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Abstract

The coccolithophore speciesWatznaueria britannica is dominant in Middle-Upper Jurassic calcareous nannofossil assemblages and
presentsmorphological variation, including different coccolith size, shape and length of the central area and of the bridge. Sixmorphotypes
can be recognized in the polarizing light microscope. The aim of this work is to better understand the morphological variability of W.
britannica and determine if this variability is controlled by paleoecological factors. In order to investigate the potential paleoecological
controls on W. britannica morphology and abundance, we carried out a biometric study on a restricted temporal interval: the Late
Oxfordian, in the Swabian Alb (southern Germany), characterized by increasing carbonate production linked to climatic changes. The
Balingen–Tieringen section, where previous works on sedimentology, nannofossil assemblage composition, and δ18O and δ13C analyses
were performed, was selected for this study. The variations inmorphology and abundances ofW. britannicawere studied on 40 samples of
the Balingen–Tieringen section, presenting variable lithologies and calcium carbonate contents. For each level, seven biometric
parameters (coccolith length, width and ellipticity, central area length, width and ellipticity and central area proportion with respect to the
coccolith) were measured or calculated on digitally captured images of the first 100 W. britannica coccoliths observed in the light
microscope. The relationships between the different biometric variables were described using bivariate and Principal Component
Analyses. Biometric parameters and Principal Component factors extracted from nannofossil assemblages as well as other paleo-
environmental proxies, were investigated using regression, and their stratigraphic trends were compared. Principal component analysis of
the six biometric variables (3938 measurements) on W. britannica coccoliths shows a reduced morphological variability compared to a
significant size gradient. An allometric trend recognized on the total placolith and on the central area within theW. britannica assemblages
suggests that the differentmorphotypesmay represent intra-specific variability rather than different species. The general trend throughLate
Oxfordian shows an increase in size ofW. britannica coccoliths, mainly driven by an increase in the contribution of the largemorphotypes.
Increasing placolith size is associated with drier and warmer climatic conditions during the latest Oxfordian.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Family Watznaueriaceae (coccolithophorids) re-
presents one of the most important planktonic carbonate
producers in Middle-Upper Jurassic sediments (Giraud
et al., 1998). The dominance of this family over other
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Table 1
Statistics of the measured biometric parameters for all the Watznaueria britannica and for each morphotype

Coccolith
length (μm)

Coccolith
width (μm)

Coccolith
ellipticity

Central area
length (μm)

Central area
width (μm)

Central area
ellipticity

Central area
proportion

W. britannica Mean 5.3 4.358 1.221 1.218 0.959 1.318 23.49
min. 2.865 2.326 1 0.401 0.324 0.597 6.61
max. 9.45 8.746 1.833 2.529 2.425 3.172 44.533
std. dev. 1.032 0.85 0.113 0.263 0.262 0.29 5.305
std. error 0.016 0.014 0.002 0.004 0.004 0.005 0.085
N 3938 3938 3938 3938 3938 3938 3938

Morphotype A Mean 4.252 3.578 1.195 1.124 0.825 1.394 26.533
min. 2.865 2.326 1 0.504 0.324 0.644 12.269
max. 5.005 4.704 1.655 1.949 1.419 3.171 44.516
std. dev. 0.386 0.402 0.213 0.167 0.103 0.279 4.956
std. error 0.01 0.011 0.006 0.004 0.003 0.007 0.132
N 1409 1409 1409 1409 1409 1409 1409

Morphotype B Mean 5.483 4.474 1.233 1.214 0.943 1.327 22.257
min. 4.405 3.148 1.001 0.401 0.352 0.612 6.604
max. 7.019 6.242 1.744 2.13 1.726 2.801 38.275
std. dev. 0.455 0.486 0.112 0.226 0.209 0.293 4.375
std. error 0.011 0.012 0.003 0.006 0.005 0.007 0.109
N 1599 1599 1599 1599 1599 1599 1599

