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Abstract

Planktic foraminiferal faunas from different environments in the Arabian Sea were size fractionated using 14 sieves
with meshes between 100 and 710 pwm, to assess the effect of the sieve mesh size cut off level on the faunal composition
and to determine the size frequency distribution of individual species. Nine samples from a plankton pump and a towed
net, a sediment trap, a box-core and a piston core were selected, to cover living and settling flux faunas as well as fossil
faunas from the sediment. In living faunas, most species show an exponential size frequency distribution, with highest
numbers in the finest interval of the size spectrum. In sediment trap and core samples, individual species size frequency
distributions may consist of: (1) an exponential distribution of relatively small pre-adult specimens; (2) a Gaussian-shaped
distribution of larger specimens, which may be classified as adult or terminal; or (3) a combination of both. The
distributions are separated using a best fit technique. The composition of the total planktic foraminiferal fauna strongly
changes along the size spectrum. Dominant taxa in >355 um fractions are Orbulina universa, Globorotalia menardii,
Globorotalia tumida, Globigerinella siphonifera and Globigerinoides sacculifer, in 125-355 pwm fractions Globigerina
bulloides, Globigerinoides ruber, Neogloboquadrina dutertrei and Globigerinita glutinata, and in <125 um fractions
Dentigloborotalia anfracta, Tenuitella compressa, Tenuitella iota, Turborotalita quinqueloba and the immature specimens
of larger species. Consequently, the choice of the sieve mesh size strongly determines the percent composition of the
assemblage and in turn the paleoceanographic interpretations based on these counts. Species richness and the Shannon
diversity increase with decreasing sieve mesh size, while equitability generally decreases with decreasing size. In the water
column approximately 60% of the fauna (>100 wm) is present in the 100-125 pwm fraction and 1-6% is larger than 250
pm. In samples representing a settling flux (sediment trap and sediment samples) 29-57% of the fauna is present in the
100-125 um fraction, while 6-23% is larger than 250 um. Size frequency distributions of the dextral Neogloboquadrina
complex (= Neogloboquadrina dutertrel and Neogloboquadrina pachyderma + P-D intergrades) show a bimodal pattern;
a smaller pesk reflecting dextral Neogloboguadrina pachyderma, and a larger peak of adult Neogloboquadrina dutertrei.
By applying a best fit technique to the data, the two species may be separated from each other. In size fractions larger
than 150 . m most species have reached the adult stage of ontogeny and we recommend this mesh size for standard faunal
analysis. In addition, sieve mesh sizes of 125 and 250 wm have to be used to obtain a reliable estimate of the abundance of
small and large species, respectively. [1 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
1.1. Objectivesand previous work

Planktic foraminifera have been used extensively
to trace the extent of past upwelling: their varia-
tions in test size, weight, accumulation rate, coiling
directions and stable isotopic signature, have been
used to reconstruct past and present day oceano-
graphic conditions in the Arabian Sea (e.g. Bé and
Hutson, 1977; Kroon and Ganssen, 1989; Ganssen
and Kroon, 1991; Caulet et a., 1992; Curry €t a.,
1992; Steens et al., 1992; Anderson and Prell, 1993;
Vergnaud-Grazzini et a., 1995; Naidu and Mam-
gren, 1995, 1996a,b; Reichart, 1997).

To extract the foraminifera from the sample ma
trix, sieves with different mesh sizes are used to
separate large specimens from the smaller, which
are often more difficult to identify. Consequently, a
part of the foraminiferal fauna is not included in
the analyses. Because rel ative abundance and species
composition change as a function of sieve mesh
size (Berger, 1971; Bé and Hutson, 1977; Brummer
and Kroon, 1988), different mesh sizes will yield a
different faunal composition. Statistical techniques,
which rely on foraminiferal counts to reconstruct
paleoceanographic/climatic conditions or sea-sur-
face temperature (e.g. Imbrie and Kipp, 1971; Kipp,
1976; CLIMAP, 1981, 1984; Curry and Matthews,
1981; Curry et a., 1992; Giraudeau and Rogers,
1994; Pflaumann et al., 1996), are affected by the
micropal eontologist’s choice of sieve mesh size. Past
and ongoing large research programs have evaded
this problem by defining their own standard mesh
size for fauna analysis, e.g. 150 wm for sediments
(CLIMAR, 1981, 1984), or 202 and 150 wm for zoo-
plankton nets (SCOR, 1990). However, many differ-
ent mesh sizes have been used in other studies. For
instance, Hecht (1976) used >250 uwm for core-top
samples; Curry et al. (1992) used 63, 125, 150, 250
and 500 pm mesh sizes for sediment trap samples,
to study foraminifera in separate fractions, Guptha
et a. (1994) used a 200 .wm mesh plankton net and
subsequently washed residues over a 63 pm sieve;
Naidu and Malmgren (1995) used > 150 pm for sed-
iment samples; Vergnaud-Grazzini et al. (1995) and
Vénec-Peyré et al. (1995) used >125 um for sed-
iment samples; during NIOP cruises (Van Hinte et

al., 1995) 85 and 100 .m nets were used, and many
other mesh sizes can be found in literature. This
practice obstructs a straightforward comparison of
foraminiferal counts. Relative abundance of species
is merely one aspect which is size dependent; coiling
ratios, average test size calculations, test morphol-
ogy or isotopic signature of individual species also
depend on size, or are otherwise affected by the sieve
mesh size which is used (Berger, 1971; Vella, 1974,
Hecht, 1976; Brummer and Kroon, 1988; Kroon and
Darling, 1995).

The am of this paper is to investigate how the
species composition and number of shells change
as a function of sieve mesh size and to determine
to what extent size frequency distributions (SFDs)
of individual species vary between different envi-
ronments. The samples selected for this size study
are taken from different environments, using differ-
ent sampling gear. The time represented by each of
the samples varies from days, i.e. living populations
from the water column, to hundreds of yearsin case
of sediment samples. It is therefore difficult, if not
impossible, to relate the differences in the SFDs to
e.g. apopulation’s response to upwelling. Our central
aimisto illustrate and document test size variability
and to study the effect of the sieve mesh size on
the faunal composition, rather than identifying the
environmental /biological controls which might have
caused the differencesin size.

Foraminiferal faunas usually contain a number
of species. As each species has its own size fre-
quency distribution (Brummer and Kroon, 1988), the
changes in the fauna composition as a function of
size are the combined result of a changing species
composition and the size frequency distribution of
the constituent species. In order to convert between
data sets based on different mesh sizes, it is nec-
essary to know the SFDs and their variability for
individual species.

In the Arabian Sea area a few species have
widespread distribution patterns and often domi-
nate in planktic foraminiferal assemblages. In this
paper we will focus on these species and dis
cuss their SFDs. Globigerina bulloides d’ Orbigny,
Globigerinita glutinata (Egger), Globigerinoides ru-
ber (d' Orbigny), Globigerinoides sacculifer (Brady),
Neogloboquadrina dutertrei (d’ Orbigny) and dextral
Neogloboquadrina pachyder ma (Ehrenberg). Among
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these, G. bulloides is the most abundant species in
the Arabian Sea upwelling areas and is commonly
used as a proxy for upwelling in paleoceanographic
studies (Curry et al., 1992; Prell et a., 1992; An-
derson and Prell, 1993; Naidu and Mamgren, 1995;
Conan and Brummer, 1999).

