shelters a low-diversity planktonic foraminiferal fauna of primarily 
shallow-dwelling species. This specific association extends back over the past 8 
ka indicating that surface waters remained homothermal over much of the 
Holocene. Surface water productivity most likely changed with variations in 
river discharge. 

This paper has been published in the Netherlands Journal of Sea Research, vol. 24, p. 591-605 

(1989); authors: D.M. Barmawidjaja, A.F.M. De Jong, K. van der Borg, W.A. van der Kaars and 

W.J. Zachariasse. 
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INTRODUCTION 

Kau Bay is a small, 470 m deep basin enclosed by the northern arms of the 
island of Halmahera and separated from the Philippine Sea by a 40 m deep sill 
(Fig. 1). 

About 60 years ago KUENEN (1943), already suggested that sediment cores 
taken from Kau Bay would reveal that freshwater conditions prevailed during 
glacial time, while sea level stood beneath sill depth. Unfortunately he was 
unable to prove this idea because the cores he took in Kau Bay in 1930 during 

station designation 
• box core 
o piston core 
\ dredge haul 

The station numbers are marked In 2 or 3 digits 
The flrSl (two) dlglt(Sj, Identifies the station, 
the last digit the cast 

Examples • 1'2 stallon Kl1, second box core 
o 91 station Kg. flna piston core 

Figure 1. Location and bathymetry of Kau Bay and position of core stations (after Van der Linden et 

aI., 1986). 
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the first Snellius Expedition failed to penetrate deep enough. Oceanic 
observations made at the time, however, clearly showed that below a depth of ca 
350 m the bay waters were devoid of oxygen and had a high concentration of 
dissolved hydrogen sulphide (VAN RIEL, 1943). 

Kau Bay was visited again in April 1985 during the Snellius- II expedition 
(VAN DER LINDEN et aI., 1986). The main objectives set this time were to 
portray Late Quaternary bottom and surface water conditions and to study 
changes in sediment and pore water chemistry in this unique environment. In 
this paper we report on the Late Quaternary record of planktonic and benthic 
foraminifers and sporomorphs in Kau Bay. 

GENERAL CHARACTERISTICS OF KAU BAY 

The bathymetry as shown in Figure I is based exclusively on 3.5 kHz seismic 
records collected in April 1985 (VAN DER LINDEN et aI., 1989). The 
bathymetry of the sill area is based on Dutch hydrographic surveys of 1914 
(HMSS Van Gogh) and 1919-1920 (HMSS Van Doorn) because the presence of a 
World War-II mine field in the sill region did not permit any study here. 

The western and northern edges of Kau Bay are fringed by broad shelf 
areas, which, on the landward side, are occupied by lowlands, mangrove swamps 
and a number of sandy beaches. To the south and east the shelf is much 
narrower and the coast line is often rocky with scattered occurrences of sandy 
beaches. From the "shelf-break" Kau Bay deepens rapidly to about 400 m 
whereafter the basin floor flattens out in 470 m. The steep slopes, in places 
more than 10° are intersected by numerous submarine canyons through which 
shallow-water sediments are transported to the basin floor. The coarse to fine 
grained silicoclastic sediments on the shelf are strongly bioturbated and are, at 
shallow depths, tidally influenced. Sediments in the deep Kau Bay consist of 
structureless hemipelagic muds and silty to sandy interbeds which represent the 
coarse grained parts of turbidites. The strong hydrogen sulphide odour in these 
deep-water sediments points to anaerobic sulphate reduction immediately below 
the sediment-water interface, whereas the green colour would be due to reduced 
iron and the presence (up to 5%) of organic matter. 

The shallow position of the oxygen (= O2) isopleth in the sediments of deep 
Kau Bay (VAN DER WEIJDEN et aI., 1989) most likely is due to the poor 
ventilation in combination with high fluxes of organic matter and provides 
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optimum conditions for carbonate preservation (e.g. DUNBAR AND BERGER, 
1981). High fluxes of organic matter are most likely maintained by high supply 
rates of land-derived organic matter and high primary production in 
consequence of substantial river discharge. The sill limits water exchange with 
the adjacent Philippine Sea and ventilation of deep Kau Bay is, therefore, poor. 
Generally the density of inflowing oceanic water is too low to sink to the 
bottom which in combination with high oxygen consumption will rapidly lower 
oxygen concentration in deeper water. During our investigation in April 1985 
oxygen concentration below 100 m rapidly diminished from 2 ml/l to 0.5 mIll 
near the bottom (VAN AK:::::N AND VERBEEK, 1988) which contrasted with 
the anoxic conditions found during the first Snellius expedition in May 1930 
(VAN RIEL, 1943). This difference in bottom water conditions between 1930 
and 1985 indicates that since 1930 the deep water in Kau Bay has been 
ventilated at least once by the inflow of oceanic water. Under normal conditions 
deep water in Kau Bay can be replenished at most once a year in October, when 
density of the adjacent oceanic surface water is sufficiently high (WYRTKI, 
1961; VAN AKEN & VERBEEK, 1988). We do not know, however, whether 
such a yearly flushing of Kau Bay is actually a regular and recurrent 
phenomenon. Preliminary results on the sediment chemistry indicate that major 
flushing events have a periodicity in the order of 10 years (MIDDELBURG et 
ai.,1989). Anoxic conditions at depth could arise within 1 to 2 years after the 
basin has been completely flushed (VAN AKEN & VERBEEK, 1988; VAN 
DER WEIJDEN et ai., 1989). The poor ventilation of deep Kau Bay also 
produces a very low temperature and salinity gradient which contrasts with the 
steep thermocline and halocline immediately oceanward of the sill (Fig. 2). 

MATERIAL AND METHODS 

Quantitative counts on benthic and planktonic foraminifers are based on the 
63-600 and 150-600 micron fraction, respectively and mostly obtained from 
splits (using an Otto micro splitter) of some 200-500 specimens. Total 
foraminiferal numbers are normalized to 1 gramme dry weight. 

Quantitative counts on sporomorphs are based on 2 cc samples that were 
prepared according to a sodium-pyrophosphate method whereafter a bromoform 
-alcohol mixture was added to concentrate the organic fraction. A subsample of 
this organic fraction was studied after having been mounted on glass in a 
glycerine-gelatine medium and sealed with paraffin. 
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Figure 2. Temperature and salinity profiles in Kau Bay and the adjacent open ocean (after Van Aken 

and Verbeek, 1988). 

TIME-STRATIGRAPHIC FRAME AND DEPOSITIONAL RATES 

Sedimentary sequences of the piston cores collected offer little possibilities 
for intercore correlations. Turbidites vary rapidly in space and time and also a 
few thin ash layers appear to be extremely limited in areal extent. The only 
lithology-based intercore correlation is provided by a dark coloured dehydrated 
clay and a dolomitic layer in the basal part of piston cores PI and P3 at station 
K4 (for location, see Fig. 1). Other piston cores obviously penetrated not deep 
enough to hit this salient lithological horizon. Downcore frequency patterns of 
planktonic foraminifers at stations K3, K4, K9, and Kll also show no readily 
distinguishable basinwide features so that we needed He ages for setting up a 
time-stratigraphic framework. For this purpose we used the Utrecht Accelerator 
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Mass Spectrometer (AMS), which requires only 1 mg organic carbon for 
accurate He determinations (VAN DER BORG et aI., 1987). We obtained a 1 
mg sample of carbon from ca 10 mg of biogenic carbonate derived from 
pteropods. Altogether 30 levels of 2 cm thick dispersed over 5 piston cores were 
dated. Table 1 gives an overview of the Kau Bay 14e ages and Figure 3 shows 
the lithology of the cores and their He stratigraphy. 

Sample" code no.b DepthC cJ3d Age' 
name no (m) (%0) (yrBP) 
K3P2#9;26-28.5 UtC-518 0.27 -0.84 780(140) 
K3P2#8;52-54.5 UtC-533 1.53 -0.17 650(140) 
K3P2#4;56-58.5 UtC-535 5.57 -28_56 1180( 90) 
K3P2#3;64.5-67 UtC-534 6.66 0.63 2340(140) 
K3P2#2;94.5-97 UtC-481 7_95 0.39 1820( 80) 
K3P2#1;90-92.5 UtC-517 8.91 -1.34 1940(130) 

K4P3#8;35-37.5 UtC-478 0.36 -0.11 780(110) 
K4P3#7;7.5-ll UtC-475 0.74 0.38 1480(120) 
K4P3#6;37-39 UtC-480 2.03 0.75 2710(150) 
K4P3#5;35.5-38 UtC-476 3.03 0.14 3790(140) 
K4P3#4;49.5-52 UtC-474 4.17 -1.17 5960(120) 
K4P3#3;38-40.5 UtC-479 5.05 -0.40 7600(200) 
K4P3#2;39-4L5 UtC-4 72 6.06 -4.18 9900(200) 
K4P3#2;6L5-64 UtC-477 6.29 -4.06 9920(140) 
K4P3#2;90-94.5 UtC-473 6.59 -4.04 9670(140) 

K4P 1#2; 12.5-15 UtC-646 7.66 -2.93 9890(140) 
K4Pl#2;17.5-20 UtC-647 7.71 -3.36 10030(140) 

K9Pl#6;0-4 UtC-484 0.02 -0.62 1300(110) 
K9Pl#5;24.5-27 UtC-516 0.94 -1.29 1270( 80) 
K9Pl#5;94-96.5 UtC-515 1.63 -0.48 1560( 90) 
K9P 1#4;44-46.5 UtC-514 2.13 -0.92 1570(150) 
K9P 1#3;86.5-89 UtC-519 3.56 -0.98 1450(100) 
K9Pl#2;51-53 UtC-483 4.20 -0.02 1580(140) 
K9Pl#I;87.5-90 UtC-482 5.57 -0.Q7 1970(130) 

KllPl#6;95-97.5 UtC-614 1.84 0.01 2530(110) 
KllPl#5;92.5-91; UtC615 2.92 0.15 4210(120) 
KllPl#4;76.5-79 UtC-616 3.76 -0.16 5520(130) 
KllPl#3;83-85.5 UtC-617 4.72 -0.32 6260( 90) 
KllPl#2;6.5-9 UtC-618 5.06 -0.28 6410(110) 

:....K:.-=--1:..:1:.-=-P...:l-!.!.#...:Ic..::;5:....-7...:.5::....-----:U:..:t...:C:....-6::.:1:.::9__::..6.:::0.:.4 -:.::0:..:..7.:::.8_~761 O( 140) 

"Sample identification; material is caJcite except for UtC-535 for which 
organic material has been used, as is also reflected by the 613 _value 

bCode number of Va.u de Graaff Laboratorillm, Rijksuniversiteit Utrecht, 
The Netherlands 

CDepth below sea-flooT 
d6

13 _values measured at Ea.rth Sciences Department, Rijksuniversiteit, 
Utrecht 

e Age in years before present (BP) determined from measured He activity 
by means of AMS 

Table 1. 14C dates of samples from Kau Bay. (uncorrected for reservoir age). 
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Figure 4 shows that average sedimentation rates are high at stations K3 and 
K9 (0.7 and 1.2 cm /yr, respectively) and low at stations K4 and KII ( 69 and 
83 cm/Kyr, respectively). Differences in sedimentation rate in the deepest basin 
are also observed in seismic reflection profiles (VAN DER LINDEN et aI., 
1989), which show that station K4 is at the top of a horst block with a tight 
sedimentary cover, whereas station K3 sits at the top of a down-faulted block 
with comparatively expanded sedimentary fill. Numerous turbidites and high 
percentages of reworked Pliocene planktonic foraminifers at station K3 (fig. 3) 
indicate that large amounts of mass-transported sediments are trapped in the 
deepest part of Kau Bay. The high numbers of Pliocene planktonic foraminifers 
suggest that major sediment supply is from the southeastern shore where marine 
Pliocene sediments are exposed (SUPRIATNA et al.,1980). Station K9, in 
contrast with station K3, has distinctly fewer turbidites per time unit (Fig. 3), 

age	 in Ka 

1 2345678 9 10 
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Figure 4. Sediment accumulation curves for stations K3, K4, Kg, and KH. 
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no reworked foraminifers and an almost two times higher sedimentation rate. 
Station K9 is at the foot of a steep slope (Fig. I) and, thus, massive reworking 
of fine-grained slope sediments most likely contributed to the very high 
sedimentation rate. In contrast to this, large amounts of sediment may be 
expected to bypass station K II, which sits somewhat isolated on a ledge. 

SEA LEVEL RISE AT PLEISTOCENE/HOLOCENE TIME 

Site K4P3 (waterdepth 414 m) terminated in a dark dehydrated clay. The 
absence of marine microfossils together with extremely low percentages of 
mangrove pollen (represented by Rhizophora and Sonneratia) supplies a strong 
indication for freshwater conditions in Kau Bay at that time (Fig.5). Marine 
microfossils directly above the dolomitic layer marks the level at which 
lacustrine sediments pass into marine ones (Fig. 5). Since Sonneratia is a pioneer 
(CHAPMAN, 1976) which settles prior to the stable Rhizophora mangrove 
vegetation one would expect that the change-over from freshwater to marine 
conditions should be marked by a short-term expansion of Sonneratia followed 
by a rapid spreading of Rhizophora. Figure 5 clearly shows that the spreading of 
Rhizophora is not preceded by a sharp increase in Sonneratia which points to an 
unconformity immediately above the dolomitic layer. Mixed colouring above the 
unconformity suggests slumping and subsequent mixing of (dark) lacustrine and 
(greenish) marine sediments between 566 cm and the dolomitic layer (Fig. 5). 
Also the non-significant age differences at three different levels within this 
interval (Fig. 3) are explicable in terms of sediment mixing. The marine 
sequence above 566 cm is undisturbed as is evidenced by the bedding and the 
fairly uniform age progression with depth (Fig. 5). The top of the slumped 
section at 566 cm has an extrapolated age of 8600 yr BP (Fig. 5). 