Morphotype C Mean 5.297 4.567 1.165 1.813 1.503 1.25 34.304
min. 4.425 3.907 1.047 1.347 1.035 0.966 26.29
max. 6.422 5.387 1.312 2.367 1.944 1.856 43.417
std. dev. 0.576 0.538 0.1 0.32 0.319 0.331 5.194
std. error 0.192 0.179 0.033 0.107 0.106 0.11 1.731
N 9 9 9 9 9 9 9

Morphotype D Mean 7.024 5.654 1.252 1.422 1.228 1.193 20.306
min. 5.643 3.723 1.002 0.615 0.551 0.597 8.395
max. 9.45 8.746 1.833 2.529 2.425 2.249 32.31
std. dev. 0.573 0.652 0.12 0.283 0.286 0.255 4.037
std. error 0.026 0.029 0.005 0.013 0.013 0.011 0.181
N 495 495 495 495 495 495 495

Morphotype E Mean 6.062 5.049 1.207 1.407 1.239 1.16 23.376
min. 4.531 3.471 1.01 0.704 0.478 0.644 11.136
max. 7.968 6.823 1.678 2.148 1.853 2.328 37.939
std. dev. 0.541 0.53 0.108 0.261 0.241 0.23 4.754
std. error 0.029 0.029 0.006 0.014 0.013 0.013 0.259
N 337 337 337 337 337 337 337

Morphotype F Mean 6.111 4.71 1.307 0.878 0.713 1.277 14.469
min. 4.26 2.543 1.084 0.459 0.324 0.764 8.206
max. 7.955 6.255 1.675 1.376 1.244 2.204 26.483
std. dev. 0.796 0.705 0.12 0.203 0.188 0.306 3.339
std. error 0.087 0.077 0.013 0.022 0.021 0.033 0.364
N 84 84 84 84 84 84 84

Abbreviations: min.: minimum; max.: maximum; std. dev.: standard deviation; std. error: standard error; N: number of measurements.
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coccoliths began after a period of significant evolutive
radiation of the nannoplankton at the Aalenian/Bajocian
boundary (Middle Jurassic; Mattioli and Erba, 1999).
After this period, characterized by the appearance of nu-
merous species of the genus Watznaueria (Mattioli and
Erba, 1999), the nannofossil species richness dramatically
decreased while the abundance remained high. Assem-
Fig. 1. Light microscope images (crossed polars (above) and parallel polars (b
of the placolith shape and length, central area size and shape, and form of th
Morphotype C is deduced from complementary measurements realized on s
blages were then dominated worldwide by the genus
Watznaueria until the Tithonian (Bown et al., 1988; Bown
and Cooper, 1998).

The dominance of Watznaueria has been compared to
the dominance of some taxa of the family Noelaerhabda-
ceae in the Quaternary and in living nannoplankton, such
as Gephyrocapsa and Emiliania huxleyi, respectively
elow)) of the sixWatznaueria britannica morphotypes and description
e bridge. Measured biometric parameters are shown. The range size of
amples from Aulfingen section (Late Oxfordian, southern Germany).
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(Street and Bown, 2000; Lees et al., 2004). Three causes
are generally proposed to explain such a dominance in the
Quaternary: preservation, evolution and ecological adap-
tation (Bollmann et al., 1998). The Watznaueria group,
which is formed by robust placoliths, is considered as
being more resistant to dissolution than other coeval
nannofossils (Roth andBowdler, 1981). As the dominance
of Watznaueria is recognized in poorly preserved assem-
blages of oceanic sites (Roth, 1983; Bralower et al., 1989)
as well as in well-preserved assemblages recovered from
open-ocean environments (distal shelves, Medd, 1979;
pelagic environments, Bown, 1992; Noël et al., 1994), this
dominance is not always a consequence of selective dia-
genesis. A preliminary study on the morphology of Watz-
naueria coccoliths in Hauterivian clay–marl alternations
reveals that the size and shape distribution of coccoliths
strongly reflects variable ontogenetic development and
appears to correlate with the sediment geochemical data
(Geisen et al., 1998).