1.2. Arabian Sea oceanographic setting

Past and present coastal upwelling off Oman/Ye-
men and Somalia is driven by the monsoon system
(e.g. Pickard, 1979; Prell and Kutzbach, 1992; Prell
et a., 1992). NIOP station 905 is located off Soma-
lia (Fig. 1), directly below the Great Whirl system
(Swallow and Bruce, 1966; Bruce, 1979; Bruce et
al., 1980; Schott et al., 1990; Fisher et al., 1996).
This region is characterized by strong surface cur-

50° 52°

rents and, during the southwest summer monsoon,
several clockwise rotating eddies transport relatively
low saline waters from the equator northward. In the
upper part of the water column, transport is charac-
terized by Ekman flow, resulting in highly variable
surface water conditions. Mixing of surface- and
upwelled water, in particular at gyre edges, leads
to enhanced biological production and maxima of
chlorophyll a are found during the height of the
southwest monsoon (Banse, 1987). The increase of
biological productivity is aso reflected in the fluxes
of G. bulloides: high fluxes of this species in sedi-
ment traps and G. bulloides rich assemblages in the
sediment are associated with these upwelled waters
and can successfully be used as a proxy for up-
welling strength (Prell and Curry, 1981; Cullen and
Prell, 1984; Prell and Van Campo, 1986; Clemens et

Latitude ("N)

Longitude (°E)

Fig. 1. Map of the southwestern Arabian Sea with the location of NIOP site 905, where plankton net, sediment trap and core samples
were collected. The 2 plankton pump samples were collected at stations C1-F29 and C1-F37 off Oman/Yemen. Isobaths in meters.
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a., 1991; Prell et al., 1992; Naidu and Mamgren,
1996a,b; Conan and Brummer, 1998).

2. Material

This study is part of the multidisciplinary Nether-
lands Indian Ocean Programme (NIOP), where the
geologic component aims to reconstruct the variabil-
ity of the monsoonal system (Van Hinte et al., 1995).
For this purpose an extensive foraminiferal data set
from both modern and past environments was col-
lected during NIOP cruises BO/CO, C1 and C2 of
R/V Tyro in 1992-1993 (Van Hinte et a., 1995).
It represents a vertical section from the ocean’s sur-
face water to the downcore sediment. The samples
were acquired by different techniques i.e. plankton
pump, plankton nets, sediment traps, box- and piston
cores. For the present study, nine samples represent-
ing different environments sampled by different gear
were selected: two plankton pump samples taken
during the southwest monsoon of 1992; one from
the centre of coastal upwelling and another from
a gyre margin; one surface (28-13 m) and a deep
water plankton net (1000-898 m) taken during the
NE monsoon of 1993; two samples from a sediment
trap, representing the upwelling maximum of August
1992 and the non-upwelling conditions of February
1993; one Recent ocean floor sample (box-core top)
and two piston core samples, one representing the
Younger Dryas and the other the Last Glacial Max-
imum (Figs. 1-3; Table 1). All samples are from
NIOP station/site 905 off Somalia, except for the
two plankton pump samples which were taken at
stations off Oman (Fig. 1). Time control in the piston
core was established by 1*C-AMS dating and oxygen
isotope stratigraphy (Fig. 2). In Fig. 3 the method
of sample preservation and processing is presented.
The sieve mesh sizes used in this study are based on
frequently used sievesin micropal eontol ogic studies,
rather than choosing the size based on a mathemati-
cal relationship (e.g. an octave scale). The following
sieve mesh sizes were used: 100, 125, 150, 180, 212,
250, 300, 355, 400, 450, 500, 560, 630 and 710 pwm.
The multinets used for the collection of the plankton
samples have a mesh size of 100 uwm. We used this
sizeasacut-off level for all samples. Thus, whenever
percentages are given, they refer to the foraminifera

larger than 100 wm. The dried residues of the size
fractions were split with an OTTO microsplitter in
order to obtain splits which contained approximately
300 specimens. In case less than 300 specimens
were present in a size fraction, the whole fraction
was counted. Planktic foraminifera were identified
using a WILD M5A binocular microscope follow-
ing the taxonomy of Bé (1967) and Hemleben et
a. (1989). The samples did not show any signs of
carbonate dissolution (i.e. contained well preserved
whole pteropods).

3. Methods

3.1. Normalizing the data

Although individual foraminiferal shells show a
stepwise chamber growth during ontogeny (Signes
et al., 1993), the test size of a whole plank-
tic foraminifer population can be represented by
a continuous curve or density function (Fig. 4b).
For the best possible approximation of the real
size frequency distribution (SFD), in our case of
foraminifera larger than 100 wm, normalization of
the data is needed to remove the effect of unequal
partitioning of the size spectrum (see Blanco et a.,
1994). The normalized number of foraminifera per
sizeinterval, j, is obtained by dividing the percent-
age of foraminifer specimens of a certain species
(Nf;) by the size interval width. In this paper, the
normalized number is given per nominal 25 pm:

25N @
UL; —LL;

whereUL ; and LL; are, respectively, upper and lower
limit (in wm) of sizeinterval j. For each sizefraction,
the number of specimens per nominal 25 pm inter-
val is plotted against the size class geometric mean
(GM) (Fig. 4). The choice of other mesh sizeswould
yield different numbers per size fraction but would
not drastically change the shape of the normalized
curve (Blanco et al., 1994).

Nfnorm; =

3.2. Szefrequency distributions (SFDs)

The test size of a planktic foraminifer species
may graphically be represented in two ways: (1) by
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Fig. 2. Oxygen isotope curve of piston core 905P based on G. bulloides and G. ruber (after Ivanova et a., unpubl. data). Sample
905p,/340 cm from the Younger Dryas, sample 905p/415 cm from the Last Glacial Maximum.

its SFD, which reflects the density of a species test
size along the size spectrum; and (2) by plotting its
cumulative size frequency (CSFD). For each SFD a
CSFD can be plotted, as is shown for G. bulloides
in Fig. 5a—f. Because we studied foraminifera larger
than 100 pwm, we define that all specimens of a
species larger than 100 wm equal unity. Thus, one
can read from the CSFD the median size, as well as
the number of specimens present in any part of the
Size spectrum, as a fraction of all specimens larger
than 100 pwm.

3.3. Mathematical description of S-Ds

The SFD of a foraminiferal species is described
in this study by an exponential distribution, a Gaus-
sian distribution, or by the sum of both. The two
kinds of distributions are necessary in order to fit
the size distributions of pre-adult (exponential) and
adult specimens (Gaussian) accurately. The separate
components of the SFDs can be used to estimate
the relative contribution of pre-adult and adult spec-
imens to the different size fractions. The method
is illustrated using the data of G. sacculifer from
the non-upwelling sediment trap sample (Fig. 4a—)
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Fig. 3. Sample processing scheme.

applying the following equation to the data:

(S— 100))

Nfnorm(S) = C, exp (— c
2

Cs S— 04)2
+ exp|—0.5 2
Cs/2r1 p|: ( Cs @)
in which C4, C,, C3, C; and Cs are constants and
Sisthe sieve mesh size in wm. The first part of the

equation describes the exponential part of the SFD,
in which C, is a scaling factor and C, describes the
curvature. The second part, the Gaussian distribution,
is described by three constants: Cz equals the area
under the curve, C, is the centre of the distribution
and Cs represents the standard deviation. Because
the Gaussian shaped curve is symmetrical, C4 also
represents the average, modal and median size of the
distribution of the adult population (Fig. 4c). Similar
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Table 1

An overview of the samples used in this study

NIOP sample  Type of the Location  Date/period Lunar day  Water Remarks

code sample depth

C1-F29 plankton 16.09°N  August 20, 1992 7 approx. 3m  upwelling/off Oman coast
pump 52.31°E centre of upwelling/diatom bloom

C1-F37 plankton 15.40°N  August 23, 1992 10 approx. 3m  upwelling/off Oman coast
pump 52.58°E gyre margin/zooplankton bloom