A second piston core K4PI (waterdepth 440 m) lies in slightly deeper water 
at a distance of some 400 m from site K4P3 (Fig. I). This core also bottoms in a 
dolomitic layer (Fig. 5). Unfortunately there is sediment-inflow below the 
dolomitic layer, but above this level uniformly dark-coloured non-marine clays 
pass into a marine sequence of greenish clays and silty to sandy interbeds. The 
changeover from fresh water to marine conditions in site K4PI is associated 
with a gradual upward change in dominance of pioneer and stable mangroves 
(Fig. 5), which suggests that the section across the fresh-water marine transition 
is complete and undisturbed. 
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Figure 5. Comparison between the stratigraphic records of sites PI and P3 at station K4 and their 

paleoenvironmental interpretation (for lithology, Bee legend of Fig. 3). 
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The complete sequence of biotic and environmental changes across the 

transitional interval of K4P I is given in Figure 6 and is the basis for Figure 7 in 

which the marine invasion of Kau Bay is illustrated in 5 successive time slices. 

During stage I Kau Bay sheltered a freshwater diatom association and the 

few mangrove pollen (represented by Sonneratia and Rhizophora) were most 

likely blown in, either from the vicinity of Halmahera, or perhaps from Irian 

Jaya. Long-distance transport from Irian Jaya is exemplified by the sporadic 

occurrence of Nothofagus brassi in Kau Bay. In eastern Indonesia Nothofagus is 

presently exclusively limited to the mountain rain forests of Irian Jaya (VAN 

STEENIS & VAN BALGOOY, 1966). The absence of a mangrove vegetation in 

Kau Bay and the sole occurrence of freshwater diatoms indicate that during 

stage I Kau Bay was a freshwater lake spilling over the sill into the ocean. Sea 

level at that time stood well below sill depth (Fig. 7.1). 

During stage 2 percentages of Sonneratia start to increase, whereas 

Rhizophora is still sparse (Fig. 6). This indicates that mangrove pioneers 

advanced into the sill-area as a result of the occasional inflow of salt water 
through the deepest parts of the sill probably at times of exceptionally high tides 

and/or during storms. Kau Bay itself remained a fresh-water lake as is testified 

by the exclusively fresh-water diatom flora. Sea level at that time must have 
risen close to sill depth (Fig. 7.2.). 

During stage 3, benthic foraminifers invaded the deep water of Kau Bay 

(Fig. 6), which demonstrates that salt water started to spill over the sill and sink 

to the bottom. Surface waters, however, remained fresh since pelagic organisms 
exclusively consist of freshwater diatoms. At that time, sea level must have risen 
above sill depth and Kau Bay became permanently connected with the open 

ocean. High percentages of Sonneratia and scarce Rhizophora indicate that the 

expanding mangrove vegetation in the sill area remained dominated by pioneers 

(Fig. 7.3.). 

The first marine diatoms are found during stage 4 (Fig. 6) indicating that at 

that time surface waters in Kau Bay were changing from fresh to saline. At the 
same time, the pioneer mangrove was taken over by a stable vegetation which 

rapidly expanded along the shores of Kau Bay (Fig. 7.4.). 

The invasion of pteropods, pelecypods and radiolarians into Kau Bay at the 

base of stage 5 (Fig. 6) indicates that full marine conditions were re-established 

at that time (Fig. 7.5.). 14e determinations on biogenic carbonate near the base 

of stage 5 sets the return to full marine conditions at 10 kyr BP (Fig. 6). 
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Explanation given in the text. 
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HOLOCENE BOTTOM WATER CONDITIONS 

The mass-transported origin of the sediments and the fairly erratic sequence 
of 14C ages at stations K3 and K9 (Fig. 3) might have cOJ1,siderably distorted the 
autochthonous benthic foraminiferal patterns and, therefore, are omitted from 
further discussion. Figure 8 shows the composite (sites PI and P3 combined) 
Holocene distribution pattern of the dominant benthic foraminiferal species at 
station K4 versus time. Associations from 10 to 9 ka are characterized by 
extremely low total benthic foraminiferal numbers and dominant Ammonia 

tepida. No data are yet available for the interval between 9 and 8 ka but at 8 ka 
total number had increased significantly, whereas per centages of Ammonia 
tepida had dropped off to much lower values and remained low up to recent 
(Fig. 8). Modern Ammonia tepida flourishes in shallow water with a high supply 
of food (e.g. BOLTOVSKOY AND WRIGHT, 1976; JORISSEN, 1988), and also 
in Kau Bay this species dominates the surface sediments of the shallow shelf 
area at stations K8 and K 10. The continuous presence of this species in the deep 
water record at station K4, therefore, most likely results from rafting (at least 
during stage 3 when surface waters were fresh) and down-slope sediment 
transport. The dominance of Ammonia tepida between 10 and 9 ka and its low 
abundance from 8 ka to recent might suggest that allochtony decreased 
considerably after 8 ka. A far more plausible explanation, however, is that the 
strongly increased densities of the autochthonous coexisting species produced a 
strong reduction in the percentages of Ammonia tepida. Low percentages, even 
in turbiditic samples, of Ammonia tepida and the virtual absence of other 
shallow dwellers, such as Gavelinopsis praegeri, Hanzawaia boueana and 
Elphidium advena, indicate that down-slope transport of shallow-water species 
did not seriously affect the autochthonous deep water associations at station K4. 

Autochthonous deep water associations are defined by high abundances of 
Bolivina spathulata, Bolivina seminuda, and Cassidulina crassa together, and to a 
lesser extent by Cancris auriculus and Uvigerina glabra (Fig. 8). The extremely 
low densities of the autochthonous benthic fauna between 10 and 9 ka suggest 
that deep water species are in the process of colonizing deep Kau Bay, a stage 
well passed at 8 ka when a flourishing deep water association had settled (Fig. 
8). The strongly fluctuating abundances of Bolivina spathulata, Bolivina 

seminuda, and Cassidulina crassa since 8 ka ago suggest unstable bottom water 

conditions during much of the Holocene. Bolivina spathulata and Bolivina 
seminuda are species that flourish in organic-rich sediments deposited in poorly 
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ventilated settings (e.g. HARMAN, 1964; VAN DER ZWAAN, 1983; 
BERNHARD, 1986). Especially Bolivina spathulata is extremely tolerant for 
low-oxygen levels and is one of the last species to disappear before oxygen 
deficiency inhibits benthic life (JONKERS,1984). Also in the present-day Kau 
Bay both species are well represented and above all in the low-oxygen deep 
water environment. The surface sediment pattern of Cassidulina crassa in Kau 
Bay shows this species to flourish at slightly higher oxygen levels than Bolivina 
spathulata and Bolivina seminuda, which conforms to the habitat characteristics 
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of the closely related species Cassidulina oblonga (DOUGLAS & HEITMAN, 

1979) and Cassidulina carinata (VAN DER ZWAAN, 1983). Bolivina spathulata, 
Bolivina seminuda, and Cassidulina crassa, thus, thrive over a wide range of 
oxygen conditions but their frequency distribution in poorly ventilated settings 
is largely controlled by slight differences in the degree of oxygen deficiency. 
The permanence of a low-diversity fauna with a low-oxygen signature indicates 
that deep Kau Bay has been poorly ventilated during the whole of the Holocene. 
The strongly fluctuating percentages of Bolivina spathulata. Bolivina seminuda 
and Cassidulina erassa, therefore, are interpreted to indicate slight variations in 
oxygen content within periods of several thousand years. The strong dominance 
of Bolivina spathulata together with low total benthic numbers indicates that the 
highest degree of oxygen deficiency is recorded between 5 and 3 ka (Fig. 8). 
Relatively high-oxygen concentrations are found in the latest Holocene during 
which the diversity of the benthic fauna increased, possibly as a result of the 
reduction in the low-oxygen tolerant species Bolivina spathulata and Bolivina 
seminuda. Species that tolerate a moderate degree of oxygen deficiency, viz. 
Cassidulina crassa (this paper), Caneris auriculus (JONKERS, 1984), and 
possibly Uvigerina glabra, therefore, increased which contributed to an overall 
higher diversity (Fig. 8). Since there is no significant drop in organic carbon 
content we have no firm explanation for the low total benthic numbers during 
the latest Holocene. 

The major conclusion to be drawn from the benthic record is that the 
permanent presence of deep water species precludes long-term anoxic bottom 
water conditions. Anoxic conditions, as found during the Snellius-I expedition 
(VAN RIEL, 1943), therefore, must have an extremely short duration (cf. VAN 
AKEN & VERBEEK, 1988) beyond the power of our resolution. Since our 
samples are 2.5 cm thick we can only state that Kau Bay must have been 
ventilated at least once every 35 years. The benthic record only registers slight 
and long-term variations in oxygen within a predominantly dysoxic setting. 
These long-term changes in oxygen deficiency, being highest between 5 and 3 
ka and lowest during the recent past, most likely are caused by long-term 
variations in density of inflowing oceanic water, possibly in consequence of 
climatic oscillations. 
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PLANKTONIC FORAMINIFERS 
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Figure 9. Comparison between sea floor distributi6n of planktonic foraminifers in Kau Bay and 

adjacent open ocean. 
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HOLOCENE SURFACE WATER CONDITIONS 

Surface sediment data show that Kau Bay shelters a flourishing planktonic 
foraminiferal fauna of primarily shallow-dwelling, spinose species amongst 
which Globigerina bulloides is by far the most common (Fig. 9). 

The exceptionally high abundance of Globigerina bulloides, a eurythermic 
(cf. BE & HUTSON, 1977) and eutrophic (e.g. PRELL & CURRY, 1981; 
ZHANG, 1985) species, points to high surface water productivity in Kau Bay. 
This is also apparent from the high proportion of radiolarians, diatoms and 
faecal pellets on the sea floor. This high productivity in Kau Bay undoubtedly 
results from substantial river discharge and the recycling of nutrients by 
intermittently inflowing oceanic water. In addition to Globigerina bulloides, 
other spinose species, such as Globigerinoides ruber. Globigerinoides sacculifer, 
Globigerinoides tene/lus. Globigerina siphonifera. Globigerina calida and 
Globoturborotalita rubescens are notorious warm-water species which flourish in 
seasonally or year-round oligotrophic regions (e.g. BE AND HUTSON, 1977). 
Their abundance in Kau Bay is strongly suppressed by the highly dominant 
Globigerina bulloides. Globigerina bulloides is far less abundant in the adjacent 
ocean (Fig. 9). Abundances of 20% for this species at the oceanic station K2, 
however, suggest that the mixed layer in the adjacent ocean is eutrophicated by 
productive overflow water from Kau Bay. The adjacent oceanic planktonic 
foraminiferal fauna differs in yet another way from that in Kau Bay. At station 
K2, non-spinose and symbiont-barren species, such as Neogloboquadrina 
dutertrei. Pulleniatina obliquiloculata, and Globorotalia menardii are well 
represented, whereas they are absent or sparse in Kau Bay (Fig. 9). The reason 
for this difference is probably that Kau Bay is essentially homothermal so that 
the fauna cannot be diverse and primarily consists of shallow-dwelling 
eutrophic and stenothermic warm-water species. Adjacent oceanic water, on the 
other hand, is thermally well-differentiated (Fig. 2) which provides additional 
shelter for subsurface-dwelling species. Neogloboquadrina dutertrei. Pulleniatina 
obliquiloculata, and Globorotalia menardii are all species that predominantly 
dwell subsurface in low-latitude regions with a shallow and steep thermocline 
and a well-developed deep chlorophyll maximum (e.g. FAIRBANKS et al.,1982). 
These species, therefore, are far better represented in the thermally 
well-stratified open ocean than in the homothermal Kau Bay. 

A special note is made with respect to Gallitellia vivans (Fig. 10). This 
triserial planktonic foraminifer is remarkably common in the smaller 
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size-fraction of all samples from Kau Bay. The distribution of this species 10 

time and space is still poorly known but it seems to be particularly well repre
sented in coastal upwelling areas and in marginal seas (for an overview, see 
KROON & NEDERBRAGT, 1990). 

Figure 10 shows the downcore patterns of planktonic foraminifers at stations 
K4 and Kl 1, while Figure 1I summarizes the Holocene frequency patterns of 
the most prolific species versus time. On the whole pre-recent associations do 
not differ significantly from that in present-day Kau Bay. Diversity remains 
low and shallow-dwelling species are prevalent. This signifies that surface 
waters in Kau Bay remained homothermal over the past 8 k'a. 
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This closely matches the results from the benthic record which suggest that 
deep Kau Bay was poorly ventilated all that time. In detail, however, there are 
strong and opposing fluctuations in the percentage distribution of the eutrophic 
species Globigerina bu!loides and the oligotrophic species Globigerinoides ruber. 
Although the plotting of samples versus time is imperfect the patterns at stations 

K4 and Kll show a number of time-equivalent low-frequency intervals of 
Globigerina bulloides, which seem to reflect periods of basin wide lowered 
productivity conditions (Fig. II). One could imagine that these changes in 
surface water productivity resulted from variations in the upward flow of 
nutrient-rich deeper water brought on by longer-term variations in density of 
inflowing oceanic water. If true one would expect to find a close 
correspondence between the patterns of surface water productivity and bottom 
water oxygen over the past 8 ka. Figure II shows that surface water 
productivity changes, however, do not correspond with variations in bottom 
water oxygen deficiency. The surface water productivity changes may, 
therefore, be mainly attributed to variations in river discharge. 

CONCLUSIONS 

The absence of a mangrove vegetation and marine organisms in combination 
with an exclusively freshwater diatom flora prior to 10 ka BP indicates that 
freshwater conditions prevailed in Kau Bay in Weichselian times. The 
dominance of palm pollen over Casuarina from 8600 yr BP to the present and 
the inverse relationship prior to 9200 yr BP point to a somewhat lower average 
precipitation prior to 9200 yr BP. Precipitation at glacial time, however, was 
still sufficiently high to maintain a (tropical) rain forest and to keep Kau Bay 
filled to the rim with freshwater. At ca 10 ka Kau Bay became reconnected with 
the open ocean. The time-lag in spreading between marine benthic and marine 
pelagic organisms indicates that the replacement of fresh by salt water started at 
the bottom and spread to the surface. 

The permanence of oxygen tolerant deep water benthic foraminifers 
indicates that dysoxic bottom water conditions prevailed over the past 10 ka. 
Anoxic conditions, as found during the Snellius-I expedition, therefore, are 
either exceptional (which is unlikely, cf. VAN AKEN & VERBEEK, 1988) or, 
more likely, are of an extremely short duration beyond the power of our 
resolution. If it is a recurring event it means that Kau Bay ventilated at least 
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once every 35 yrs. Within the predominantly dysoxic setting we noticed slight 
and long-term variations in the degree of oxygen deficiency, being highest 
between 5 and 3 ka ago and lowest during the recent past. These long-term 
changes in bottom water oxygen concentration most likely are caused by 
long-term variations in density of inflowing oceanic water, possibly in 
consequence of climatic oscillations. 