Among the Watznaueria group, Watznaueria britan-
nica is a long-ranging species (uppermost Aalenian;
Mattioli and Erba, 1999–Cenomanian; Lees, 1998) and is
generally dominant in nannofossil assemblages during the
Bajocian–Tithonian interval (Bown et al., 1988). Watz-
naueria britannica presents variations in size and shape of
the coccolith, of the central area, and differences in bridge
morphology that spans the central area. Six morphotypes
can be recognized in the polarizing light microscope
(Giraud et al., 1998). Themain goals of this work are (1) to
better understand the morphological variability of Watz-
naueria britannica, and (2) to determine if this variability
is controlled by paleoecological processes. In order to
investigate the potential paleoecological control on W.
britannica morphology and abundance, we carried out a
study on material from southern Germany through a
restricted temporal interval, the Late Oxfordian, charac-
terized by increasing carbonate production linked to cli-
matic changes (Pittet et al., 2000). The variations in
morphology and abundances of W. britannica are ana-
lysed and compared to sediment geochemical data.

2. Materials and methods

2.1. Definition of the morphotypes

We assign to the species Watznaueria britannica the
specimens that present in their central area a bridge,
Fig. 2. (a) Location of the Balingen–Tieringen section; (b) Variation of
Kimmeridgian Balingen–Tieringen succession. Jura platform events, carbon
conditions in the surface-waters are from Pittet and Mattioli (2002); δ18O an
Ammonite biostratigraphy after Schweigert (1995a,b). Positions of samples
which is parallel to the minor axis of the ellipse and
disjunct with respect to the inner cycle of the coccolith
rim. We present in the Appendix taxonomic remarks
about Watznaueria britannica and other species of
Watznaueria very close in morphology toW. britannica.

Watznaueria britannica presents six morphotypes that
can be recognized in the polarizing light microscope
(Fig. 1). These morphotypes differ in their overall size,
shape and the size of the central area, and shape and
thickness of the bridge (Fig. 1 andTable 1).As the bridge is
disjunct, it appears optically discontinuous under crossed-
nicols (Fig. 1a, b, c, g, h, i). Some forms present a very
discontinuous bridge (button-shaped) under crossed-nicols
(Fig. 1a, b) but under parallel-nicols, we can see that this
button occupies all the central area along the minor axis of
the ellipse (Fig. 1d, e).

Walsworth-Bell (2000) observed, in the nannofossil
assemblages of the OxfordClay (Middle Callovian–Early
Oxfordian), a dominance of W. britannica that presents
widely variable size and central area morphology. He
recognized a continuous spectrum of variability in size
that he has interpreted as intra-species variation.However,
these conclusions were based on qualitative data.

2.2. Geological setting and previous works

The Balingen–Tieringen section is located in the
western Swabian Alb (southern Germany; Fig. 2a), which
paleogeographically corresponds to an epicontinental
basin with a depth of less than 200 m, lying between the
Jura and the Bohemian shallow platforms (Meyer and
Schmidt-Kaler, 1989). Ammonites allow us to date the
Balingen–Tieringen section as the Late Oxfordian (bifur-
catus and bimammatum Zones) and Early Kimmeridgian
(planula Zone; Schweigert, 1995a,b). The base of the
succession, from 0 to 5.3 m, is constituted of marly
sediments of the bifurcatus Zone (Fig. 2b). Above, from
5.3 to 11.1 m, the sediment become more calcareous and
limestone beds are bioturbated, and enriched in glauco-
nite, cephalopods, suggesting a decrease in the sediment
accumulation rate (Pittet and Strasser, 1998; Fig. 2b). This
part of the succession is capped by a condensed interval,
from 11.1 to 12 m (Fig. 2b). Above this interval, from 12
to 25.3 m, the succession is dominated by calcareous
sediments (Fig. 2b). The top of the succession comprises
micritic limestones bearing few sponges of the planula
Zone (Fig. 2b).
different paleoenvironmental proxies in the Late Oxfordian–Early
ate content, dominant nannofossil assemblages and interpreted trophic
d δ13C values and stratigraphic intervals from Bartolini et al. (2003).
selected for biometric measurement are shown.
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Carbon and oxygen isotopes measured on the
carbonate fraction (bulk rock; Fig. 2b) strongly fluctuate
in the Balingen–Tieringen section. Based on these
fluctuations, successive stratigraphic intervals (Intervals
1 to 6 in Fig. 2b) were defined by Bartolini et al. (2003).
From Intervals 1 to 3, both δ13C and δ18O values strongly
fluctuate (from 1.2 to 2.8‰) and negative shifts of both
δ13C and δ18O characterize Interval 2 (Bartolini et al.,
2003; Fig. 2b). Smooth fluctuations of δ13C and δ18O are
observed in Intervals 4 to 6 (Bartolini et al., 2003; Fig. 2b).