905-4-4 plankton 10.48°N  February 15, 1993 9 28-13 m site 905/0off Somalia
net 51.58°E non-upwelling/NE monsoon

905-1-1 plankton 10.46°N  February 13, 1993 7 1000898 m  site 905/0off Somalia
net 51.57°E non-upwelling/NE monsoon

MST8-B5 particle flux 10.45°N  from July 19 to 6-20 1265 m site 905/off Somalia
sediment trap 51.57°E  August 2, 1992 upwelling/SW monsoon

MST8-B20 particle flux 10.45°N  from February 1 to 258 1265 m site 905/0off Somalia
sediment trap 51.57°E  February 14, 1993 non-upwelling/NE monsoon

BC21WP7 sediment 1046°N  Recent - 1617 m site 905/0ff Somalia
box-coretop  51.58°E

905P/340 cm  sediment 10.46°N  Younger Dryas - 1567 m site 905/0off Somalia
piston-core 51.57°E

905P/415 cm  sediment 10.46°N  Last Glacid Maximum - 1567 m site 905/off Somalia
piston-core 51.57°E

to Eq. 2, athree component distribution consisting of
a combined exponential and two Gaussian curves is
described using:

Nfnorm(S) = C, exp (—w)

G
Cs S— 04)2
+ exp| —0.5
Co/2n 7 { ( Cs

Cs <s— C7>2
+ ———exp| —0.5 3
Ca/21 P |: Cs ®)
in which Cg, C; and Cg, represent scaling factor,

centre and standard deviation of the second Gaussian
distribution, respectively.

3.4. Averagetest size

The average test size of aforaminiferal speciesis
calculated using the sieve size class middle value and
the number of specimens per size fraction. The av-
erage test size calculated using sieves is comparable
to an average test size calculated using the lengths
of the intermediate axis of the foraminiferal shells.
Often, the maximum test size diameter is used in
average test size calculations, which thus results in
alarger average test size. In this study we calculate

an average test size of specimenslarger than 150 um
(CLIMAP sieve size standard) using:

> Nf/UL  LL
Sv="" @

n
> Nfj
j=1

in which Nf; is the number of specimens present
in fraction j, and UL; and LL; are, respectively,
upper and lower limit of fraction j. Note that we
used the geometric mean as a single value that
represents the whole size class. Different values have
been used as nomina sizes, e.g. the lower limit,
the geometric mean or the arithmetic mean of size
fractions. Generally the number of foraminiferal tests
increases with decreasing size. Consequently, the
size of foraminiferal tests within a size fraction will
be closer to the lower limit than to the upper limit
of that size fraction. The geometric mean will thus
be a better single value that represents the whole size
class that the arithmetic mean. However, because we
used relatively narrow sieve size classes, changes
in the inferred SFDs and calculations of average
size, caused by either taking the arithmetic or the
geometric mean of the size class, were extremely
small, i.e. in the order of afew microns.
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Fig. 4. Constructing the size frequency distribution (SFD) of a planktic foraminifer species from sieve fractions involves three steps (a—):
(a) The normalized frequency per size fraction is plotted. Normalization of the data is needed when the width of the size fractions used
is not constant. (b) A size frequency distribution for the whole population is obtained by curve fitting. Here, the sum of an exponential
and Gaussian distribution is used to fit the data. The size of foraminifera within a size fraction is represented by a single value: the size
fraction’s mean. (c) Size frequency distributions of pre-adult and adult shells are given separately. The sum of both separated distributions
yields the size frequency distribution of the whole population (data shown are that of G. sacculifer from non-upwelling trap sample).
(d) A hypothetical sample containing various species (A, B, C) with different size frequency distributions, will cause a changing relative

abundance of the separate species as a function of sieve mesh size (g).

absolute frequency per nominal 25 ym

cumulative relative frequency

species A

species B
species C

(@)

T T T T T T
100 200 300 400 500 600 700
sieve size pm

100 200 300 400 500 600 700

sieve size pm



F. Peeters et al. / Marine Micropal eontology 36 (1999) 31-63 39

size frequency distribution ——— cumulative size frequency distribution
of G.bulloides of G.bulloides

. @ plankton pump / centre upwelling
70 surface water 1 O plankton pump / gyre margin upwelling
+ shallow plankton net / non-upwelling

absolute frequency per nominal 25 ym
cumulative frequency (%)

(@
v v — ' v
100 150 200 250 300 350 400 100 150 200 250 300 350 400
60 - 100

g X deep plankton net / non-upwelling
Q 50 deep water V¥ sediment trap / upwelling
e Q- V sediment trap / non-upwelling
5 w4 g
- S 60
g =3
> 30 4 £ + ——median-— — — — ——-
2 o
5 1 2 404
& 20+ s
[ 3
s 1 € »
5 10 4 o T
E )
T 0 — 0 . ——

100 150 200 250 300 350 400 100 150 200 250 300 350 400
g - 100
5 O box-core top / Recent
& sediment B piston-core / Younger Dryas
E 40 § 80 ~ M piston-core / Last Glacial Maximum
€ ] >
5 g
» 30 S 60
2 T
> e 1 ——median- ——————-
e o
& 20- = 40
3 =
g 1 =
i 10 g 20
S [
°
[72]
Q
© 0 T v T 0 v T v

100 150 200 250 300 350 400 100 150 200 250 300 350 400

mesh size (pm) mesh size (upm)
size class geometric mean size class lower limit
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deep water plankton net and sediment traps (c—d) and in the sediment (e—f). Note smaller median size at 50% in the cumulative graphs
for living/surface water G. bulloides.
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3.5. Joeciesrichness, Shannon diversity and
equitability

In order to identify the effect of the sieve mesh
size cut off level on the faunal composition, we
have studied relative abundance of speciesas well as
species richness (S), the Shannon diversity (H’) and
equitability (E’) (Buzas and Gibson, 1969; Lipps
et a., 1979) as a function of size. The Shannon
diversity and equitability have been used as tracers
of ocean environments (e.g. Ottens, 1992). Species
richness is given by the number of species present
in a sample. The Shannon diversity takes into ac-
count the proportion to which individual species are
present:

S
H'=) pinp (5)
i=1

in which S is the number of species and p; the
proportion of the ith species. In the literature differ-
ent log bases have been used, which can easily be
compared by multiplying by a constant.

Equitability (E") givesinformation on the similar-
ity between species proportions and ranges in value
from 0, when the assemblage consists of a single
species, to a value of 1 when all species are present
in the same proportion:

/ eH/

E'= 3 (©)
in which H’ is the Shannon diversity and S the
species richness. To show the effect of the sieve
cut-off level on the relative abundance, the data
are plotted cumulatively starting with the largest
sieve (Fig. 4e-f). For each sieve fraction used, the
fauna present in all larger fractions is added and the
relative abundance of the species is (re)calculated.
For example, the >450 pum relative abundance of
speciesis based on the sum of the countsin fractions:
450-500, 500-560, 560-630, 630710 and >710
pwm.

3.6. Equivalent catch

Since smaller mesh sizes of sieves and plankton
nets result in a larger number of foraminifera per
sample, the mesh size choice leads to incompara-
ble numbers of foraminifera and species proportions.