Surface water of Kau Bay shelters a low-diversity planktonic foraminiferal 
fauna primarily of shallow-dwelling species, whereas a higher-diversity fauna 
with higher percentages of subsurface dwelling species characterizes the 
adjacent ocean. The reason for this difference is that Kau Bay is essentially 
homothermal whereas the adjacent ocean is thermally well-stratified and, thus, 
provides additional shelter for species that feed subsurface at the deep chloro
phyll maximum. The exceptionally high percentages of GlobigerinQ bulloides in 
Kau Bay testify to high primary productivity conditions caused by substantial 
river discharge and the recycling of nutrients by intermittently inflowing 
oceanic water The specific planktonic foraminiferal association in present-day 
Kau Bay extends back over the past 8 ka indicating that surface waters in Kau 
Bay remained essentially homothermal over much of the Holocene. Basin wide 
surface water productivity changes are recorded by strongly opposing 
fluctuations in the distribution patterns of the eutrophic GlobigerinQ bulloides 

and the oligotrophic Globigerinoides ruber which are not related to variations in 
bottom water ventilation but most likely can be attributed to variations in river 
discharge. 
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Chapter 6 

THE TIMING OF THE POST-GLACIAL MARINE INVASION OF
 
KAU BAY, HALMAHERA, INDONESIA
 

ABSTRACT
 

Kau Bay, Halmahera, Indonesia is a small marine basin that is separated 
from the adjacent SW Pacific Ocean by a shallow sill, 40 metre deep. Radiocarbon 
dating on piston cores in combination with a study on microfossils demonstrate that 
Kau Bay was a freshwater lake in Weichselian times. At 10 ka BP, the Bay became 
reconnected with the open ocean. If sill depth did not change in the intervening 
years, sea level at 10 kyr BP stood 40 m below the present level. 

INTRODUCTION 

Kau Bay, Halmahera, Indonesia is a small, 470 metre deep, pear shaped 
basin separated from the deep southwest Pacific Ocean by a flat-floored, 30 km 
wide, 40m deep sill (Fig I). 

About 50 years ago, Kuenen (1943) already suggested that sediment cores 
taken from Kau Bay would reveal that fresh-water conditions prevailed during 
glacial times, when sea level stood beneath sill depth. Unfortunately he was unable 
to prove this idea because the cores he took in Kau Bay in 1930 during the Snellius 
I expedition failed to penetrate deep enough. Oceanic observations made at the 
time, however, clearly showed that, below a depth of ca 350 m the bay waters were 
devoid of oxygen and had a high concentration of dissolved hydrogen sulphide 
(VAN RIEL, 1943). 

This chapter has been published in Radiocarbon, vol. 31, p. 948-956 (1989); authors: D.M. 

Barmawidjaja, A.F.M. De Jong, K. Van der Borg, W.A. Van der Kaars, W.J.M. Van der Linden and 

W.J. Zachariasse. 
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Table 1: Radiocarbon dates of samples from Kau Bay 
Sample" code no.6 DepthC 613d Agee 
name no (m) (% 0 ) (yr BP) 
K3P2#9;26-28.5 UtC-518 0.27 -0.84 780(140) 
K3P2#8;52-54.5 UtC-533 1.53 -0.17 650(140) 
K3P2#4;56-58.5 UtC-535 5.57 -28.56 ll80( 90) 
K3P2#3;64.5-67 UtC-534 6.66 0.63 2340(140) 
K3P2#2;94.5-97 UtC-481 7.95 0.39 1820( 80) 
K3P2#1;90-92.5 UtC-517 8.91 -1.34 1940(130) 

K4P3#8;35-37.5 UtC-478 0.36 -0.11 780(110) 
K4P3#7;7.5-ll UtC-475 0.74 0.38 1480(120) 
K4P3#6;37-39 UtC-480 2.03 0.75 2710(150) 
K4P3#5;35.5-38 UtC-476 3.03 0.14 3790(140) 
K4P3#4;49.5-52 UtC-474 4.17 -1.17 5960(120) 
K4P3#3;38-40.5 UtC-479 5.05 -0.40 7600(200) 
K4P3#2;39-41.5 UtC-472 6.06 -4.18 9900(200) 
K4P3#2;61.5-64 UtC-477 6.29 -4.06 9920(140) 
K4P3#2;90-94.5 UtC-473 6.59 -4.04 9670(140) 

K4P1#2;12.5-15 UtC-646 7.66 -2.93 9890(140) 
K4P1#2;17.5-20 UtC-647 7.71 -3.36 10030(140) 

K9P1#6;0-4 UtC-484 0.02 -0.62 1300(110) 
K9P1#5;24.5-27 UtC-516 0.94 -1.29 1270( 80) 
K9P1#5;94-96.5 UtC-515 1.63 -0.48 1560( 90) 
K9P1 #4;44-46.5 UtC-514 2.13 -0.92 1570(150) 
K9P1#3;86.5-89 UtC-519 3.56 -0.98 1450(100) 
K9P1#2;51-53 UtC-483 4.20 -0.02 1580(140) 
K9P1#1;87.5-90 UtC-482 5.57 -0.07 1970(130) 

KllP1#6;95-97.5 UtC-614 1.84 0.01 2530(110) 
KllP1#5;92.5-95 UtC-615 2.92 0.15 4210(120) 
KllP1#4;76.5-79 UtC-616 3.76 -0.16 5520(130) 
KllP1#3;83-85.5 UtC-617 4.72 -0.32 6260( 90) 
K11P1#2;6.5-9 UtC-618 5.06 -0.28 6410(110) 
K11P1#1;5-7.5 UtC-619 6.04 -0.78 7610(140) 

aSampfe identification; materia.l is calcite except for UtC-535 for which 
orga.nic material has been used, as is also reflected by the b"lJ_va.lue 

bCode number of Van de Craa.ff Laboratoriurn, Rijksuniversiteit Utrecht, 
The Netherlands 

CDepth below sea~floor 

dOl3_values measured at Earth Sciences Department, Rijksuniversiteit., 
Ut.recht 

e Age in years before present (BP) determined from measured He activity 
by meami of AMS 

Table 1. 14C dates of samples from Kau Bay (uncorrected for reservoir age). 
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THE 1985 KAU BAY EXPEDITION, OBJECTIVES AND METHODS 

Kau Bay was visited again in April 1985 during the Snellius II expedition 
(VAN DER LINDEN et aI., 1986). The main objectives set this time were to 
portray Late Quaternary bottom and surface water conditions and to study the 
changes in sediment and pore water chemistry to monitor mineral formation and 
(early) lithogenesis in this unique environment. We were also interested in testing 
Kuenen's hypothesis to learn whether, indeed, Kau Bay was a fresh water lake 
during glacial time and, if so, when full marine conditions were restored. 

Further, if the elevation of the sill did not change appreciably in time, then 

the level of this barrier can be used to establish at what time sea level stood 40 
metre below the present level. 

The station numbers are marked In 2 or 3 dIgits 
The first (two) digit!,>}. Identifies the station, 

the last digIt the cas\ 

Examples: _ 112 .. station Kl1, second box core 

o 91 .. stl'ltion Kg. first pistOn core 

I~~
 
l~~ 

Figure 1. Bathymetry of Kau Bay and position of samples (after VAN DER LINDEN et aI., 1986). 
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To tackle these problems, we occupied nine selected stations in Kau Bay 
where we recovered a total of 12 piston cores, 13 box cores and I dredge sample 
(Fig. 1). At least two cores of 9 cm diameter per site were needed for subsequent 
analyses and reference. Cores were taken as much as possible from undisturbed 
sites as far as could be judged from 3.5 kHz acoustic profiles. 

RADIOCARBON STRATIGRAPHY AND DEPOSITIONAL REGIME 

Cores PI and P3 at station K4 bottomed into dark-coloured dehydrated 
clays. The presence of a hard dolomitic layer within these clays appears to coincide 
with a distinct 3.5 kHz acoustic reflector, 10-12 metre below the basin floor (VAN 
DER LINDEN et aI., 1989). Other cores obviously did not penetrate deep enough 
to hit this salient lithological horizon. Apart from the dark-coloured dehydrated 
clay and the dolomitic layer in cores PI and P3 at station K4, there are no other 
lithological characteristics nor clear-cut (micro)faunalj floral events in the cores 
that enabled reliable time-stratigraphic correlations across Kau Bay. Also, the odd 
volcanic ash layer found in some cores can not be traced basinwide. 

Thus, to design a Late Quaternary time-stratigraphic framework, we relied 
heavily on accurate 14C ages. We used the Utrecht Accelerator Mass Spectrometer 
(AMS) which requires only 1 milligramme organic carbon for accurate 14C 
determinations (VAN DER BORG et aI., 1987). We obtained a 1 milligramme 
sample of carbon from ca 10 milligramme of biogenic carbonate derived from 
pteropods. Altogether, 30 levels of 2 cm thick dispersed over 5 piston cores were 
dated. 

Table 1 gives an overview of the Kau Bay 14C ages and figure 2 shows the 
lithology of the cores and their HC stratigraphy. 

An important observation that can be made from figure 2 is that the cores 
at stations K4 (down to 566 cm) and Kll show a fairly consistent age progression 
with depth, while the 14C chronology at stations K3 and K9 is thoroughly 
disturbed, even though the sediments at the latter stations are well-stratified. 

Figure 3 shows that average sedimentation rates are high at stations K3 and 
K9 (0.7 and 1.2 cm/yr, respectively) and low at stations K4 and Kll (69 and 83 
cm/ka, respectively). Differences in sedimentation rate in the deepest basin are also 
observed in seismic reflection profiles (VAN DER LINDEN et aI., 1989), which 
show that station K4 is located at the top of a horst block with a tight sedimentary 
cover, whereas station K3 is located at the top of a down-faulted block with 
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Figure 3. Sediment accumulation rates at stations K3, K4, K9 and Kll (after Barmawidjaja et aI., 1989). 

comparatively expanded sedimentary fill. Numerous turbidites and high 
percentages of reworked Pliocene planktonic foraminifers at station K3 indicate 
that large amounts of mass-transported sediments are trapped in the deepest part 
of Kau Bay. Station K9 is at the foot of a relatively steep slope and, thus, massive 
slumps of fine-grained slope sediments most likely contributed to the very high 
sedimentation rate. In contrast to this, large amounts of sediment may be expected 
to bypass station K 11 which is somewhat isolated on a ledge (VAN DER LINDEN 
et aI., 1989). 
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Figure 5. The Weichselian-Holocene marine invasion of Kau Bay in 5 (numbered) stages (after 

Barmawidjaja et aI., 1989). Explanation given in text. 
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SEA LEVEL RISE AT PLEISTOCENE/HOLOCENE TIME 

The dark-colored dehydrated clay and associated dolomitic layer recovered 

at station K4 is rich in freshwater diatoms. The only marine microfossils are a few 
mangrove pollen which most likely are blown in from the vicinity of Halmahera. 

The virtual absence of a mangrove vegetation in Kau Bay and the exclusively 
freshwater diatom flora indicate that the Bay at that time was a freshwater lake 
spilling over the sill into the ocean. In core P3 the change-over from lacustrine to 
marine conditions is disturbed by slumping between 566 cm and the dolomitic layer 

(Fig. 3). Only core PI provides an undisturbed section across the freshwater
marine transition (Fig. 3). The sequence of biotical and environmental changes 

across the transitional interval of core P I is given in figure 4 and is the basis for 
figure 5 in which the marine invasion of Kau Bay is illustrated in 5 successive time 
slices. During stage 1 Kau Bay was a freshwater lake, while sea level stood well 
below sill depth (Fig 5.1). Stage 2 is characterized by an increase in mangrove 
pioneers (represented by Sonneratia in Figure 4) suggesting the occasional inflow 

of salt water through the deepest parts of the sill, i.e. two(?) river valleys (cf. Fig. 
1), at times of exceptionally high tides and/or during storms. The exclusively 
freshwater diatom flora indicates that Kau Bay itself remained a freshwater lake 
(Fig. 5.2). During stage 3, benthic foraminifers invaded the deep water of the Bay 
(Fig. 4) which demonstrates that salt water started to spill over the sill and sink to 
the bottom. Surface waters, however, remained fresh since pelagic organisms 
exclusively consist of freshwater diatoms. At that time, Kau Bay became 
permanently reconnected with the open ocean (Fig. 5.3). Surface waters changed 
from fresh to saline during stage 4 as is testified by the first marine diatoms (Fig. 
4). At the same time, the pioneer mangrove was taken over by a stable vegetation 
(represented by Rhizophora in Figure 4) which rapidly expanded along the shores 
of Kau Bay (Fig. 5.4). The invasion of pteropods, pelecypods and radiolarians into 

Kau Bay at the base of stage 5 (Fig. 4) indicates that full marine conditions were 
re-established at that time (Fig. 5.5). 

The earliest level permitting HC determination on biogenic carbonateis the 
base of stage 5 and shows a HC age of 10 ka BP (Fig. 4). Since this level is only I 
cm above the level at which Kau Bay becomes permanently reconnected with the 

open ocean (Fig. 4) it seems justified to suppose that the time when sea level had 

risen to sill depth is close to 10 ka BP. If the elevation of the sill did not change 
appreciably since that time, which, at first seems unlikely, considering the local 

volcanic and seismic activity, then sea level at 10 ka BP stood 40 metres below the 

147
 



present level. It is, however, at least remarkable that this figure fits well to the Late 
Quaternary eustatic sea level curves of Curray (1965) and Oldale and O'Hara (1980) 
for the US east coast and is close to the Dillon and Oldale (1978) sea level rise curve 
for the same region. That it also fits the sea-level curve for the Huon Peninsula in 
nearby Papua New Guinea (CHAPPELL, 1983) adds rather more weight to our Kau 
Bay estimate. 