Geochemical data combined with sedimentological
data, nannofossil abundances and assemblage character-
istics, allowed the reconstruction of paleoenvironmental
and paleoclimatic conditions prevailing during the Late
Oxfordian–Early Kimmeridgian in southern Germany
(Bartolini et al., 2003; Fig. 2b). In particular, the carbonate
mud deposited in the deep shelf (Balingen–Tieringen
section) was essentially of allochthonous origin, and in-
creasing carbonate content during the Late Oxfordian
(Fig. 2b) was related to an intensified carbonate mud
export from the Jura shallow platform to the Swabian Alb
deep shelf. This resulted in dilution of the autochthonous
(macrofossils, microfossils, sponges, sponge-reef derived
intraclasts) and para-autochthonous elements (nannofos-
sils) by a carbonate mud of allochthonous origin. Conse-
quently, a decrease in the intensity of export of platform
carbonate mud resulted in a decrease in the accumulation
rate in the deep-shelf, and the formation of condensed
intervals, characterized by intense bioturbation, glauconite
formation, the accumulation of abundant cephalopods,
and marl deposition. Moreover, Pittet and Mattioli (2002)
show that calcareous nannofossils were only abundant in
the marls and in condensed intervals; in limestones the
pelagic carbonate fraction was strongly diluted by the
carbonate mud exported from the platform environments.
As carbonates are essentially derived from platform envi-
ronments, δ13C and δ18O fluctuations measured on bulk
carbonates in the deep shelf indirectly reflect paleoenvir-
onmental conditions on the platform, rather than paleo-
ceanographical conditions in the relatively deep Swabian
Alb realm (b200 m; Meyer and Schmidt-Kaler, 1989).
These shallow-platform carbonates are mainly inorgani-
cally and/or microbially produced (Pittet, 1996; Pittet and
Mattioli, 2002). As only one aragonitic needle was
detected in the 700 thin sections of the Jura platform
sediments observed by Pittet (1996), the carbonate mate-
rial was probably originally made of high-Mg calcite. The
long-term fluctuations in carbon and oxygen isotopes
Fig. 3. (a) Frequency distribution of length measured inW. britannica for each
plot of central area length–width; (d) Bivariate plot of coccolith length–ellipt
of central area length–ellipticity; (g) Bivariate plot of central area width–ell
throughout the Late Oxfordian–Early Kimmeridgian have
thus been interpreted as being dominantly the result of
salinity and temperature changes that affected platform
environments where carbonates precipitated (Bartolini et
al., 2003). A decrease in salinity due to freshwater input
would imply lighter values of both δ18O and δ13C. Conse-
quently, salinity changes due to variable input of fresh-
water in marine environments can explain the positive
correlation between δ18O and δ13C observed in successive
stratigraphic intervals (Bartolini et al., 2003). Temperature
strongly affects the isotopic composition of the oxygen,
but only weakly the δ13C (Grossman and Ku, 1986;
Salomons and Mook, 1986; Turi, 1986). Therefore, an
increase in temperature will result in a decrease in δ18O
and a slight increase in δ13C (Grossman and Ku, 1986).
Such changes in temperature probably explain the shift
towards lighter δ18O and slightly heavier δ13C passing
from one stratigraphic interval to the other (Bartolini et al.,
2003). The general trend translates a change from a humid
climate in the earliest Late Oxfordian to a drier climate
with increasing temperature in the latest Oxfordian–ear-
liest Kimmeridgian (Bartolini et al., 2003). This climatic
interpretation is supported by palynofacies (Pittet and
Gorin, 1997) and reef paleoecology (Dupraz, 1999)
analysis from the Jura mountains.