Berger (1969) introduced the concept of equiva-
lent catch to compare the concentrations of living
foraminifera collected with plankton nets of unequal
mesh size. In his example, a 70 wm mesh phyto-
plankton net catching 160 specimens and a 300 wm
zooplankton net catching 2 specimens in the same
volume of water yield the same equivalent catch
of 16 specimens at his standard net size of 158
pwm. He concluded that the concentrations of liv-
ing foraminifera reported by various workers can be
standardized according to:

Nf (equivalent) = Nf (actual) <%‘> @)
S

where M, is the actual mesh opening used (net mesh

size or sieve mesh size) and Mg is the standard mesh

size. Rewriting Eq. 7 in order to describe the total

number of foraminifera found at sieve mesh size M,

yields:

Nf (actual) = Nf (equivalent) <%> 8

Berger (1969) used o = 3 for plankton tow samples.
Straightforward use of Egs. 7 and 8, with o = 3,
to samples from different environments would over-
estimate the numbers of large foraminifera in our
(extreme) plankton pump samples as a result of rela-
tively abundant small G. bulloides and underestimate
the number of relatively large foraminiferapresent in
sediment trap and sediment samples. Consequently
the value of the exponent « is not constant and varies
with the kind of sample. In this paper we use Eq. 8 to
describe the total number of foraminifera as a func-
tion of sieve mesh size, using Nf (equivalent) = 100
and Mg = 100 pwm. The number of foraminifera
found at any sieve mesh size is expressed as a frac-
tion of the foraminifera >100 wm. A best fit curve
fitting procedure yields values for the exponent « for
different environments.

4, Results

4.1. Szefrequency distributions of G. bulloides

The SFDs of G. bulloides are very similar in the
shallow plankton net and both plankton pump sam-
ples, although they were taken during upwelling and
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non-upwelling conditions. In surface waters SFDs
show an exponential relationship with highest den-
sity in the lower part of the size spectrum (Fig. 5a).
The CSFD shows that 15-22% of the standing stock
(>100 pwm) is present in fractions larger than the
CLIMAP standard of 150 wm and consequently 78—
85% is present between 100 and 150 pwm (Fig. 5b).

The samples from the deep water include a deep
plankton net and two sediment trap samples, one
reflecting upwelling conditions of August 1992,
the other the non-upwelling conditions in Febru-
ary 1993, when the ocean was stratified and a deep
chlorophyll maximum was present (Brummer, 1995).
The non-upwelling trap sample and the deep plank-
ton net were taken from the same locality at the same
time, hence they can be used to compare the SFDs of
species in the water (concentration) to those which
were collected by a sediment trap at 1265 m water
depth (flux). The SFD of G. bulloides from the deep
plankton net shows a similar exponential trend as ob-
served in surface water distributions (Fig. 5a, ¢). The
CSFD shows that 30% of the specimens are larger
than 150 um, which is an increase of 10% com-
pared to the surface water plankton from the same
station (Fig. 5d). In both sediment trap samples the
SFDs of G. bulloides are not continuously decreas-
ing with size and show a maximum in the density
distribution at 195 uwm (Fig. 5¢). Consequently, these
specimens are, on average, larger than those col-
lected in surface waters, and the CSFDs show that
54% (non-upwelling) and 68% (upwelling sample) is
larger than 150 .m, respectively (Fig. 5d). The SFDs
of G. bulloides in sediment samples (Fig. 5€) mirror
the distributions of G. bulloides in the sediment trap
samples. They are characterized by a local density
maximum in the larger part of the size spectrum and
an increasing shell density in the lower part of the
size spectrum. Apart from small differences in the
SFDs of G. bulloides from the sediment samples,
the general shape of the curve remains. We consider
these SFDs to consist of two components: (1) an
exponential distribution of relatively small imma
ture specimens; and (2) a Gaussian shaped distribu-
tion reflecting larger specimens which reached the
adult/terminal stage and had probably reproduced.
The CSFDs of G. bulloides in the sediment samples
show that 55-68% of the specimens are larger than
150 pm (Fig. 5f).

Fitting EQ. 2 to the data yields a maximum value
of the Gaussian distribution at 210 um in the Re-
cent sediment, representing the average, median and
modal size of the adult/gametogenetic population
(Fig. 6a). In the Younger Dryas and the Last Glacial
Maximum the modal size of adults is found at 190
and 154 pwm, respectively, and adult specimens are
thus smaller on average (Fig. 6b—C).

Because the average test size of foraminifera is
a common proxy used in paleoceanographic studies,
we wanted to test whether the average test size
obtained by curve fitting, viz. the modal size of
the Gaussian curve, equals the average test size
calculated using Eqg. 4. The average test size of G.
bulloides in both the Recent and the Younger Dryas
as calculated using Eq. 4, is close to the modal size
found in the Gaussian shaped distribution (Fig. 6a—
b). On the other hand, the average test size cal culated
for the Last Glacial Maximum is 61 um below the
modal size at 215 wm (Fig. 6¢). Therefore, average
size does not necessarily represent the modal size of
adult G. bulloides and thus should be used with care.

4.2. Szefrequency distributions of G. glutinata

The SFDs of G. glutinata (Fig. 7a—f) show that it
is arelatively small species. Specimens in fractions
above 400 pm are not recorded and highest den-
sities are consistently found in the finest fractions.
Again, SFDs are exponential in the water column
(Fig. 7a), whereas in sediment trap (Fig. 7b—c) and
core samples (Fig. 7d—f), a superimposed Gaussian
distribution is recognized. Separating these distribu-
tions using Eq. 2 yields a modal size of adult G.
glutinata specimens between 138 and 190 um. In
surface water only 6-16% of the G. glutinata spec-
imens are larger than 150 wm, in the deep plankton
net 12% are larger than 150 wm, in traps 33% (non-
upwelling) and 44% (upwelling), and in the sediment
21-35%.

4.3. Sze frequency distributions of G. ruber

In the Arabian Sea, G. ruber is the second most
abundant species, dominating the assemblagesin the
northern and eastern regions where upwelling is less
intense (Cullen and Prell, 1984; Zhang, 1985). In the
surface water samples G. ruber shows an exponential
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SFD (Fig. 8a). The SFD of G. ruber from the deep
plankton net (Fig. 8b) shows that both pre-adult and
adult specimens are present. The modal size of the
adult population is 208 wm, which is close to the
modal size of 199 wm observed in the sediment trap
sample from the same location (Fig. 8c). In the sed-
iment trap samples (Fig. 8c) the SFD shows a Gaus-
sian distribution and, different from other species,
does not show higher numbers reflecting pre-adult
specimens in the finest part of the size spectrum.
A modal size of approximately 195 um is found
in both the upwelling and the non-upwelling trap
sample. Because both sediment trap samples show
a unimodal distribution, we assume that pre-adult

specimens of G. ruber are mostly present in fractions
smaller than 100 wm. The SFD of G. ruber in the
Recent sediment (Fig. 8d) shows a modal size of
adult specimens at 207 pum and the pre-adult spec-
imens restricted to fractions smaller than 125 pum.
Adult specimens of G. ruber from the Younger Dryas
and Last Glacial Maximum (Fig. 8e—f) are smaler,
having a modal size of 139 and 169 wm, respec-
tively. Pre-adults are virtually absent or restricted to
fractions smaller than 125 yum.

In the surface water samples 23-27% of the G.
ruber specimens are larger than 150 wm. In the deep
plankton net this has increased up to 44% and in
both trap samples 83% are larger than 150 wm. In
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the sediment samples 55—-72% are larger than 150
pwm.

4.4, Sze frequency distributions of G. sacculifer

G. sacculifer is commonly observed in living
foraminiferal populations during periods of non-
upwelling. This species is frequently used in lab-
oratory culturing experiments and a relatively large
data base is available on its ontogenetic and ecologi-
cal behavior (B€, 1980; Caron et al., 1981; Hemleben
et a., 1989; Brummer and Kroon, 1988; Bijmaet al.,
1990, 1994, Erez et a., 1991; Bijma and Hemleben,
1994). It has been shown that test size variations of
this species in the water column are related to the
reproductive cycle, which appears to be related to
lunar cycles (Bijma et a., 1990, 1994; Bijma and
Hemleben, 1994). The species is thought to repro-
duce around full moon, resulting in higher fluxes
of relatively large specimens at greater depth, while
small specimens of the new population inhabit sur-
face waters during the first weeks after full moon.
Although our data do not represent a time series of
samples which can be related to lunar cycles, our
results show striking similarities with the results of
Bijma et a. (1990, 1994) and Bijma and Hemleben
(1994).