Therefore, the age-calibrated sea level mark for Kau Bay could be an 
important reference point in Late Quaternary sea-level history. 
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Chapter 7 

GLACIAL/INTERGLACIAL CONTRASTS IN THE NORTHERN
 
MOLUCCA SEA (INDONESIA)
 

ABSTRACT
 

Present-day climatic conditions in the Molucca Sea are dominated by the 
monsoonal circulation with wet northwesterlies prevailing during the northern 
winter and dry southeasterlies during the northern summer. Surface waters are 
warm and low-saline and, in contrast to much of the eastern Indonesian 
archipelago, not much affected by the semi-annual reversal in wind pattern. The 
deeper water in the Molucca Sea originates in the Pacific. 

Palynological, planktonic foraminiferal, and stable isotope data from a core 
in the northern Molucca Sea have been used to evaluate glacial/interglacial 
differences in climate and hydrography in the region. The palynological record 
shows that the glacial climate was drier than today, indicating a weakened 
influence of the northwesterlies and a stronger influence of the southeasterlies at 
glacial time. The yearly oscillation of the Intertropical Convergence Zone (ITCZ) 
and associated monsoonal rainfall at glacial time, therefore, seems to have occurred 
over a much narrower range of latitudes than today. The expansion of the 
monsoonal ITCZ oscillation and associated equatorial rain belt began shortly after 
the last glacial maximum and present-day climatic conditions were reached at 
about 14 kyr BP. 

The drier climatic conditions at glacial time were associated with a higher 
lapse rate, which, together with a lower sea level, resulted in a large expansion of 
the Lower Montane oak forests on the nearby island of Halmahera. 

Glacial Molucca Sea surface water temperatures were between 00 and 2.50 

C lower than at present. The Deep Chlorophyll Maximum (DCM) layer in the 
northern Molucca Sea at glacial time was more productive and experienced lower 
temperatures than today, which probably resulted from the inflow of cooler and 
nutrient-enriched Subtropical Lower Water from the Pacific. 

This paper has been submitted to Quaternary Research; authors: D .M. Barmawidjaja, E.J. Rohling, 

W.A. Van der Kaars, C. Vergnaud-Grazzini and W.J. Zachariasse. 
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INTRODUCTION 

Present-day climatic conditions in the Indonesian archipelago are 
dominated by the monsoonal circulation which oscillates between India, the Far 
East, and Australia, and adjacent tropical oceans. 

The response of the monsoonal circulation to orbital forcing and glacial 
conditions is well known in the northern sector (e.g. Van Campo et aI., 1982; 
Fontugne and Duplessy, 1986; Prell and Kutzbach, 1987) but is poorly known in the 
southeastern sector. Palynological data from northern Australia point to distinctly 
drier glacial conditions (e.g. Kershaw, 1986; Van der Kaars, in press), whereas data 
from the high-land areas on Sumatra (Stuijts, 1984), Java (Stuijts et aI., 1988) and 
New Guinea (e.g. Hope, 1976; Walker and Henley, 1979) suggest lower glacial 
temperatures without evidence of drier conditions. Climatic proxy data from 
marine sediments are restricted to the Sulu Basin and suggest increased rainfall at 
glacial time (Lindsey et aI., 1985). These few and scattered data provide an anything 
but comprehensive picture, and many more climatic proxy data are required to 
fUlly portray the response of the monsoonal circulation to glacial climatic 
conditions in the southeastern sector. 

The present paper gives an initial impetus to a more comprehensive picture of 
the glacial monsoonal system in the eastern Indonesian archipelago at glacial time 
by combining published data with a detailed climatic proxy record from the 
northern Molucca Sea. This proxy record is based on palynological, planktonic 
foraminiferal, and stable isotope data from a sediment core collected during the 
Snellius II- Expedition in April 1985. 

MATERIAL AND METHODS 

Core K 12 is located in the northeastern sector of the Molucca Basin, some 
50 km north of the island of Halmahera (2°41.20' N-127°.44.1O' E), at a depth of 
3510 m (Fig. 1). The Molucca Basin is connected with the Pacific via a 2000 m 
deep sill between the island of Morotai and the Philippines and with the Sulawesi 
Basin via a 270 m deep sill between Sulawesi and the Philippines. An 1880 m deep 
sill west of the island of Obi connects the Molucca Basin with the Banda Basin. 
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Figure 1. Map of the eastern Indonesian archipelago and location of core K12. 

Core KI2 recovered 533 cm of greenish clays with some intervening 

turbiditic layers of detritical sand and silt (Fig. 2). Carbonate values are low and 

vary between 8 and 11 %. Biogenic components consist of foraminifers, radiolarians 

and diatoms. Foraminifers are well-preserved indicating that the lysocline lies 

below 3510 m, which accords with the reported lysocline depth of 4100 m in the 

adjacent West Pacific (Berger et aI., 1976) and of 3800 m in the nearby Sulu Basin 
(Lindsey et aI., 1985). 
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Figure 2. Lithology of core K12 and position of samples and H C dates. The oxygen isotope record is 

based on the planktonic foraminifer Globigerinoides ruber. Numbering of isotopic events is after 
SPECMAP (Pisias et aI., 1984). Ages (in 1000 years BP) for identified isotopic events are given between 

parentheses and are based on interpolation between 14C dates. 
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The core was systematically sampled at 10 cm intervals avoiding turbiditic 
layers. A survey of all samples learned that 28 out of 52 samples were suitable for 
a quantitative palynological analysis. This analysis includes the counting of pollen 
and fern spores. The minimum pollen count is 100 grains; slides were counted 
completely. Samples of 2 cc were prepared following standard techniques 
(hydrochloric acid 20%, warm sodium phosphate 20%, sodium phosphate 10%, 
heavy liquid separation using a bromoform-alcohol mixture with a density of 2.0), 
and saffranin staining. Lycopodium marker spores were added to establish the 
pollen concentration of the sediment. Slides were mounted with glycerol- jelly and 
the cover slips were sealed with paraffin. 

Planktonic foraminifers were counted in all samples. Countings are based 
on splits of 200 to 500 specimens from the larger than 150 micron fraction using 
an Otto microsplitter. All specimens were hand-picked, mounted on microslides 
and identified. 

Forty-seven samples were used for oxygen and carbon isotope analyses. 
About 30 specimens of the planktonic foraminiferal species Globigerinoides ruber 
per sample were ultrasonically cleaned to remove adhering particles and roasted 
under vacuum at 3500 C for two hours. The CO2 was extracted by reacting 
foraminiferal carbonate in 100% orthophosphoric acid at 500 e. The CO2 samples, 
obtained after two on line distillation steps to purify the CO2, were analysed in a 
V.G. Sira 9 triple collector mass spectrometer. The results are listed in Table I. The 
analytical precision for al80 and al3c values is ± 0.0 I for al80 and ± 0.06 for 
al3e. 

CLIMATIC AND HYDROGRAPHIC SETTING 

Present-day climate in the eastern Indonesian archipelago is dominated by 
the semi-annual reversal of monsoonal winds. The NW winds in the northern 
winter originate in the northern hemisphere subtropical high-pressure belt and 
gather large amounts of moisture while crossing the sea. These moisture-laden 
winds rise in the Intertropical Convergence Zone (ITCZ), which in the northern 
winter passes over the archipelago as far south as northern Australia, and release 
their moisture as rain. Highest rainfall in Indonesia and northern Australia, 
therefore, occurs in the northern winter. South of the ITCZ, precipitation decreases 
rapidly (e.g. Webster and Streten, 1978). 
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6180 613CSample Depth Age
 

number (em) (years) G.ruber G.ruber
 

1 2.75 154 
2 7.75 430 -2.62 0.96 
3 17.75 982 -2.38 1.26 
4 27.75 1534 -2.24 1.20 
5 37.75 2086 -2.30 1.35 
6 44.75 2472 -2.33 1.39 
7 70.75 3908 -1.99 1.62 
8 77.75 4294 -1.90 1.46 
9 87.75 4846 -2.52 1.12 

10 97.75 5398 -1.33 1.74 
11 106.75 5895 
12 117.75 6502 -2.71 1.13 
13 127.75 7054 -2.90 0.94 
14 137.75 7606 -2.61 1.36 
15 147.75 8158 -2.59 0.79 
16 157.75 8710 -2.69 0.85 
17 167.75 9175 -2.45 0.64 
18 177.75 9640 -2.06 0.80 
19 206.75 10990 -1.51 0.99 
20 216.75 11516 -1.51 0.89 
21 226.75 12042 -1.51 1.10 
22 236.75 12568 -1.13 1.25 
23 246.75 13094 -1. 14 1.01 
24 251. 75 13357 -0.66 1.34 
25 266.75 14146 -0.80 0.92 
26 276.75 14672 -1.31 0.65 
27 286.75 15198 -0.52 1.20 
28 296.75 15724 -1.27 0.83 
29 306.75 16250 -0.82 0.84 
30 316.75 16776 -0.40 1.07 
31 326.75 17302 -0.81 1.07 
32 334.50 17710 -0.89 1.01 
33 336.00 17789 -0.66 1.12 
34 346.75 18354 -0.97 1.05 
35 356.75 18880 -0.49 0.98 
36 366.75 19406 
37 376.75 19932 -1.10 0.99 
38 385.75 20420 
39 395.75 20933 -1.38 1.38 
40 405.25 21420 -0.48 1.33 
41 415.25 21933 -0.84 1.52 
42 425.25 22446 
43 435.25 22959 -1.17 1. 01 
44 445.25 23472 -1.06 1.13 
45 455.25 23985 -0.89 1.45 

156 



0180 013CSample Depth Age 

number (em) (years) G.ruber G.ruber 

46 465.25 24498 -1. 16 1.02
 
47 475.25 25011 -0.72 1.29
 
48 485.25 25524 -1.16 1.23
 
49 495.75 26063 -0.52 1.03
 
50 505.75 26576 -1.22 1.06
 
51 515.75 27100 -1.32 1.05
 
52 528.25 27741 -1.29 1.05
 

Table 1. Stable isotope data from core K12. 

The SE winds in the northern summer originate in the southern hemisphere 
high-pressure belt and are relatively dry and cool when blowing over the eastern 
Indonesian archipelago. On arrival in the ITCZ, which passes over SE Asia in the 
northern summer, these SE winds are moisture-laden and shed their moisture as 
rain. Highest rainfall in SE Asia, therefore, occurs in the northern summer. 

The surface water circulation in the eastern Indonesian archipelago is strongly 
influenced by the semi-annual reversal in wind pattern (Fig. 3). There is a strong 
surface outflow into the Indian Ocean and China Sea during the SE Monsoon 
(northern summer) causing large-scale upwelling in the eastern Banda Sea and 
western Arafura Sea (Wyrtki, 1961). Upwelling in this region was confirmed during 
the Snellius II-Expedition in August 1985 by Zijlstra et al. (1990) and Wetsteyn et 
aI., (1990), who observed a shoaling of the isopycnals in the upper 100-150 m and 
a thinning of the mixed layer compared to the situation in February 1984. 
Concomitant primary production was twice as high as in the non-upwelling season 
(Gieskes et aI., 1990). During the NW Monsoon surface water flow is reversed with 
inflow from the Indian Ocean and China Sea (Wyrtki, 1961). 

A substantial additional inflow of Pacific surface water through the Halmahera 
Sea during the SE Monsoon is suggested by Wyrtki (1958), whereas Schott (1935) 
and Tchernia (1980) show a strong surface outflow in the same region. Wyrtki (1961) 
discussed this discrepancy and concluded that the flow pattern of Schott (1935) 
would require upwelling in the Banda Sea over a much larger area than actually 
observed. Year-round northgoing surface waters from the Molucca Sea join the 
southern branch of the Mindanao cyclonic gyre and together they feed the main 
branch of the Mindanao Current, which forms the root of the Equatorial Counter 
Current (Fig. 3). The Mindanao gyre is a permanent feature but is intensified in 
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Figure 3. Pattern of surface water transport through the Indonesian archipelago (after Wyrtki, 1961). 

NEC == North Equatorial Current; ECC == Equatorial Counter Current; SEC == South Equatorial 

Current; MC == Mindanao Current. 

the northeastern sector of the Molucca Sea during the SE Monsoon when there is 
a stronger surface water outflow from the Molucca Sea into the Pacific. 

Mixed layer waters in the northeastern sector of the Molucca Sea are warm 
and low-saline (Tchernia, 1980). Van Riel et aI. (1957) report a temperature of 29° 
C and a salinity of 34 0100 at Station 284 (May 1939), which is close to site K 12. 
The year-average depth of the mixed layer in the region is 60 m (Wyrtki, 1961). The 
thermocline water is Subtropical Lower Water, which originates polewards of the 
subtropical convergences in the North and South Pacific and is transported into the 
eastern Indonesian archipelago by the equatorial currents (Wyrtki, 1961). The core 
of this Subtropical Lower Water spreads throughout the archipelago at depths 
between 100 and 200 m. The phosphate gradient within this watermass is steep. The 
core of the Subtropical Lower Water in the northeastern Molucca Sea is located at 
about 150 m (Wyrtki, 1961) and has a salinity of 34.8 0100 and a temperature of 180 

C (van Riel et aI., 1957; Station 284). 
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Lowered salinities between 500 and 1000 m (van Riel et aI., 1957, Station 284) 
reveal the presence of intermediate water. This intermediate water has the 
properties of the North Pacific Intermediate Water which originates near the polar 
front (Wyrtki, 1961; Van Aken et aI., 1988). Pacific Deep Water fills the Molucca 
Basin below about 1000 m and ventilates the various deep basins in the region; only 
the basins south of the Banda Sea are filled with deep water from the Indian Ocean. 
Thus, the eastern Indonesian archipelago (including the Molucca Basin) is filled 
primarily with water from the Pacific, mainly because sea level in the western 
Pacific is higher than in the northeast Indian Ocean (Wyrtki, 1961). 

CHRONOLOGY OF CORE Kl2 

The chronology of core K 12 is primarily based on oxygen isotope stratigraphy. 
Four AMS radiocarbon dates on monospecific samples of Globorotalia 
menardii-tumida (Table 2) have been used to refine the chronology of core K12. 

The oxygen isotope stratigraphy, which relies on correlation with 
radiocarbon-dated or orbitally-tuned oxygen isotope profiles, is based on the 
assumption that ice volume is the dominant factor controlling changes in 
foraminiferal 11 180 values and that the ice volume signal is globally synchronous 
within the mixing time of the oceans (ca. 1000 years). Possible salinity effects, 
however, may locally modify the shape of the profiles. 