2.3. Samples and biometry

We selected 40 samples from the Balingen–Tieringen
section, presenting variable lithologies and calcium
carbonate contents. Smear slides, previously prepared
for nannofossil quantification (Pittet and Mattioli, 2002),
were observed under a polarising light microscope at a
constant magnification of 1250×. Across each slide, the
first 100 specimens of Watznaueria britannica, encoun-
tered along random traverses, were collected as digitally
captured images using a Sony CCD-video camera moun-
ted on a Leitz Laborlux optical polarising lightmicroscope
connected to a PC-type pentium with GIPSVISION
software. Biometric measurements were performed with
the software ScionImage. At a microscope magnification
of 1250×, the pixel scale is 12.7 pixels/μm (1 pixel=
0.0787 μm). The coccoliths were measured for overall
size, and length and width of the central area (Fig. 1).
Repeated measurements on the same coccolith allowed us
to determine that the accuracy ofmeasurements is ±1 pixel
(0.0787 μm). We also calculated three ratios allowing a
better definition of the shape of the placoliths: the
morphotype; (b) Bivariate plot of coccolith length–width; (c) Bivariate
icity; (e) Bivariate plot of coccolith width–ellipticity; (f) Bivariate plot
ipticity. Probabilities Pb0.0001.
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ellipticity of the coccolith (length /width) and of the
central area (central are length/central area width), and the
proportional size of the central area relative to the coc-
colith length ((central area length / total length of the
coccolith)×100). The relative abundance counts of the
different species within the nannofossil assemblages
are those of Pittet and Mattioli (2002) where a variable
number of 125–350 specimens was counted in each
sample.

Following the method of Renaud et al. (2002), for each
sample, the mean coccolith length as well as the 75 per-
centile (value corresponding to the 75% of the distribu-
tion) and 25 percentile (25% of the distribution) were
calculated in order to provide morphological indicators
independent of the morphological definition, and charac-
teristic of the entire W. britannica assemblage. Intra-
morphotype morphological variability was first studied
using simple linear regression between the different para-
meters. Then, a principal component analysis (PCA) was
used to better describe the relationship between the
different biometric variables within the total Watznaueria
britannica assemblage. The PCAwas computed with the
software STATVIEW. Variation through time of different
biometric parameters measured within the total W.
britannica assemblage, and of the relative abundances of
each morphotype, were also considered and compared.

2.4. Nannofossil assemblages: nutrient index

Along the lithological profile of the Balingen–Tierin-
gen section, analysis of the variations in nannofossil as-
semblages highlights a succession of six dominant species
in relation to gradual increase in carbonate content (Fig. 2b;
Pittet and Mattioli, 2002). This succession was interpreted
as a trophic preference continuum from high mesotrophic
conditions (dominance of small forms, first Lotharingius
hauffii, then Watznaueria britannica) to oligotrophic
conditions (dominance of larger forms, such as Schizo-
sphaerella spp. andW. manivitiae, Fig. 2b). Such a conti-
nuumwas also evidenced in a contemporaneous section of
the same area (Olivier et al., 2004). We carried out a
principal component analysis on these relative abundances
in order to see if the successive highest relative abundances
of these species, interpreted as reflecting different trophic
conditions, can be discriminating factors.

In order to investigate the potential paleoecological
control onW. britannica dynamics, the variables related to
morphology and relative abundances were compared to
paleoenvironmental factors (trophic conditions in marine
surface-waters, deduced from nannofossil assemblages,
calcium carbonate content, and stable isotopic data). The
relationships between biometric measurements, and Prin-
cipal Component (PC) factors extracted from nannofossil
assemblages as well as other paleoenvironmental proxies,
were investigated using regression. Finally, their strati-
graphic trends were compared.

3. Results

3.1. Biometry

The frequency distribution of coccolith length for all
the W. britannica morphotypes (3938 measurements on
40 samples) shows an unimodal distribution with a mean
length of 4.7 μm (Fig. 3a). Morphotypes A and B are the
most abundant, whereas Morphotypes D and E are less
frequent, and Morphotypes C and F rare (Fig. 3a). The
frequency distribution histograms (Fig. 3a), and bivariate
plots between the different biometric parameters for all the
morphotypes (Fig. 3b–g) show the existence of overlap in
size distribution of different morphotypes.