Following Bijmaand Hemleben (1994), anormal-
form (NOR) and sac-like morphotype (SAC) of G.
sacculifer is distinguished. Their kummerform mor-
photype is included in the NOR group, and their
kummersac morphotype (KUMSAC) in the SAC
morphotype.

In the shallow plankton net sample (Fig. 9a)
G. sacculifer shows an exponential SFD. Although
highest numbers are found in the finest part of the
size spectrum, some larger specimens are present
up to fractions as coarse as 560-630 wm, possi-
bly representing the relic population of G. sacculifer
which has reproduced around the previous full moon.
The SFD of G. sacculifer in the deep plankton net
(Fig. 9b) clearly shows a Gaussian distribution of
adult gametogenetic specimens with a modal size
of 342 pm. All SAC and KUMSAC specimens are
present in fractions larger than 300 wm. This sam-
ple was collected 7 days after full moon (Table 1)
and thus mainly collected the empty shells of speci-
mens that have reproduced around the previous full

moon. The shallow plankton net (Fig. 9a) collected
9 days after full moon (Table 1) mainly consists
of specimens of the new population as indicated
by the exponential SFD. The SFD of G. sacculifer
from the upwelling trap sample (Fig. 9¢) collected
from the 6 to 20th lunar day, shows that mainly
pre-adult specimens were caught, while the SFD in
the non-upwelling sediment trap sample (Fig. 9d),
which collected specimens from the 25-8th lunar
day and thus included a full moon, show abundant
adult specimens. These observations match the re-
sults of a sediment trap simulation experiment of
Bijma et a. (1994, p. 516, fig. 3b, d) with remark-
ably accuracy. The SFDs of G. sacculifer from the
deep plankton net and non-upwelling sediment trap
are very similar (Fig. 9b, d) and minor differences
are the result of size depending settling velocity and
have been caused by different timescales of sampling
(20 minutes for the plankton net vs. 2 weeks for the
sediment trap sample).

In the Recent sediment and Younger Dryas a
modal size of 300 wm and 325 um of G. sacculifer
is found, respectively (Fig. 9e—f). The scatter in the
SFD of G. sacculifer from the Recent sediment is
due to the increasing number of shellsin smaller size
fractions and the combined low absolute abundance
of G. sacculifer in these fractions, increasing the
measurement error.

In the shallow plankton net 35% of the G. sac-
culifer specimens are larger than 150 wm, increas-
ing to 85% in the deep plankton net. In the non-
upwelling trap sample 80% are larger than 150 pm,
against only 33% during upwelling. In the Younger
Dryas sample 26% are larger than 150 pum.

4.5. Sze frequency distributions of the dextral
Neogl oboguadrina compl ex

Morphologic gradation between dextral N. duter-
trei and N. pachyderma often hinders assignment of
the specimens to the correct species. They should
not be lumped in one taxonomic category since
the two species represent different geographical and
ecological regions (Hilbrecht, 1997). Two groups
of dextral Neogloboquadrina were identified: (1) N.
dutertrei; and (2) N. pachyderma including the P-D
intergrades (Plates | and 11). Based on their morphol -
ogy, adult N. dutertrei can be distinguished from N.
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pachyderma by having a more lobulate periphery, an
umbilical tooth, higher coiling and 4—-6 chambersin
the final whorl (Plate I1). Representatives of the sec-
ond group (N. pachyderma + P-D intergrades) were
only present in fractions smaller than 400 p.m. Con-
sequently, a part of the N. dutertrei population, in
particular morphologically indistinct sub-adult spec-
imens, are included in the second group. Because
this group is a mixture of the species, we used the
curve fitting technique to separate the species, as-
suming that the separate distributions for adult N.
dutertrei and N. pachyderma are unimodal Gaussian
and their modal adult size is different. For this pur-
pose both groups were lumped and SFDs of the dex-
tral Neogloboquadrina complex (combined groups 1
and 2) were plotted (Fig. 10a—g).

The SFDs of the dextral Neogloboguadrina com-
plex follow an exponential trend in samples from
surface water and the deep water plankton net
(Fig. 10a—b), and show a bimodal pattern in the
trap and sediment samples (Fig. 10c—g). Both trap
sampl es show two maxima, the first between 150 and
200 wm and the second around 330 um (Fig. 10c—
d). The bimodal SFD was fitted using Eg. 3, yielding
two well defined Gaussian curve maxima in both
sediment trap samples. In the upwelling trap sample
(Fig. 10c) the first maximum is found at 182 pum
and the second at 339 um. In the non-upwelling trap
sample (Fig. 10d) these maxima are found at 139
and 319 wm, respectively. The widths of the smaller
and larger Gaussian distributions, are similar in both
samples (note that Cs and Cg represent the widths
of the smaller and larger distributions, respectively).
The two Gaussian distributions in the sediment sam-
ples center between 165 and 201 .wm and between
311 and 363 um, respectively (Fig. 10e—g).

Kroon and Darling (1995) reported a multimodal
size frequency distribution of N. dutertrel from a
glacia Panama Basin sample. They related this to
the presence of different populations of the species
and showed that the oxygen isotopic composition of
the smaller population is at least 1 per mil lighter
than the larger one. On the other hand, the same
authors report that cultured specimens of N. dutertrei
are all pre-gametogenetic below 360 wm, suggesting
that the smaller population is exclusively pre-game-
togenetic. However, taking into account the taxo-
nomic difficulties associated with both species, es-

pecialy in smaller size fractions, and the consistent
bimodal SFD of the dextral Neogloboquadrina com-
plex (Fig. 10c—g), we suggest that two species rather
than two populations of one species are involved.
A cross check with the observations of the separate
groups showed that the larger distributions only con-
tained N. dutertrei specimens (Plate |, 1, 2; Plate Il,
1, 2). Consequently, the smaller peak is assumed to
be attributed to dextral N. pachyderma.

The Last Glacia Maximum sample shows a much
higher abundance of the N. pachyderma population
than the N. dutertrei population, whereas in the Re-
cent sediment N. dutertrel is more abundant than N.
pachyderma. This observation is consistent with pre-
vious studies, showing that dextral N. pachyderma is
more abundant in the Last Glacial than in the Recent
(e.g. Naidu and Mamgren, 1996a).

4.6. Faunal changes as a function of sieve size

In order to investigate the effect of the sieve mesh
size cut off level on the faunal composition, we
studied the relative abundance of species as well as
species richness (S), the Shannon diversity (H’) and
equitability (E’) as a function of size (Buzas and
Gibson, 1969; Lippset a., 1979).

4.6.1. Relative abundance

Previous work showed that the species compo-
sition differs between size fractions of the same
sample (Berger, 1971; Bé and Hutson, 1977; Brum-
mer and Kroon, 1988). Larger size fractions consist
of what are commonly considered to be relatively
warm faunas, the smaller fractions are composed
of relatively cold faunas (Bé and Hutson, 1977).
Many statistical techniques often use percentage data
of the faunal assemblage. For a sediment sample
from Santa Barbara Basin, Berger (1971) showed
that the probable surface water temperature as cal-
culated using average specific values, dropped by
approximately 3°C from 17 to 14°C, using the fauna
composition from >250 wm down to 62 pm.