The dominant feature in the oxygen isotope profile of core K 12 (Fig. 2) is the 
large upward decrease in 11 180 values between 250 and 150 cm which corresponds 
to the last deglaciation. The Younger Dryas cold event between 11 and 10 kyr 
(Fairbanks, 1989) is not recorded in core K 12 due to insufficient resolution over 
this interval of time (Fig. 2). The classical two step deglaciation signal in al80 
profiles, therefore, merges into one single step between 250 and 150 cm. 
Identification and numbering of isotopic events is after SPECMAP (Pisias et aI., 
1984; Martinson et aI., 1987). Calculated accumulation rates between AMS 
radiocarbon dates are extremely uniform varying between 19 and 21.5 cm/kyr. 
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Figure 4. Pollen diagram for core K12 plus number of pollen/cc and percentages of fern spores per pollen 

count. 
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c5 13dSamplea codeb Depthc Agee
 

name no cm 0/00 yr BP
 

KI2PI-5;57-58.5 UtC-l205 157.75 0.10 8710 (120) 
KI2PI-4;7-8.5 UtC-1204 206.75 0.80 10990 (160) 
KI2PI-3;86-87.5 UtC-1209 385.75 1.26 20420 (160) 
KI2PI-I;19-20.5 UtC-1210 515.75 1.32 27100 (400) 

a Sample identification; material is calcite.
 

b Code number of Van de Graaff Laboratorium, Rijksuniversiteit Utrecht, The
 

Netherlands.
 

c Depth below sea-floor.
 

d 8 13-values measured at Earth Sciences Department, Rijksuniversiteit, Utrecht.
 

e Age in years before present (BP) determined from measured 14C activity by means
 

of AMS.
 

Table 2. 14C dates from core K12 (uncorrected for reservoir age).
 

PALYNOLOGICAL RESULTS 

The palynological results are summarized in Figure 4. This figure shows a 
cumulative abundance plot of 5 vegetational groups together with individual 
abundance plots of the Lithocarpus-Castanopsis group, Palmae, Mangroves, and 
fern spores. Also shown are total number plots of pollen and the number of pollen 
per cc. The composition of the 5 vegetational groups and the scores of individual 
taxa are given in Table 3. 

Since core KI2 lies only 50 km north of Halmahera and the wind and surface 
currents facilitate pollen transport from Halmahera to the core location, it seems 
likely to assume that the majority of the pollen grains found in core K12 is derived 
from Halmahera itself. The low scores of long-distance transported Notho[agus 
brassii and Eucalyptus type pollen grains (Table 3) support this assumption. 

The cumulative abundance plot of the 5 vegetational groups shows a change 
in dominance between the Lower Montane forest group and the Tropical (coastal) 
Lowland group at about 270 cm which level has an interpolated age of 14 kyr BP 
(Fig. 4). The dominance of the Lower Montane forest elements compared to the 
Tropical (coastal) rainforest elements before 14 kyr BP, and the reversed conditions 
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Table 3. Numbers of pollen taxa and fern spores per pollen count in twenty-eight samples from core K12. 

Samples a and b are additional samples not belonging to the regular sample set. 
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thereafter, indicate that the Tropical rainforests on Halmahera were largely 
replaced by Lower Montane oak forests at glacial time. This suggests that the 
average boundary between both vegetational zones, which at present is at 650 m, 
was significantly lower at glacial time. 

The low-lying average boundary between the Lower Montane oak forests and 
Tropical (coastal) rainforests on Halmahera at glacial time suggests cooler glacial 
climatic conditions at high altitudes. Cooler glacial conditions at high altitudes, 
however, do not explain the strongly reduced percentages of fern spores in the 
glacial section of core Kl2 (Fig. 4). According to Van Waveren (1989) fern spores 
are abundant in marine box-core samples but almost absent in air samples from this 
region suggesting that fern spores are largely transported by rivers and ocean 
currents. The strongly reduced percentages of fern spores in the glacial section of 
core K 12, therefore, indicate either an actual reduction in the fern cover on 
Halmahera or less runoff. Both features, however, are indicative of drier climatic 
conditions on Halmahera at glacial time. 

At first sight drier glacial conditions seem to be in conflict with the expansion 
of the Lower Montane oak forests on Halmahera at glacial time, since the main 
components of these forests, namely Lithocarpus and Castallopsis, require an 
everwet climate. Soepadmo (1972), however, reports on a number of exceptions. For 
instance Castanopsis buruana, which occurs on the Moluccas, locally survives in SW 
Ceram in secondary forests during the long dry period in the northern summer, 
while Lithocarpus sundaicus oCCurs on some mountain summits and slopes in central 
and east Java under drier than average conditions. These exceptions indicate that 
some members of Lithocarpus-Castanopsis group are adapted to drier conditions. 
It may, therefore, be reasonable to assume that the expansion of the Lower 
Montane oak forests to lower altitudes on Halmahera at glacial time resulted from 
high-latitude cooling under overall drier climatic conditions. 

Remarkable is the slight reduction in the Mid to Upper Montane forest 
elements in the glacial section of core Kl2 (Fig. 4). Possibly the expansion of the 
Mid to Upper Montane forests on Halmahera at glacial time due to high-altitude 
cooling was cancelled out by the overall drier climatic conditions, since Mid to 
Upper Montane forests flourish only under wet climatic conditions (Johns, 1982). 

The reduction in the Lower Montane forest elements following the last glacial 
maximum and the concomitant increase in Tropical (coastal) Lowland and Mid to 
Upper Montane forest elements, and fern spores suggest the return to higher 
temperatures at high altitudes and wetter climatic conditions. The sudden increase 
in the Mangrove group at 10 kyr BP (190 cm) is coincident with a second phase of 
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rapid sea level rise associated with meltwater pulse IA of Fairbanks (1989). This 
second phase of rapid sea level rise possibly resulted in the final drowning of the 
shelf area and the formation of tidal flats which allowed the rapid expansion of 
mangrove forests along the shoreline of Halmahera. Mangrove forests were present 
before 10 kyr BP but on a much smaller scale, possibly as fringe vegetation along 
the shoreline of the seaward extended shelf area. 

The increase in palm pollen grains at 5 kyr BP (80 cm) is coincident with the 
onset of a slow-down in the post-glacial sea level rise (Fairbanks, 1989), which may 
have resulted in the establishment of a stable palm vegetation, either as beach 
vegetation or in the backswamps behind mangrove forests. 

Pollen numbers per cc are elevated in the glacial section of core K 12 with a 
distinct peak between 350 and 330 cm (Fig. 4), which interval corresponds to the 
last glacial maximum. Pollen flux rates (not shown) reveal a similar pattern with 
more than 300 pollen/cm2/yr during the last glacial maximum and less than 100 
pollen/cm2/yr before and thereafter. In general, pollen flux rates in marine 
sediments decrease exponentially with decreasing distance from shore (Short et aI., 
1989). The high pollen numbers and flux rates during the last glacial maximum, 
therefore, reflect the low sea level at that time, which reduced the distance of the 
northern shoreline of Halmahera to the core site by some 40% (using a sea level fall 
of 120 m, Fairbanks, 1989). Pollen numbers and flux rates decrease rapidly after the 
last glacial maximum when sea level began to rise and the distance to shore 
increased. 

Thus, it appears that core K 12 reveals a fairly detailed record of vegetational 
change on Halmahera during the past 27,000 years by which the major changes in 
vegetation were controlled by changes in high-altitude temperature, precipitation 
and sea level. Average glacial climatic conditions were cooler at high altitudes and 
drier than those of today. Lower mean annual temperatures are also reported from 
the high-land areas on Java (Stuijts, 1984), New Guinea (Hope, 1976; Walker and 
Henley, 1979), and Sumatra (Maloney, 1981; Newsome and Flenley, 1988; Stuijts et 
aI., 1988), but in contrast to Halmahera, there is no clear palynological evidence of 
drier climatic conditions in these regions. 
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Figure 5. Relative frequencies of planktonic foraminiferal species in core K12. 
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PLANKTONIC FORAMINIFERAL RESULTS 

The results of the planktonic foraminiferal counts are summarized in Table 4. 
Abundances of species showing systematic changes are plotted in Figure 5. The 
fauna in the glacial section (below 270 cm) is characterized by elevated 
percentages of Neogloboquadrina dutertrei (PI. I, figs. 1-6) and dextrally coiled 
Neogloboquadrina pachyderma (PI. I, figs. 7-14) together with reduced percentages 

of Globigerinoides ruber, Globigerinoides sacculifer, and Globigerinella 

equilateralis. Reversed faunal conditions exist above 270 cm. Thus, it appears that 
the 270 cm level, which has an interpolated age of 14 kyr BP, marks not only a 
level of major change in the flora but also in the fauna. 

The tropical Neogloboquadrina dutertrei together with the subpolar to polar 

Neogloboquadrina pachyderma represent end-member morphologies within one 
single biogeographic cline (Srinivasan and Kennett, 1976). This means that 
Neogloboquadrina dutertrei morphotypes are replaced by Neogloboquadrina 
pachydermamorphotypes with increasing latitude. Neogloboquadrina dutertrei feeds 
exclusively on phytoplankton (Hemleben et aI., 1989), which, in the tropical ocean, 
is highly abundant in permanent Deep Chlorophyll Maximum (DCM) layers. High 
abundances of Neogloboquadrina dutertrei are, therefore, associated with a DCM 
layer (Fairbanks et aI., 1980; Ravelo et aI., 1990), which develops when the 
thermocline lies above or near the light compensation depth. The DCM layer may 
be a seasonal or permanent feature, which is fueled with new nutrients by 
cross-isopycnal or along-isopycnal mixing (e.g. Hayward, 1987). The continuous 
presence of substantial numbers of Neogloboquadrina dutertrei in core K12 
indicates that the upper part of the thermocline in the northern Molucca Sea 
resided consistently above the light compensation depth, either seasonally or 
permanently, during the past 27,000 years. The substantial numbers of dextrally 
coiled Neogloboquadrina pachyderma in the glacial section of core K 12 is 
remarkable at these low latitudes. Dextrally coiled Neogloboquadrina pachyderma 
is a cool-water morphotype of Neogloboquadrina dutertrei, which, just as 
Neogloboquadrina dutertrei, feeds exclusively on phytoplankton (Hemleben et aI., 
1989). Probably these cool-water morphotypes also exploited the food sources 
associated with the DCM layer, which implies that glacial temperatures at the base 
of the euphotic layer were lower than today. The higher average numbers of 

Neogloboquadrina dutertrei and Neogloboquadrina pachyderma in the glacial section 
of core K 12 furthermore indicate an increased phytoplankton production in the 
DCM layer at glacial time. 
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Higher numbers of Neogloboquadrina dutertrei and Neogloboquadrina 

pachyderma are also reported from glacial sediments in the Sulu Sea by Lindsey et 
al. (1985), who explained the higher glacial abundances of Neogloboquadrina 
dutertrei by lowered glacial surface water salinities. Their conclusion is based on 
the wide-spread assumption that Neogloboquadrina dutertrei is a low-salinity 
indicator. This assumption, however, is incorrect since it has been well-established 
that highest abundances of Neogloboquadrina dutertrei occur in the subsurface 
thermocline where phytoplankton productivity is at a maximum (Fairbanks et aI., 
1980; Ravelo et aI., 1990). 

The elevated percentages of Neogloboquadrinadutertrei and Neogloboquadrina 

pachyderma in glacial sediments from the northern Molucca Sea and Sulu Sea, thus, 
indicates that the DCM layer in these regions at glacial time was more productive 
and experienced lower temperatures than today. 

The source of the dextrally coiled Neogloboquadrina pachyderma types is 
somewhat puzzling. Expatriated individuals may have been imported from the 
Pacific by the equatorial currents whereafter they found a suitable habitat in the 
DCM layer in the northern Molucca Sea and Sulu Sea at glacial time. An alternative 
explanation is that part of the population of Neogloboquadrina dutertrei changed 
into Neogloboquadrina pachyderma when the temperature of the thermocline water 
decreased at glacial time. Such an in-situ change in morphology is also conceivable 
since Neogloboquadrina dutertrei and Neogloboquadrina pachyderma belong to one 
biogeographic cline (Srinivasan and Kennett, 1976). The reduced numbers of the 
oligotrophic, mixed-layer species Globigerinoides rubel', Globigerinoides sacculi/er, 
and Globigerinella equilateralis in the glacial section of core K 12 may be related 
to an increased cross-isopycnal mixing, through which mixed layer waters were 
somewhat enriched in nutrients and cooler at glacial time. 

SEA SURFACE WATER TEMPERATURE DURING THE LAST GLACIAL 
MAXIMUM 

Sea surface water temperatures in the northern Molucca Sea region during the 
last glacial maximum can be approximated by using the oxygen isotope record of 
the surface-dwelling planktonic foraminifer Globigerinoides rubeI'. The difference 

in the a180 composition of Globigerinoides ruber between the last glacial maximum 
(between 300-350 cm) and Recent is 1.9°!00 (Fig. 2). If we take a glacial effect of 
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1.25 0/00 (Fairbanks, 1989) and assuming no salinity effect then sea surface water 
temperatures were maximally some 2.50 C lower during the last glacial maximum 
than they are today. The reduction in fern spores in the glacial section of core K12, 
however, was interpreted earlier in this paper in terms of drier climatic conditions. 
Palynological evidence from northern Australia also points to drier glacial 
conditions (Kershaw, 1986; Van der Kaars, in press) suggesting that the entire 
eastern Indonesian archipelago experienced a drier climate at glacial time than at 
present. Such drier glacial conditions should have resulted in surface water 
salinities higher than today and the figure of 2.50 C cooling of surface waters 
during the last glacial maximum, therefore, is a maximum estimate. The effect of 
drier climatic conditions on the surface water salinity at the location of core Kl2 
can be approximated by comparing the surface water oxygen isotope record of core 
Kl2 with that from ODP Site 769A in the Sulu Basin (Lindsey et aI., 1990). Both 
oxygen isotope records show a large difference during the last glacial but merge at 
the beginning of the last deglaciation (Fig. 6). Glacial 6180 values in Site 769A are 
on the average 0.82 0/00 depleted compared to those in core K12, which means that 
glacial Sulu Sea surface waters were 30 C warmer or 2 0/00 fresher than glacial 
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Figure 6. &180 record for Globigerinoides ruber from the northern Molucca Sea (dashed) and the Sulu 

Sea (solid) plotted versus time. The Sulu Sea record is from ODP Site 769A (Lindsey et a!., 1990). 
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Molucca Sea surface waters. We suggest that the difference between glacial Sulu Sea 
water and Molucca Sea water is largely controlled by the increased salinity of 
Molucca Sea surface water due to the generally drier climatic conditions in that 
region. Assuming that glacial/interglacial salinity differences in the Sulu Sea were 
minimal then sea surface water temperatures in the Sulu Sea during the last glacial 
maximum were hardly any cooler than at present. Thus, it appears that regional sea 
surface water temperatures during the last glacial maximum were between 0° and 
2.5° C lower than at present, which agrees well with the estimates obtained by 
faunal transfer function in the western equatorial Pacific (CLIMAP, 1976; Moore 
et aI., 1980). 

LAPSE RATE AND ALTITUDINAL RANGE OF THE LOWER MONTANE 
FORESTS ON HALMAHERA AT GLACIAL TIME 

The present-day air temperature change with height (lapse rate) in the eastern 
Indonesian archipelago of 0.6° C per 100 m is based on an air temperature at mean 
sea level of 28° C (Terada and Hanzawa, 1984) and a position of the snowline in 
New Guinea of 4600 m (Bowler et aI., 1976). The lapse rate during the last glacial 
maximum can be calculated in a similar way if we would know the air temperature 
at mean sea level and the position of the snowline in New Guinea during the last 
glacial maximum. Present-day differences between sea surface water temperatures 
and air temperatures at mean sea level are minimal in the eastern Indonesian 
archipelago (Terada and Hanzawa, 1984). This means that the sea surface water 
temperature during the last glacial maximum is a good approximation of the air 
temperature at mean sea level at that time. Present-day annual mean surface water 
temperature and air temperature at mean sea level are close to 28° C (Terada and 
Hanzawa, 1984). Since sea surface water temperatures during the last glacial 
maximum were between 0 and 2.5° C cooler than today, air temperatures at mean 
sea level at that time were between 25.5 and 28° C. The snowline in New Guinea 
during the last glacial maximum was at least 1000 to 1500 m lower than the present 
level (Loffler, 1972; Bowler et aI., 1976). The lapse rate during the last glacial, 
therefore, must have been somewhere between a minimum value of 0.67° C and a 
maximum value of 0.85° C per 100 m. 

Webster and Streten (1978) considered a sea surface water cooling of 2° C 
(referring the CLIMAP, 1976) incompatible with a lowering of the snowline of 
more than 1000 m and suggested that the sea surface water temperature 
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reconstruction of CLIMAP was wrong. The discrepancy they noticed between sea 
surface water temperature and snowline during the last glacial maximum, however, 
is removed if the lapse rate during the last glacial maximum was higher than today. 
A higher lapse rate at glacial time is justifiable since the combined effect of 
globally lower average atmospheric temperatures and regionally drier climatic 
conditions should have resulted in a lower moisture content of the air, and with 
that in a higher lapse rate. 

2
 
2
 

E 
-'" 
..... 
..c 
0> 

'iii 
..c 

Present-day flaral 
0.65 

---~~~da~(;;·~)------il:-------!~~-~-

Glacial

! --O.431--fl-or-a-1-bo-u-n-da-ry-(,--Z-4,--·C-)--r-----1. 

I 
I 

10 20 
10 

Temp.(·C)

Present Glacial 

lapse rate = 0.6 °c/1 DDm lapse rate = 0.7 ·c/1 OOm 

Temp.(OC)

Figure 7. Comparison between present-day lapse rate and position of the average boundary between 

Lower Montane forests and Tropical (coastal) rainforests on Halmahera and those during the last glacial 
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discussed in the text. The lowering of the floral boundary from 650 m above present-day sea level to 430 
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The average boundary between the Lower Montane forests and Tropical 
(coastal) rainforests is at 650 m today, but must have been substantially lower at 
glacial time when the Lower Montane oak forests dominated the vegetation on 
Halmahera. This boundary reached its lowest position during the last glacial 
maximum when the Lower Montane forests on Halmahera had their maximum 
expansion. Figure 7 compares the present-day position of the boundary between 
the Lower Montane oak forests and the Tropical (coastal) rainforests on Halmahera 
with that calculated for the last glacial maximum. This figure shows a lowering of 
the floral boundary from 650 m above present-day sea level to 430 m above glacial 
sea level, which implies a downward shift by 340 m. Such a shift is sufficiently 
large to explain the substantial expansion of the Lower Montane forests on 
Halmahera at glacial time. 

THE GLACIAL/INTERGLACIAL CLIMATIC CONTRAST 

The drier climatic conditions in the eastern Indonesian archipelago at glacial 
time suggest a weakened influence of the (wet) NW Monsoon in the region. This 
would imply that the ITCZ shifted less far southwards during the glacial northern 
winter than during the present northern winter. The eastern Indonesian archipelago 
and northern Australia, therefore, must have experienced a stronger influence of 
the dry southeasterlies and less monsoonal rainfall at glacial time. A more northern 
position of the ITCZ during the glacial northern winter is suggested also by 
Rognon and Williams (1977) who placed the January position of the ITCZ at glacial 
time above New Guinea, which is some 15° of latitude north of its present-day 
position during January. 

One of the main reasons of the more northern position of the ITCZ during the 
glacial northern winter is the latitudinal narrowing and intensification of the 
southern Hadley cell at glacial time due to the expansion of sea ice (some 7° of 
latitude in the southern hemisphere, CLIMAP, 1976) and the associated steepening 
of the equator to pole thermal gradient (Manabe and Hahn, 1977). A latitudinal 
narrowing and intensification of the southern Hadley cell would have hampered the 
development of an Australian low-pressure cell during the glacial northern winter, 
resulting in a more northern position of the ITCZ. 

Similarly, the latitudinal narrowing and intensification of the northern Hadley 
cell at glacial time would have hampered the development of a strong low-pressure 
cell above the Tibetan plateau during the glacial northern summer. This is 
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furthermore hindered by the permanent ice cover on the Tibetan plateau (Singh 
and Agrawal, 1976) preventing substantial heating during the glacial northern 
summer. The position of the ITCZ during the glacial northern summer, therefore, 
was probably displaced to the south relative to its position during the present-day 
northern summer. The more northern position of the ITCZ during the glacial 
northern winter and its more southern position during the glacial northern summer 
suggest that the oscillation of the ITCZ occurred over a much narrower range of 
latitudes than it does today. Highest glacial monsoonal rainfall, therefore, must 
have been restricted to latitudes between the eastern Indonesian archipelago and 
southeast Asia which is in agreement with heavy precipitation in that region 
simulated by numerical climate models (Manabe and Hahn, 1977; COHMAP,1988) 
and with the absence of clear palynological evidence of drier glacial conditions in 
Java and Sumatra (Stuijts, 1984; Stuijts et aI., 1988). Also the inferred minimal 
differences in glacial/interglacial surface water salinity in the Sulu Sea relative to 
those in the northern Molucca Sea (Fig. 6) would fit in a more equatorial position 
of the monsoonal rain belt. 

The pattern of fern spores in core K 12 indicates that the expansion of the 
monsoonal rainfall belt began shortly after the last glacial maximum and that 
present-day conditions were reached at 14 kyr BP. The return of monsoonal 
rainfall in northern Australia occurred at about the same time or slightly later 
(Kershaw, 1986). The concomitant rise in the position of the boundary between 
Tropical (coastal) rainforests and Lower Montane forests on Halmahera and the 
treeline in New Guinea (Bowler et aI., 1976) probably resulted from a rapid 
decrease in the lapse rate towards its present-day value. The ultimate cause of the 
return of heavy monsoonal rainfall in the eastern Indonesian archipelago and 
northern Australia may be related to the rapid weakening of the equator to pole 
thermal gradient at the beginning of the last deglaciation. 

GLACIAL/INTERGLACIAL CHANGES IN THE DEEP CHLOROPHYLL 
MAXIMUM LAYER 

The record of Neogloboquadrina dutertrei in core K 12 points to the consistent 
presence of a seasonal or year-round Deep Chlorophyll Maximum (OCM) layer in 
the northern Molucca Sea during the past 27,000 years. Augmented numbers of 
Neogloboquadrina dutertrei and the presence of Neoglohoquadrilla pach.l'derma in 
the glacial section of core Kl2 supply evidence of increased production and lower 
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temperatures in the DCM layer of the northern Molucca Sea at glacial time. Similar 
conditions seem to have prevailed in the Sulu Sea at glacial time, since the pattern 
of neogloboquadrinids in the Sulu Sea (Lindsey et aI., 1985) is similar to that in core 
K 12. Glacial production in the DCM layer may have been increased by either a 
shoaling of the thermocline, or increased nutrient concentrations in the thermocline 
water. 

Shoaling of the thermocline within the euphotic layer would cause an 
extension of the DCM layer into shallower water with higher light intensities 
enhancing primary production in the DCM layer and thus the chlorophyll 
concentration at depth. This relationship between shoaling of the thermocline and 
increased production in the DCM layer is reported by Gieskes and Kraay (1986) 
and by Herbland et aI., (1985) from the equatorial Atlantic, and is suggested as well 
by Gieskes et aI., (1990) from the Banda Sea where upwelling during the northern 
summer causes a distinct shoaling of the thermocline (Gieskes et aI., 1990). 
Present-day upwelling in the Banda Sea is driven by the prevailing southeasterlies 
in the northern summer (Wyrtki, 1958). Since the eastern Indonesian archipelago at 
glacial time was much stronger influenced by the southeasterlies, glacial upwelling 
conditions and concomitant shoaling of the thermocline may have prevailed over 
a much larger area than today. A shoaling of the thermocline would explain also 
the lower temperatures in the DCM layer of the northern Molucca Sea and Sulu 
Sea, which we inferred from the substantial numbers of Neogloboquadrina 

pachyderma in glacial sediments from these regions. 
An alternative explanation for the increased production in the DCM layer at 

glacial time is based on the assumption that the depth of the thermocline at glacial 
time was similar but that the nutrient concentration of the thermocline water was 
higher than today. Thermocline water in the Indonesian archipelago originates as 
Subtropical Lower Water in the Pacific between 165° E and 165° W at the latitude 
of 25° N (Wyrtki, 1961). A rise in the nutrient concentration of glacial Subtropical 
Lower Water may have resulted from increased export production in the western 
equatorial Pacific or from an increased exposure to steady export production. The 
change in the Pacific circulation, from its present-day estuarine mode to an 
anti-estuarine mode at glacial time (e.g. Shackleton and Duplessy, 1985; Berger, 
1987) suggests an increase in average surface water salinity in the Pacific at glacial 
time, whereas surface water temperatures were lower in the source area of the 
Subtropical Lower Water (CLIMAP, 1976). Higher glacial surface water salinities 
and lower temperatures would probably stimulate the formation of Subtropical 
Lower Water and, thus, the inflow of younger thermocline water in the Indonesian 
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archipelago. Thus, increased exposure of the Subtropical Lower Water to steady 
export production seems highly unlikely. The only other possibility to increase the 
nutrient concentration of the inflowing glacial Subtropical Lower Water, therefore, 
is by increasing the export production in the western equatorial Pacific. There is 
evidence of increased glacial export production in the eastern equatorial Pacific 
(e.g. Adelseck and Anderson, 1978; Pedersen, 1983; Lyle et aI., 1988) but little is 
known about the fertility history of the western equatorial Pacific. Increased glacial 
export production in the western equatorial Pacific, however, could have been 
brought about by increased trade wind activity at glacial time. The inflowing 
Subtropical Lower Water at glacial time could not only have been enriched in 
nutrients but could have been also cooler than today due to lower glacial surface 
water temperatures in its source area (CLIMAP, 1976). 

Thus, we end up with two alternative models to explain the increased 
production and lower temperatures in the OeM layer in the northern Molucca Sea 
and Sulu Sea at glacial time. The first one claims an extension and intensification 
of the present-day upwelling conditions in the Banda Sea due to an increased 
influence of the southeasterlies in the region at glacial time. The second model 
claims the inflow of cooler and nutrient-enriched thermocline water in the 
Molucca Sea and Sulu Sea at glacial time, which requires increased export 
production in the western equatorial Pacific. The second model is preferred here 
since it is doubtful whether the increased glacial upwelling in the first model was 
sufficiently large to cause a shoaling of the thermocline in the northern Molucca 
Sea and Sulu Sea. 

The pattern of neogloboquadrinids indicates that the temperature and 
production in the OCM layer reached present-day values at about 14 kyr BP which 
in terms of the second model would mark the inflow of warmer and nutrient
depleted Subtropical Lower Water at the beginning of the last deglaciation. The 
change in properties of the inflowing Subtropical Lower Water at 14 kyr BP may 
have resulted from a rapid decrease in the equator to pole thermal gradient and 
associated weakening of the trade winds at the beginning of the last deglaciation. 
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CONCLUSIONS 

I) Drier glacial climatic conditions in the eastern Indonesian archipelago point 
to a more northern position of the ITCZ during the northern winter and a 
latitudinal narrowing of the equatorial rain belt at glacial time. The glacial climate 
in the eastern Indonesian archipelago, therefore, was more strongly influenced by 
the dry southeasterlies than the present-day climate. The expansion of the 
equatorial rain belt began shortly after the last glacial maximum and present-day 
precipitation values in the northern Molucca Sea were reached at about 14 kyr BP. 

2) Molucca sea surface water temperatures during the last glacial maximum 
were between 0° and 2.5° C lower than at present. 

3) The calculated lapse rate for the region at glacial time was higher than 
today. Estimates vary between 0.67° C and 0.85° C per 100 m versus 0.6° C at 
present. The higher glacial lapse rate probably resulted from a lower moisture 
content of the air at glacial time. The higher glacial lapse rate induced 
high-altitude cooling and concomitant expansion of the Lower Montane oak forests 
on the nearby island of Halmahera at glacial time. The Lower Montane forests 
retreated rapidly to higher altitudes between 18 and 14 kyr BP probably as a result 
of a rapidly decreasing lapse rate. 