In our samples the relative abundance of species
changes strongly with size (Fig. 11); the coarser part
of the size spectrum is dominated by O. universa and
G. menardii, whereas G. sacculifer, N. dutertrei and
P. obliquiloculata dominate the middle part of the
spectrum. G. bulloides, which is aways abundant in
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sediment samples, suppresses the relative contribu-
tion of other speciesbelow 300 pwm (Fig. 12). Inturn,
the increased abundance of D. anfracta, G. glutinata,
T. quingqueloba, T. iota, N. pachyderma (sin.) and the
increasing number of pre-adult specimens of larger
species, cause a relative decrease of G. bulloides in
the finest part of the spectrum.

4.6.2. Speciesrichness, Shannon diversity and
equitability

The species richness (S), Shannon diversity (H’)
and equitability (E’) asafunction of sieve mesh size
are plotted in Fig. 12a—c. Generally, species richness
and the Shannon diversity increase with decreasing
sieve mesh size, while equitability decreases with
decreasing mesh size and isrelatively constant bel ow
approximately 200 pwm.

Both plankton pump samples only contain
foraminifera smaller than 355 wm and the Species
richness is low, ranging from 15 for the centre up-
welling sample to 17 in the gyre margin (Fig. 12a).
The Shannon diversity is 1 at 100 um and is con-
sistently higher throughout the size spectrum in the
gyre margin sample, reflecting alittle more balanced
fauna composition (Fig. 12c¢). Both of these pump
samples are strongly dominated by the species G.
bulloides, which accounts for approximately 80% of
the total fauna as reflected in the low equitability
values (Fig. 12b). In the shallow plankton net (non-
upwelling), Species richness is nearly equal to the
plankton pump samples (17 species), but the assem-
blage is less dominated by one species as shown by
a higher Shannon diversity and equitability values
(Fig. 12a—c).

The deeper water, as sampled by the deep plank-
ton net and the two sediment trap samples, is charac-

Plate |

All specimens from the upwelling sediment trap sample. Scale
bar = 100 pm.

1-2. Adult Neogloboquadrina dutertrei from size fraction 355—

400 pm.
1. Umbilica view.
2. Spiral view.

3. Neogloboguadrina dutertrei from size fraction 212-250
wm, umbilical view.

4-6. P-D intergrades from size fraction 212-250 pwm, umbilical
views.

terized by higher Species richness and Shannon di-
versity values than surface water samples (Fig. 12a,
¢). The Shannon diversity reaches alocal maximum
of around 2.08 in the upwelling trap sample at a
sieve mesh size of 250 pm and drops to 1.95 at a
mesh size of 180 pm. The Shannon diversity de-
creases between approximately 150 and 300 wm in
al G. bulloides-rich samples (Fig. 12c). The SFDs
of G. bulloides (Figs. 5 and 6) show that this species
is consistently present in fractions smaller than 300
pwm and reaches an adult size between 150 and
250 pwm, thus suppressing the relative contribution
of other species and hence decreasing the Shan-
non diversity. Below 150 wm the Shannon diversity
generally increases again due to the contribution of
small species.

At sieve mesh size 100 uwm both the Recent
assemblage and the fossil core assemblages show
a high Species richness of 27-29 species and a
Shannon diversity of 2.3to 2.5 (Fig. 123, c).

4.6.3. Total number of foraminifera as a function of
sievesize

Foraminifera larger than 250 wm are virtu-
aly absent in the upwelling plankton pump sam-
ples, whereas in the other samples 6-13% of the
foraminifera are larger than 250 wm. An exception
to this is the non-upwelling February sediment trap
sample which contained more than 22% foraminifera
larger than 250 wm. The total number of plank-
tic foraminifera changes along the size spectrum in
al studied samples and is highest in its finest part
(Fig. 13; Table 2). In plankton pump and plankton
net samples 59-73% of the planktic foraminiferal
assemblage is present in the finest 100125 pwm
fraction and 75 to 87% is present between 100 and
150 wm (Table 2). The finest fraction of the trap
samples has 48% for the upwelling trap sample and
29% for the non-upwelling trap sample. Adding the
125-150 pwm fraction, respectively 59% and 47% of
the foraminifera are present between 100 and 150
pwm. The number of foraminifera in the finest frac-
tion of the sediment samplesis relatively constant at
49-57% for the 100-125 pwm fraction and 63-68%
for 100150 pwm.

We used Eq. 8 to calculate best fits, describing
the total number of foraminifera as a function of the
sieve mesh size, and found that « ranges from 1.8 for
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the sediment trap non-upwelling sample to 5.6 for
the plankton pump core upwelling sample (Fig. 13).
In general, values for « between 3.5 and 5.6 are
related to assemblages from plankton pump and nets,
whereas values ranging between 1.8 and 3.0 are re-
lated to settling flux samples and fossil faunas in
sediment trap and sediments assemblages. All curve
fits have r2 of 0.98 or higher and fit the data very
well between 100 and 400 um. The distinct differ-
ence in o values for concentrations of foraminifera
in the water column (pump and plankton nets) and
for settling flux samples (traps and sediment) is the
result of changes in the ratio between the number
of relatively large adult species dominating settling
flux assemblages, versus small species and small
pre-adult specimens of larger species which domi-
nate in watercolumn assemblages. Because of this,
may be a time dependent size parameter, tied to the
ontogenetic development of living populations, or
may serve as ameasure for dissolution or winnowing
in fossil faunas.

5. Discussion

5.1. Species size frequency distributions

The total number of foraminifera as a function
of sieve mesh size is determined by two charac-
teristics of the faunal assemblage: (1) the absolute
abundance of the constituent species; and (2) their
size frequency distributions. We found that species
SFDs vary between samples. Generally, SFDs of liv-

Plate 11

All specimens from the Last Glacial Maximum sample. Scale
bar = 100 pm.

1-2. Adult Neogloboquadrina dutertrei from size fraction 355—

400 pm.

1. Umbilica view.

2. Spirdl view.

3-4. Small adult Neogloboguadrina dutertrei from size fraction
180-212 pum.

3. Umbilical view.

4.  Spira view.

5-6. Adult Neogloboquadrina pachyderma from size fraction
180-212 pum.

5. Umbilical view.

6. Spiral view.

ing planktic foraminiferain surface waters follow an
exponential trend, whereas their export fluxes may
show a superimposed Gaussian shaped distribution
reflecting larger adult specimens. The SFDs vary ac-
cording to the type of sample studied, e.g. plankton
(pump, net), settling flux (deep net, sediment trap),
or a fossil assemblage (box, piston-core). In addi-
tion, SFDs of species from plankton and settling flux
assemblages are affected by the ontogenetic stage in
which a population is at the time of sample collec-
tion: e.g. Schiebel et al. (1997) showed that many
small tests of G. bulloidesin the North Atlantic were
present during the first half and at the end of the lu-
nar cycle, whereas large numbers of large tests were
found in the first week after full moon.

5.2. Processes controlling the variability of SFDs

The SFDs of species are controlled by various
factors:

(1) The physical and chemical conditions of the
surface water directly control the population dynam-
ics of planktic foraminifera and thus their size distri-
bution. Surface water conditions which are closer to
the biological optimum of a certain species lead to
an increased average test size. This explains why in
most cases a larger average test size of a species co-
varies with higher mass accumulation rates, as aso
the production of tests increases when conditions are
favorable (Naidu, 1995). In addition, reproductive
cycles, which may be related to lunar cyclicity, do
have a profound effect on the shape of SFDs of
living populations and those collected by sediment
traps (Bijmaet al., 1994).