4) The planktonic foraminiferal record indicates increased production and 
decreased temperatures in the DCM layer at glacial time. Two models are presented 
to explain these glacial conditions in the DCM layer. The model we prefer claims 
the inflow of cooler and nutrient-enriched Subtropical Lower Water into the 
Molucca Sea at glacial time. Present-day conditions in the DCM layer were attained 
at about 14 kyr BP, which is attributed to a rapid decrease in the equator to pole 
thermal gradient and associated decrease in the trade wind intensity at the 
beginning of the last deglaciation. 
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Plate 1.
 
1-6 Neogloboquadrina dutertrei (D'Orbigny). Core K12, sample 6, 44-46 em. 7-14
 
Neogloboquadrina pachyderma (Ehrenberg). Core K12, sample 47, 474-476 em.
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Chapter 8 

BENTHIC FORAMINIFERAL ASSEMBLAGES FROM
 
FOOD-ENRICHED AREAS
 

INTRODUCTION
 

In this chapter we will summarize some of the most important results 
ensuing from the study of benthic foraminiferal assemblages in the northern 
Adriatic Sea. It will be attempted to draw some general conclusions concerning the 
application of microhabitat distribution in paleoecological analyses. Subsequently 
our findings will be used to interpret the temporal and spatial relationships between 
assemblages across a bathymetrical transect in Kau Basin. 

ECOLOGICAL FRAMEWORK OF THE NORTHERN ADRIATIC SEA 

Jorissen (1987, 1988) concluded from the study of thanatocoenoses that 
oxygen concentration and food availability are the most important factors 
controlling the composition of benthic foraminiferal faunas. Verhallen (1987, 1991) 
and Jorissen (1988) further elaborated the complex interplay between food input, 
oxygen stress and benthic life. They argued that the faunal response to the 
downward nutrient flux, although ultimately resulting in the disappearance of 
benthic life, i. e. in the creation of benthic deserts, initially leads to an increase of 
biomass. This initial stage was supposed to be characterized by low diversity. 

The model was extended by Van der Zwaan and Jorissen (1991) and 
adjusted to the specific environmental conditions of the northern Adriatic, by 
incorporating interspecific differences in microhabitat and the effects of 
seasonality. The extended model is summarized in Chapter 3 and checked by means 
of an inventarisation of the distribution of stained tests (Chapters 2 and 3). Its 
application on a sequence of samples from a core is treated in Chapter 4. 

The results of our studies show that the basic concept, oxygen concentration 
and food availability being the most important parameters controlling the 
composition of benthic faunas, is correct. More precisely, biomass seems to be 
mainly controlled by food availability, as long as oxygen concentration does not 
decrease below a critical level. If so, i. e. deeper down into the sediment, oxygen 
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becomes the major parameter controlling benthic life and, consequently, the most 
important factor defining the abundance of infauna. The biomass in the top 
centimeter, termed epifauna, is primarily controlled by food availability, although 
also here oxygen is important: production takes place mainly in winter time, when 
oxygenation is maximal. 

Four groups of rather arbitrarily defined living associations (stress-tolerant 
epifauna, not stress-tolerant epifauna, potential infauna and predominant infauna) 
behave differently with respect to oxygen depletIon and high nutrient input. 
Considered over the whole year, the group of potential infauna is most resistent to 
low-oxygen conditions. Apparently these foraminifera change their depth 
distribution with changing oxygen content. In contrast, stress-tolerant epifauna is 
able to profit most from high food availability as soon as oxygen values are slightly 
raised. 

APPLICATION OF MICROHABITAT DISTRIBUTION IN 
PALEOECOLOGICAL ANALYSES 

Attempts to apply the results of our study of living foraminifera in 
paleoecological analyses are impeded by the fact that almost none of the 
representatives of the preferentially infauna group (which are all arenaceous 
species) fossilizes. This implies that only the groups of stress-tolerant 
("opportunistic") epifauna (A), potential infauna (B), and not stress-tolerant 
epifauna (C) can be used in the interpretation of the fossil record. 

From the vertical distribution of benthic foraminifera in the topmost 
centimeter of sediments in the northern Adriatic Sea (Chapter 3) we may infer that 
the ratio (A+B)/(A+B+C) gives a fair measure of the degree of eutrophication (i.e. 
the combined effect of food availability and oxygenation). 

A comparable way of reasoning may be followed regarding the relation 
between the numbers of representatives of groups A and B. For instance, the 
absence of potential infauna (group B) may indicate that the (seasonal?!) periods 
of oxygenation were too short to allow this group to invade deeper levels in the 
sediment column. On the other hand, it may as well be argued that the absence of 
this group is due to low food levels deeper down in the sediment, e.g. because of 
low food input. The latter possibility, however, does apparently not apply to the 
northern Adriatic Sea. 

186 



MICROHABITAT DISTRIBUTION AND THE HOLOCENE FORAMINIFERAL 
RECORD OF KAU BASIN 

Three piston cores along a shallow to deep water transect in Kau Basin 
(figure 1) were used to interpret the temporal and spatial relationships between 
benthic foraminiferal associations in terms of the model established for living 
communities in the northern Adriatic Sea. The shallowest core was taken at station 
K 10, off Kau river at a depth of 20 m. Core K 11 was taken on the slope of the 

,°20' 

The station numbers are marked in 2 or 3 dIgitS.
 
The Ilrst (two) diglt(s), IdentifIes the station,
 
the last digit the cast.
 

Examples· • 112 slatlon Kl1. second box core 
o 91 station K9. first piston core 

127"55' 

Figure 1. Bathymetry of Kau Bay and position of piston cores from a shallow to deep water transect 

(after Van der Linden et aI., 1986). 
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sill intersecting Kau Bay at a depth of 260 m, while core K 4 was recovered from 
the deepest part of the basin at 460 m. Data on the benthic associations of K 4 are 
presented and discussed in Chapter 5, the faunas from K 10 and K I I are not 
included in the previous chapters. 

Most of the foraminiferal taxa of the Holocene successions from Kau Bay 
are the same as those reported from the living associations from the northern 
Adriatic Sea. In both areas the faunas are dominated by stress-tolerant species, but 
their depth-distribution is strongly different. This implies that depth plays a 
subordinate role in the distribution of these stress-tolerant taxa, if at all. Although 
most of the species are the same, some notable differences can nevertheless be 
observed between the associations from Kau Bay and those from the northern 
Adriatic Sea. As may be expected, no preferential infauna (Le. not fossilizing 
arenaceous forms) was recovered from the fossil record of Kau Bay. Cassidulina 
crassa is relatively frequent in Kau Bay, whereas it is found only in low numbers 
in the Adriatic Sea. Representatives of Ammonia are frequent in the shallow core 
K 10; in the Adriatic Sea they occur at even shallower depths in river-dominated 
areas. A fourth difference concerns Cancris auriculus, This species is absent in the 
living associations from the northern Adriatic Sea, but is a common element in Kau 
Bay. 

In figure 2 we plotted cumulative percentage curves of the stress-tolerant 
groups of infauna and epifauna and of some important individual species versus 
time for all three cores along the defined depth transect. Numerical ages are based 
on AMS 14C dates and interpolated ages calculated from average sedimentation 
rates. The AMS 14C dates are presented in Table I, quantitative data on the 
foraminiferal associations are given in Table 2. Unfortunately, there are no 
sediments covering approximately the last 3000 years in the shallow core K 10. This 
is most probably due to erosion. 

The group of opportunistic infauna comprises Bolivina spathulata, B. 
dilatata, Bulimina marginata and Hopkinsina pacifica. The group of opportunistic 
epifauna consists of Bolivina seminuda, Nonionella turgida and Fursenkoina 
pauciloculata. In the infauna group B. spathulata is dominant in K 4 and K I I, 
while B. spathulata and B. dilatata together dominate in the shallow core K 10. In 
the latter core Hopkinsina pacifica is found in fairly high numbers relative to K 
4 and K I I. In all cores Bulimina marginata plays a subordinate role. The 
opportunistic epifauna group is dominated by B. seminuda in K 4 and K I I, 
whereas this taxon is almost absent in K IO. Here the opportunistic epifauna is 
mainly composed of Fursenkoina pauciloculata and Nonionella turgida. The habitat 
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a: 
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~ opportunistic info uno D Ammonia porkinsoniana forme tepida • Cancds aunculus 

EJ opportunistic epifcuno ~ Cossi'dulina crossa 

Figure 2. Abundances of benthic foraminiferal associations of three piston cores along a shallow (KIO) 

to deep water (K4) transect. Opportunistic infauna (!!. spathulata, !!. dilatata, !!. marginata and E· 
pacifica). Opportunistic epifauna (!!. seminuda.1::!:. turgida and r. pauciloculata). Explanation given in 

text. 

characteristics of C. crassa and C. auriculus are not well-known, but on the basis 
of their morphology they both may belong to the group of opportunistic epifauna. 

The frequency diagrams of figure 2 mirror the temporal and spatial 
relationships between bottom environments after the restoration of marine 
conditions in Kau Basin at about 10 kyr BP. The timing and history of the 
postglacial marine invasion of Kau Basin is discussed in Chapters 5 and 6. 
After marine conditions were restored benthic foraminiferal life became mainly 
controlled by changes in the degree of oxygenation, as indicated by the strongly 
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fluctuating patterns of both the opportunistic infauna and epifauna groups of 
species. However, fairly consistent lateral differences in bottom conditions seem 
to have prevailed. In K II the relative numbers of opportunistic infauna elements 
are, with a few exceptions, higher than in K4. If we apply our knowledge from the 

a)Sample b)Code c)Depth e)Age 

name no (cm) (yr BP) 

K4P3#8; 35-37.5 UtC-478 36 -0.11 780 (110)
 

K4P3#7; 7.5-11 UtC-475 74 0.38 1480 (120)
 

K4P3#6; 37-39 UtC-480 203 0.75 2710 (150)
 

K4P3#5; 35.5-38 UtC-476 303 0.14 3790 (140)
 

K4P3#4; 49.5-52 UtC-474 417 -1,17 5960 (120)
 

K4P3#3; 38-40.5 UtC-479 505 -0.40 7600 (200)
 

K4P3#2; 39-41.5 UtC-472 606 -4.18 9990 (200)
 

K4P3#2; 61.5-64 UtC-477 629 -4.06 9920 (140)
 

K4P3#2; 90-94.5 UtC-473 659 -4.04 9670 (140)
 

KllPl#6; 95-97.5 UtC-614 184 0.01 2530 (110)
 

K11Pl#5; 92.5-95 UtC-615 292 0.15 4210 (120)
 

KllPl#4; 76.5-79 UtC-616 376 -0.16 5520 (130)
 

KllPl#3; 83-85.5 UtC-617 472 -0.32 6260 (90)
 

KllPl#2; 6.5-9 UtC-618 506 -0.28 6410 (110)
 

KllPl#l; 5-7.5 UtC-619 604 -0.78 7610 (140)
 

KI0Pl#6; 50-52.5 UtC-921 51 0.75 7310 (120) 

KI0Pl#4; 36-38.5 UtC-920 191 0.25 6530 (150) 

KlOPl#2; 70-72.5 UtC-919 419 0.79 4390 (120) 

KI0Pl#l; 16-18.5 UtC-918 465 0.33 3640 (170) 

a) Sample identification; material is calcite. 

b) Code number of Van de Graaff Laboratorium, Rijksuniversiteit Utrecht, 

The Netherlands. 

c) Depth below sea-floor. 

d) 613 value measured at Earth Sciences Department, Rijksuniversiteit Utrecht. 

e) Age in years before present (BP) determined from measured 14C activity by 

means of AMS. 

Table 1. 14C dates from core K4, KI0 and Kll (uncorrected for reservoir age) 

190 



Adriatic Sea, where the presence of infauna suggests relatively better oxygenation, 
this could suggest that bottom waters at site K 11 were better ventilated than those 
at site K4 throughout the Holocene. 

The differences in the composition of both the opportunistic infauna and 
epifauna groups between K 10 at one side and K 4 and K 11 at the other may be 
depth-related, although it can be argued that the relatively better oxygenation of 
the shallower environments at site K 10 was the primary controlling factor. 
Shallowness and lower salinities may account for the high numbers of Ammonia 
parkinsoniana forma tepida in K 10, located off Kau river. The taxon is rare in K 
4 and K 11, and most probably supplied by rafting (Chapter 5). The differences in 
abundances of C. crassa and C. auriculus between the three sites are probably due 
to the combined effects in the degree of oxygenation and water depth. 

These fairly consistent lateral differences are superimposed upon recurrent 
changes in the abundance patterns through time. We will attempt to interpret these 
changes in terms of the microhabitat model established in the Adriatic Sea. The 
composition of the fauna in K 4 between about 8000 and 6000 years BP suggests 
that dysoxic conditions prevailed in the deepest part of the basin. 

In the same core the relative numbers of infauna start to increase after 6000 
yr B.P. and between 5000 and 3000 yr B.P. the infauna group dominates the fauna 
in K 4. This suggests that the deepest part of Kau Basin was slightly better 
ventilated between 5000 and 3000 kyr B.P. than before, allowing opportunistic 
infaunal elements to invade, permanently or occasionally, deeper levels in the 
sediment column. Between 3000 and 2000 yr B.P. conditions became apparently less 
well-ventilated again, whereas reversed conditions prevailed between about 2000 
and 700 yr B.P.. 

In K 11 conditions between 8000 and 6000 yr B.P. were similar to those in 
K4 during the same period of time. Between about 6000 and 3000 yr B.P. bottom 
conditions were roughly the same as those prevailing in K 4 between 5000 and 3000 
yr B.P. and thus marked by a better oxygenation of the sediment. Between about 
3000 and 2000 yr B.P. the amount of infauna was lower again, which suggests 
decreased oxygenation of the sediment, similar to the observations we made in K 
4. From 2000 yr B.P. until Recent oxygenation was better, as indicated by the high 
numbers of infauna. 

Reconstruction of the Holocene environmental evolution in K lOis 
confined to the period between about 8000 and 3000 yr B.P.. Ammonia 
parkinsoniana forma tepida might be an autochthonous element in the association 
which is suggestive of a continuously shallow marine position of K 10. Since this 
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species tolerates low salinity conditions, its presence may witness the 
neighbourhood of a river outlet. The general upward increase of this species may 
be indicative of a long-term progradation of the Kau River delta. The increasing 
numbers of opportunistic epifauna in combination with increasing numbers of 
infauna, up to about 4000 yr B.P., can only be explained by assuming increased 
input of food without affecting the oxygen content in the deeper sediment layers, 
possibly due to progradation of Kau River delta. The trends in the youngest part 
of the core may reflect a transition towards food-enriched conditions, which were 
further stressed by low salinities. 

Reviewing and combining these interpretations for the deep water cores we 
may conclude that the paleoenvironmental processes and the impact these processes 
had on benthic life are synchronous during the early part of the Holocene. This 
first re-oxygenation step we relate to the sustained rise of sea level, which reached 
its present position around 5000 yr B.P. The effects of the sea level rise led to an 
increased sill depth, which facilitated inflow of denser water, resulting in a 
generally better ventilation of the deep Kau Basin. 

The return to less oxygenated bottom conditions between about 3000 and 
2000 yr B.P. is more difficult to understand. It may be argued that local tectonics 
caused a rise of the sill relative to sea level, thus deteriorate deep circulation. 
However, we have no data to prove this assumption. 

It is of interest to note that the conclusions we arrived at by applying the 
Adriatic microhabitat model to the Kau Basin for the time-slice between 3000 and 
2000 yr B.P. are different from those we presented in an earlier stage of the 
investigation (Chapter 5, figure 8). There we inferred a decrease of oxygenation 
from the overall decrease of benthic foraminiferal diversity and increase of highly 
tolerant taxa such as B. spathulata. However, the Adriatic Sea data suggest that the 
increased numbers of this taxon, which clearly reflect low-oxygen conditions, are 
resulting from a slight oxygen increase in a dysoxic environment, rather than from 
an oxygen decrease in a slightly better oxygenated environment. This difference 
in appreciation demonstrates once more the great importance of the study of living 
systems for paleoecological interpretations. 
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Appendix 

TAXONOMIC REMARKS ON THE FORAMINIFERA FROM KAU BAY 

All determinations are based on an assemblage species concept, in which 
species are considered as groups of specimens, which can show a considerable 
degree of variation. For every species, one key reference is given; the various 
genera are discussed is alphabetical order. 

BENTHIC FORAMINIFERA 

Ammonia parkinsoniana (D'Orbigny, 1839) forma tepida 
(PI. I, figs. 1-2). 

Remarks: Similar specimens are figured in Jorissen (1988). The Kau Bay 
material belongs exclusively to the tepida-type, with inflated chambers, a lobate 
outline, well developed umbilical flaps and without umbilical knob. In compari
son with the Adriatic Sea, a much smaller part of the variation of the species is 
present. Jorissen (1988) concluded that the tepida-morphotype combines a 
certain prefererence for high amounts of organic matter with a tolerance for 
lowered salinities. In Chapter 5 this taxon is referred to as Ammonia tepida. 

Bolivina 

Remarks: As in the Adriatic Sea, also in Kau Bay all non-reticulate bolivinids 
are linked by intermediate forms. For practical reasons the same three species 
are recognized. There are, however, some differences in the frequency in which 
specific intermediate types occur. Unlike the situation in the Adriatic Sea, in 
Kau Bay Bolivina dilatata and Bolivina spathu!ata are linked by numerous 
intermediate morphotypes, whereas forms intermediate between Bolivina 
seminuda and Bolivina dilatata are rare. The striatu!a-morphotype shows only 
transitions with dilatata-morphotypes. 

197 



Bolivina dilatata Reuss, 1850 
(PI. 2, figs. 4-7). 

Remarks: Two main types are recognized: typical morphotypes (compare Von 
Daniels, 1970, Bolivina dilatata) and striatula-types (compare Boltovskoy et aI., 
1980). Forma dilatata (PI. 2, figs. 6-7) has coarse pores, inflated chambers, 
depressed sutures, and poorly developed retral processes. It is linked by inter
mediate morphotypes to forma striatula, which is more elongate, and has 
continuous striae over the whole test. When compared with the Adriatic Sea 
material, the striatula-types are always more ornamented. The dilatata-types are 

very close to the Adriatic Sea material. 

Bolivina seminuda Cushman, 1911 
(PI. 2, figs. 1-3). 

Remarks: Compare Cushman (1937). This species is elongate, rounded in cross
section, and without retral processes. Bolivina seminuda is more finely per
forated than the other species of Bolivina found in Kau Bay. In typical speci
mens the upper part of the chambers is imperforate. However, this character is 
less well developed than in the Adriatic Sea. Intermediate morphotypes with 
Bolivina dilatata are scarse. 

Bolivina spathulata (Williamson, 1858) 
(PI. 2, fig. 8). 

Remarks: Compare Van der Zwaan (1982). Typical forms of this species are 
relatively short, strongly tapering, and have a sharp periphery. However, in Kau 
Bay typical morphotypes are scarce. Specimens with a well-developed keel, 

which are numerous in the Adriatic Sea, are almost absent here. Numerous 
intermediate forms with Bolivina dilatata are present. 

Bulimina marginata D'Orbigny, 1826 
(PI. 3, figs. 1-3). 

Remarks: Compare Van Marie (1988). The Kau Bay material has extremely 
well-developed undercuts. Jorissen (1988) suggested that such undercuts may 
have a stabilizing function. If this is true, then the morphotypes of Bulimina 
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marginata found in Kau Bay should be considered as epifaunal. In the Adriatic 

Sea, where it has much weaker developed undercuts, this species was described 
as potentially inbenthic (see Chapter 2). 

Cancris auriculus (Fichtel and Moll, 1798) 
(PI. 1, figs 3-5). 

Remarks: Compare Jonkers (1984). This species was not found in the Adriatic 
Sea. 

Cassidulina crassa D'Orbigny, 1839 
(PI. 3, figs. 9-10). 

Remarks: Compare Parker (1958). Depressed morphotypes, which are well 
comparable with the Adriatic Sea material. 

Elphidium cf. E. advenum (Cushman, 1922) 
(PI. 1, figs. 6-8). 

Remarks: Compare Van MarIe (1988). The Kau Bay material is close to 
Elphidium advenum (see Chapter 2, PI. 4, fig. 3 for typical specimen), with the 
exception of its much better developed pearly ornamentation along the chamber 
sutures. 

Fursenkoina pauciloculata (Brady, 1884) 
(PI. 3, figs. 4-5). 

Remarks: Compare Cushman (1937). Most specimens show a multiserial juvenile 
stage; only the last one or two chambers are added in a biserial position. There is 
considerable variation in the inflatedness of the chambers. This taxon was not 
found in the Adriatic Sea. 

Hanzawaia boueana (D'Orbigny, 1846) 
(PI. 1, figs. 9-10). 

Remarks: Compare Jorissen (1988). The Kau material is quite typical, and 
highly comparable with specimens from the Adriatic Sea. 
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Hopkinsina pacifica Cushman, 1933 
(PI. 3, figs. 7-8). 

Remarks: Compare Boltovskoy et al. (1980). Specimens of Kau Bay are very 
typical, ornamented with very fine aligned pustules. They are completely 
identical with the Adriatic Sea material. In Chapter 5 this species is referred to 
as Uvigerina glabra. 

Miliolinella subrotonda (Montagu, 1803) 
(PI. 4, figs. 4, 6). 

Remarks: Compare Boltovskoy et al. (1980). The Kau Bay material shows some 
variation towards Scutuloris. The aperture is often provided with a lip, and 
always lacks the flaplike toothplate typical for the genus. 

Nonion spp.
 
(PI. 4, Figs. 7-8).
 

Remarks: Some Kau Bay samples contain fair amounts of a small Nonion, which 
shows some resemblance with Elphidium granosum. However, the present spe
cies is much smaller. Other specimens showing resemblance with this morpho
type were in Chapter 4 included in Elphidium spp. 

Nonionella turgida (Williamson, 1858) 
(PI. 4, figs. 1-3). 

Remarks: Compare Brady (1884). Kau Bay yielded typical specimens, which are 
in all respects similar to the Adriatic Sea material. 

Quinqueloculina spp. 
(PI. 4, fig. 5). 

Remarks: A number of different species of Quinqueloculina occur in relatively 
low numbers. 
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Uvigerina proboscidea Schwager, 1866 
(PI. 3, fig. 6). 

Remarks: Compare Borsetti et ai. (1986). Typical association; even very extreme 
proboscidea morphotypes, with strongly detached later chambers, are present. 

PLANKTONIC FORAMINIFERA 

Dentigloborotalia an/racta (Parker, 1967) 
(PI. 7, figs. 3-4). 

Remarks: This small-sized species is characterized by a low trochospiral test 
with an extraumbilical, low-arched aperture bordered by distinct lips. Wall 
structure is fine-perforate, non-spinose. The ontogeny of this species has 
thoroughly been studied by Brummer (1988), who placed this species into the 
new genus Dentigloborotalia. 

Globigerina bulloides D'Orbigny, 1826 
(PI. 5, figs. I, 3, 4; PI. 6, fig. 2) 

Remarks: Test is spinose, hispid, low-trochospirai. Aperture essentially umbili
cal, low-arched. 

Globigerinoides ruber (D'Orbigny, 1939) 
(PI. 8, fig. 8). 

Remarks: Trochospiral test. Primary aperture umbilical and high-arched. I to 2 
supplementary openings at spiral side, axial periphery rounded. The test is 
spinose, cancellate. 

Globigerinoides sacculi/er (Brady, 1877) 
(PI. 8, figs. to-II). 

Remarks: Test low-trochospirai. Primary aperture umbilical and high-arched. 
supplementary opening at the spiral side; axial periphery rounded, chambers 
spherical, final chambers becoming sac-like. Similar specimen are figured in 
Hemleben et al (1989). 
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Globigerinita glutinata (Egger, 1893) 
(PI. 6, figs. I, 3). 

Remarks: Test small, low to medium trochospirai. Aperture umbilical and mostly 
covered by bulla, axial periphery rounded, non-spinose, microperforate. 

Globigerinella calida (Parker, 1962) 
(PI. 5, fig. 2). 

Remarks: Planispiral test, early portion trochospirai. Aperture equatorial, low 
arch, axial periphery is rounded. Test spinose, hispid. 

Globigerinella aequilateralis (Brady, 1839) 
(PI. 8, fig. 9). 

Remarks: Test low trochospiral, equatorial periphery lobate. Aperture equato
rial, low arch. Axial periphery is rounded. Chambers inflated, subglobular, well 
sepatated from one another; differs from Hastigerina in having small spines 
over the entire test. 

Globorotalia menardii (Parker, Jones and Brady, 1865) 
(PI. 8, figs. 1-3). 

Remarks: Trochospiral test. Aperture extraumbilical, axial periphery is acute to 
keeled. Test non-spinose, finely perforate, last chambers strongly compressed 
with a distinct keel. 

Globoturborotalita rubescens Hofker, 1956. 
(PI. 7, figs. 1-2). 

Remarks: Trochospiral test. Aperture umbilical, high-arched, bordered by rim, 
axial periphery is rounded, the wall structure is coarsely cancellate. 
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Globoturborotalita tenella (Parker, 1958) 
(PI. 6, figs. 4-5). 

Remarks: Small species, trochospiral test. Aperture umbilical, high-arched 
bordered by rim, supplementary opening at spiral side, the wall structure is 
coarsely cancellate. 

Neogloboquadrina dutertrei (D'Orbigny, 1839). 
(PI. 8, figs. 4-5). 

Remarks: Test globose and trochospiraI. Aperture extraumbilical, axial periphe
ry is rounded. Test is non-spinose, cancellate. 

Orbulina universa D'Orbigny, 1839. 
(PI. 8, fig. 6). 

Remarks: Test spherical, composed of a single chamber, final chamber entirely 
enveloping the early part of the test. Multiple areal openings over the entire test. 
Test spinose and essentially cancellate. 

Pulleniatina obliquiloculata (Parker and Jones, 1865) 
(pI. 8, fig. 7). 

Remarks: Early stages trochospiral. Test globose, aperture a low arch, extending 
from umbilical area to periphery and to spiral side. Final stage is covered by 
cortex. 

Turborotalita quinqueloba (Natland, 1938) 
(PI. 7, figs. 5-7). 

Remarks: The shape is slightly compressed, trochospiral, five chambers in the 
final whorl, axial periphery is rounded. Final chamber has a flap-like extension 
over the umbilicus. Test spinose and essentially hispid. 
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Plate 1.
 

1-2 Ammonia parkinsoniana (D'Orbigny) forma tepida. 3-5 Cancris auriculus
 
(Fichtel and Moll). 6-8 Elphidium cf. Elphidium advenum (Cushman). 9-10
 
Hanzawaia boueana (D'Orbigny).
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Plate 1. 
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Plate 2.
 
1-3 Bolivina seminuda Cushman. 4-5 Bolivina dilatata Reuss, forma striatula.
 
6-7 Bolivina dilatata Reuss, forma dilatata. 8 Bolivina spathulata (Williamson).
 

206
 



Plate 2. 
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Plate 3.
 

1-3 Bulimina marginata D'Orbigny. 4-5 Fursenkoina pauciloculata (Brady). 6
 
Uvigerina proboscidea Schwager 7-8 Hopkinsina pacifica Cushman. 
Cassidulina erassa D'Orbigny.
 

9-10
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Plate 3. 
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Plate 4.
 
1-3 Nonionella turgida (Williamson). 4 and 6 Miliolinella subrotonda (Montagu).
 

5 Quinqueloculina sp. 7-8 Nonion sp.
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Plate 5.
 
1,3-4 Globigerina bulloides D'Orbigny. 2 Globigerinella calida (Parker).
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Plate 5. 
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Plate 6.
 
1,3 Globigerinita glutinata (Egger). 2 Globigerina bulloides D'Orbigny.
 

4-5 Globoturborotalita tene/la (Parker).
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Plate 6. 
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Plate 7.
 
1-2 Globoturborotalita rubescens Hafker. 3-4 Dentigloborotalia an/racta
 
(Parker). 5-7 Turborotalita quinqueloba (Natland).
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Plate 7. 
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Plate 8.
 
1-3 Globorotalia menardii (Parker, Jones and Brady). 4-5 Neogloboquadrina
 
dutertrei (D'Orbigny). 6 Orbulina universa D'Orbigny. 7 Pulleniatina obliquilocu


lata (Parker and Jones). 8 Globigerinoides ruber (D'Orbigny). 9 Globigerinella
 
aequilateralis (Brady). 10-11 Globigerinoides sacculifer (Brady).
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Plate 8. 
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