(2) Differences in weight (as a function of size)
and presence/absence of spines mainly controls the
sinking speed of foraminifera (Takahashi and Bé,
1984; Bijma et a., 1994). Large, adult and non-
spinose species therefore reach the sea floor faster
than smaller spinose ones. However, juveniles and
adult specimens that die without undergoing gameto-
genesis do not drop their spines, resulting in a lower
settling velocity than specimens that underwent ga-
metogenesis (J. Bijma, pers. commun., 1998). Con-
seguently, the residence time of a certain speciesin
the water column increases with decreasing test size.
Berger (1971) noted that: “ Size distributions suggest
that most of the foraminiferal production becomes
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food for predators and is not available for sedimenta-
tion”. Because larger specimens (species) sink faster
from the productive zone than the smaller ones,
the likelihood that small specimens become food or
are affected by dissolution also increases with de-
creasing test size. This might explain the consistent
over-representation of relatively small specimens in
surface water compared to sediment trap and sed-
iment distributions. Consequently, larger specimens
and also larger species have greater fossilization
potential than smaller ones. In addition, specimens
which die without gametogenesis are filled with cy-
toplasm, which is probably assimilated by bacteria
producing a micro-environment that favors disso-
lution. Therefore, it may be anticipated that small
sized species and specimens that did not undergo
gametogenesis are consistently underrepresented in
the fossil record.

(3) Although our samples did not show any signs
of carbonate dissolution, it may selectively remove
smaller sized specimens and thus affect their SFD.

(4) Finaly, winnowing may selectively remove
the finer specimens after the foraminifera settled on
the seafloor.

5.3. Selection of sieves

When comparing the work of different authors
who used sieves of unequal mesh size, it is use-
ful to consider water column (concentration) and
sediment trap/sediment (settling flux) samples sepa-
rately. Most of the species in surface water have an
exponential SFD. This exponential trend might be
used to predict numbers of specimensin any part of
the size spectrum. However, Bijma and Hemleben
(1994) and our own data show that this exponential
trend is not aways present and SFDs may show a
maximum in the coarser part of the size spectrum
(coarser fractions) as a result of ontogenetic de-
velopment of the population, obstructing a possible

extrapolation of observations from one size fraction
to the other.

Although the selection of the sieve mesh sizes
for faunal analysis should be based on the spe-
cific research questions first, fractionation of the size
spectrum is often necessary to separate larger from
the smaller specimens, which are more difficult to
identify. In size fractions larger than 150 wm most
species have reached the adult stage of ontogeny and
we recommend this mesh size for standard faunal
analysis. In addition sieve mesh sizes of 125 and
250 pwm have be used in order to obtain a statisti-
cally significant estimate of small and large species,
respectively. Their relative abundance will otherwise
be overwhelmed in case only a sieve mesh size of
125 um is used (rare fraction effect). For exam-
ple, adult N. pachyderma (sin) is amost exclusively
present in fractions smaller than 150 wm in samples
from the Arabian Sea upwelling areas (Ivanova et
al., 1999).

5.4. Averagetest size

Previous studies on size variations in planktic
foraminiferaindicated that size variations form map-
pable geographic patterns. Also, tropical species are
larger in warm than in cooler waters and decrease
in size with increasing latitude, while polar species
behave in an opposite manner (Stone, 1956; Ken-
nett, 1968; Bé et al., 1973; Hecht, 1974, 1976).
Hecht (1976) studied size variations of some Recent
planktic foraminifer species in the >250 uwm frac-
tion of 56 core-tops from the North Atlantic, and
concluded that species reach their maximum average
test size (= arithmetic test size of specimens >250
pm) in regions of ‘optimum’ temperatures and salin-
ities. Naidu and Malmgren (1995) used an average
test size cross sectional area as an index for up-
welling intensity in the Arabian Sea. They concluded
that shell-mass accumulation rates of G. bulloides,

Fig. 10. Size frequency distributions of the dextral Neogloboquadrina complex (Neogloboquadrina dutertrei and Neogloboquadrina
pachyderma + P-D intergrades) in surface water (a) and in the deep water samples (b—d). The size frequency distribution in surface
water and in the deep plankton net is exponential, whereas in the sediment trap and sediment samples (b—g) its distribution is bimodal.
There, the smaller peak reflects adult Neogloboquadrina pachyderma and the larger adult specimens of Neogloboguadrina dutertrei.
Separation of the Gaussian distributions is possible because the adult size of both species greatly differs. Note the much larger
contribution of dextral N. pachyderma in the Last Glacial Maximum sample (g), compared to the Younger Dryas and Recent sediment
(e-f). Coefficients C; to Cg are those of Eq. 3, C4 and Cy represent the modal size of the smaller and larger population, respectively.
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Fig. 11. Cumulative relative abundance of species across the size spectrum in surface water (top row), deep water (middle row) and sediment (base row). Note the effect
of the sieve mesh size on the faunal composition. The composition of the total faunal assemblage for any sieve-mesh size can be read off on the vertical axis, using a
sieve of the size given on the horizontal axis. Note large change in species composition between the upwelling and non-upwelling trap samples.
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Fig. 12. Plot showing the effect of sieve mesh size on species richness (a), Shannon diversity (b) and equitability (c). At any sieve mesh
size the values regard the total fauna larger than that size. Note the local minimum in the Shannon diversity in the ‘upwelling’ and
sediment samples between 150 and 250 pm caused by dominant G. bulloides.

G. ruber, N. dutertrei and G. glutinata, are linearly
proportional to their mean size, indicating that both
mean size and productivity of individual species are
related to upwelling intensity in the Arabian Sea.
Most of the authors mentioned above studied rel-
atively coarse size fractions, i.e. >150 wm (Naidu
and Mamgren, 1995); and >250 um (Hecht, 1976)
and the observed variability in the average test size
parameter is thus mainly the result of changes in
the Gaussian distribution, reflecting larger specimens
which reached the adult/terminal stage of ontogeny.
In this part of the size spectrum, most of the spec-
imens have undergone gametogenesis as is for ex-
ample shown by Bijma and Hemleben (1994) for G.

sacculifer. However, the calculation of an average
test size strongly depends on the sieve which was
used in the laboratory, and the results of different
authors who used unequal mesh sizes can therefore
not be compared. Generally, larger test sizes were
measured in regions where conditions are closer to
the apparent biological optimum of the speciesor, in
case of living populations, it may be controlled by
lunar or semi-lunar reproductive cycles (Bijmaet a.,
1990, 1994; Bijma and Hemleben, 1994). We have
used one or two Gaussian distributions to analyze
the distribution of adult specimens. In our examples,
the average test size of these specimens is therefore
similar to the modal value found at the center of the



Table 2
Percentage and cumulative percentage of total fauna per fraction. All foraminiferalarger than 100 um equal 100%
Sizefraction  Surface water Deep water Sediment
plankton pump/  plankton pump/  shallow plankton  deep plankton  sediment trap/  sediment trap/  box-coretop/  piston-core/ piston-core
centre of gyre margin net/ net/ upwelling non-upwelling  Recent Younger Dryas Last Glacia
upwelling non-upwelling non-upwelling Maximum
% cum. % % cum. % % cum. % % cum. % % cum. % % cum. % % cum. % % cum. % % cum. %
100-125 73.0 100.0 58.7 100.0 68.3 100.0 58.9 100.0 47.9 100.0 28.6 100.0 56.8 100.0 554 100.0 48.9 100.0
125-150 144 270 212 413 77 317 163 411 111 521 184 714 81 432 123 446 138 511
150-180 70 126 100 20.2 93 240 11.0 247 99 410 127 530 75 351 105 323 124 373
180-212 39 5.6 6.6 10.2 53 1438 40 138 100 310 109 402 74 276 91 218 80 249
212-250 1.2 17 2.8 3.6 3.2 9.4 2.8 9.8 99 210 68 294 79 202 6.2 126 79 169
250-300 0.4 0.4 0.5 0.9 2.1 6.2 25 7.0 31 111 45 226 62 123 2.6 6.4 5.1 9.0
300-355 0.1 0.1 0.3 0.3 17 4.1 21 45 29 8.0 6.7 181 25 6.1 17 3.8 2.3 3.9
355-400 0.0 0.0 0.8 24 12 2.4 14 51 38 114 13 3.7 0.9 2.0 0.8 17
400450 0.9 1.6 0.6 12 11 3.7 29 7.6 11 2.4 0.6 11 0.5 0.9
450-500 0.2 0.7 0.3 0.6 0.7 2.6 15 47 0.2 13 0.1 0.5 0.1 0.3
500-560 0.3 0.5 0.2 0.3 12 1.9 2.0 3.2 0.6 11 0.2 0.4 0.1 0.2
560-630 0.1 0.2 0.0 0.1 0.5 0.7 0.7 12 0.3 0.5 0.1 0.2 0.0 0.1
630710 0.1 0.1 0.0 0.0 0.2 0.2 0.3 0.5 0.1 0.2 0.1 0.1 0.0 0.0
>710 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0

95

€9-T€ (666T) 9¢ ABojoluoaredooly duLRI / [e 1 S¥sed o



F. Peeters et al. / Marine Micropal eontology 36 (1999) 31-63 57

plankton pump / centre of upwelling
plankton pump / gyre margin upwelling
shallow plankton net / non-upwelling
deep plankton net / non-upwelling
sediment trap / upwelling

sediment trap / non-upwelling
box-core top / Recent

piston-core / Younger Dryas

BEBEOJdAX+O0O

piston-core / Last Glacial Maximum

100
10 o
Q 3
g 3
s
c
8
g 14
[
=
=)
©
E a =3-6
3 living faunas R4
014 (plankton pump O
] andplanktonnet
assemblages) o) =]
0.01 r T T ——
100 200 300 400 700 1000

sieve size (um)
class lower limit

Fig. 13. Graph showing cumulative percentage of the total fauna larger than 100 wm against size. The total fauna as a function of size
can be described using Eq. 7, in which values of o between 3 and 6 are related to ‘water’ samples (plankton pump and plankton net),
whereas o values between 1 and 3 are related to ‘flux’ samples (sediment trap and sediment samples).

Gaussian distribution. The modal test size obtained
from the Gaussian distribution does not necessarily
reflect the average test size as obtained by measur-
ing the foraminiferal test, which may include the
pre-adult ones too. A modal test size of adult spec-
imens obtained using the ‘Gaussian method’ will
probably be closer to biological optimum size of the
Species.

6. Conclusions

Living populations of species (>100 wm), viz.
in the photic zone, mostly show an exponential size
frequency distribution (SFD), with highest numbers
in the smallest part of the size spectrum. Samples
from the deeper part of the ocean, plankton nets,
sediment traps and core samples, recorded an in-
tegrated settling flux over longer time spans from
hours to hundreds of years. The SFDs of species
in those samples may consist of: (a) an exponential
distribution of relatively small immature specimens;
(b) a Gaussian shaped distribution reflecting larger
specimens which reached the adult/terminal stage
of ontogeny; or (¢) a combination of both. The dis-

tributions are separated using a best fit approach,
providing quantitative information on modal size of
adult specimens, as well as their distribution width
over the size spectrum.

The SFD of speciesis controlled by severa fac-
tors. time and duration of sample collection and
differences in settling speed of smaller and larger
tests. Dissolution and winnowing may selectively
remove the smaller specimens. The consistent un-
derrepresentation of smaller specimens in sediment
and sediment trap assemblages, compared to living
faunas as collected by plankton pump and net, is
explained by the fact that larger specimens descend
faster to the sea floor than smaller ones, reducing the
likelihood that they are destroyed by predation and
dissolution in the water column.

Because the SFD of a certain species is variable,
the average size of specimens varies from sample
to sample. Calculating a simple arithmetic average
test size from all tests or obtaining an average test
size from the mode of a fitted Gaussian distribution
may yield contradictory results. The latter may prove
more useful in paleoceanographic studies, as it will
probably be closer to the biological optimum size of
the species.
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The total fauna in a sample is the sum of indi-
vidual species distributions. Consequently, the fauna
as a function of sieve mesh size depends on (a) the
species composition, (b) the absolute abundance of
individual species and (c) their size frequency dis-
tribution, which is determined by the ontogenetic
stage and environmental conditions present at time
of sample collection.

In the water column approximately 60% of the
fauna (>100 wm) is present in the 100-125 pum
fraction and 1-6% is larger than 250 wum. In samples
representing a settling flux (sediment trap and sedi-
ment samples) 29-57% of the faunais present in the
100-125 um fraction, while 6-23% is larger than
250 pm.

Dextra N. pachyderma and N. dutertrei often
show a morphological gradation (P-D intergraded).
The size frequency distribution of the Neoglobo-
quadrina complex (= N. dutertrei, N. pachyderma
and P-D intergrades) shows a bimodal pattern. Be-
cause the modal size of adult specimens of both
species differs by 90 to 200 wm, the size frequency
distributions of the individual species can be sepa-
rated using abimodal curve fitting technique.

In size fractions larger than 150 wm most species
have reached the adult stage of ontogeny and we rec-

ommend this mesh size for standard faunal analysis.
In addition sieve mesh sizes of 125 wm and 250 pm
have to be used to obtain areliable estimate of small
and large species, respectively. Their relative abun-
dance will otherwise be overwhelmed in case only
a sieve mesh size of 125 wm is used (rare fraction
effect). Finer fractions are increasingly dominated
by small species and pre-adult specimens of larger
Species.
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Appendix A

The relative abundance of species in surface waters. Species percentages are plotted for each individual size fraction against sieve class
lower limit.

plankton pump plankton pump shallow plankton net

core upwelling gyre margin / upwelling non-upwelling
August 1992 August 1992 February 1993

Gr. rare sp.
P.F. indet

501010

T. quinqueloba
T. humilis

T. parkerae

T. iota

T. compressa

5010101010

L bbbttt G b bbbt Lttt Gttt b Gdatadedad b bbbt tatatotdald b b b Lt L L G Gebadadated bod Gabadadoletatatatate) Golatattl Gl G G L Lolalofoned Ll L

P. obliquil.

O. universa
N. pach.(sin)
N. dutertrei+
N. pach.(dex)
+P-Dintergr.
G. hexagona
G. tumida
G.truncat.

G. theyeri

G. scitula

G. menardii
G. crassafor.

50 10

Lt Lo Lo Lo G L L L bbbt b Gebadadelatetatatatel b a ) bl Lot Ll Ll Lalelaladd LW

10010101010 1010 10

G. sacculifer
G.tenellus

50 10

G ruber
G.uvula

5010

[N Lt

G.glutinata

50

G. calida

50

G. aequilater.
G. rubescens
G. falconen.

1001010

G. bulloides
D. anfracta

Lo bbbttt et L G bttt Lobadedabed Lbetatated b Godadadatd G Lobatabattatittated G Lo Gl Lol Lol Lol Lol Lebadadetd ol Golababoletatitateted Gt Gl G L Lot Ldadatod) G b

L Llelitatotatotataled Ll W Lt

10

NN

100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800

size (um) size (um) size (um)
sieve class lower limit sieve class lower limit sieve class lower limit



60 F. Peeters et al. / Marine Micropal eontology 36 (1999) 31-63

Appendix B

The relative abundance of species in deep plankton net and sediment trap samples. Species percentages are plotted for each individua
size fraction against sieve class lower limit.
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Appendix C

The relative abundance of species in sediment samples. Species percentages are plotted for each individual size fraction against sieve
class lower limit.
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