W. britannica coccolith size: a strong correlation exists
between coccolith length and width considering all the
morphotypes (r=0.891; Fig. 3b); this correlation is lower
if eachmorphotype is considered separately (Table 2). The
length and the width of the central area are also correlated,
but display a moderate correlation coefficient of r=0.623
when considering all the morphotypes (Fig. 3c) and of
0.448 to 0.583 if each morphotype is analysed separately
(Table 2). This indicates that coccolith length is sufficient
to characterize the overall coccolith size, but central area
length is insufficient to describe central area size, possibly
due to a larger error bar in size measurement or greater
variability of length and width of the central area.

W. britannica coccolith shape: considering all the mor-
photypes, ellipticity of the placolith does not show any
strong correlation with length (Fig. 3d) or width (Fig. 3e).
However, for each morphotype, a negative correlation
exists between placolith width and ellipticity (Fig. 3e and
Table 2). For the smallest forms (MorphotypeA), different
shapes, from nearly circular to elliptical forms, were found
for similar widths (Fig. 3e), whereas for the largest mor-
photypes, in particular Morphotype D, the specimens be-
came more circular with increasing width (Fig. 3e and
Table 2). The ellipticity of the central area is not correlated
with the central area length (Fig. 3f). However, this pa-
rameter decreases with increasing central area width
(Fig. 3g). For the central area, there is a common pattern to
all the W. britannica morphotypes (Table 2): when the
width of the central area increases, central area becomes
more circular. So, central area ellipticity is more related to
variations in width than in length.

As it is not possible, due to the overlaps between mor-
photypes, to discriminate between them based on biometric



Table 2
Linear regression between different biometric parameters for five of the six morphotypes

Morphotype A

N=1409 Placolith length Placolith width Central area length Central area width

Placolith width r=0.675, pb0.0001
Placolith ellipticity r=0.190, pb0.0001 r=−0.590, pb0.0001
Central area width r=0.519, pb0.0001
Central area ellipticity r=0.399, pb0.0001 r=−0.546, pb0.0001

Morphotype B

N=1599 Placolith length Placolith width Central area length Central area width

Placolith width r=0.6, pb0.0001
Placolith ellipticity r=0.192, pb0.0001 r=−0.664, pb0.0001
Central area width r=0.449, pb0.0001
Central area ellipticity r=0.371, pb0.0001 r=−0.625, pb0.0001

Morphotype D

N=496 Placolith length Placolith width Central area length Central area width

Placolith width r=0.614, pb0.0001
Placolith ellipticity r=0.108, p=0.0166 r=−0.708, pb0.0001
Central area width r=0.543, pb0.0001
Central area ellipticity r=0.313, pb0.0001 r=−0.594, pb0.0001

Morphotype E

N=340 Placolith length Placolith width Central area length Central area width

Placolith width r=0.620, pb0.0001
Placolith ellipticity r=0.263, p=0.0166 r=−0.588, pb0.0001
Central area width r=0.557, pb0.0001
Central area ellipticity r=0.360, pb0.0001 r=−0.542, pb0.0001

Morphotype F

N=85 Placolith length Placolith width Central area length Central area width

Placolith width r=0.809, pb0.0001
Placolith ellipticity r=0.051, p=0.6489 r=−0.535, pb0.0001
Central area width r=0.583, pb0.0001
Central area ellipticity r=0.273, p=0.0117 r=−0.582, pb0.0001

Abbreviations: r: coefficient of correlation; p: probability; N: number of measurements.
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measurements, size and shape of the W. britannica
morphotypes were analysed all together using a multivar-
iate statistical analysis. A principal component analysis of
the biometric variables (coccolith length and width, central
area length and width, central opening proportion and
ellipticity of the placolith and of the central area) retained
three factors with different loading scores for each variable
(Fig. 4 and Table 3). The variables describing the overall
size (length and width) contribute heavily to the first factor,
with also a contribution of the central area width (Fig. 4).
This first factor then well describes the overall size of the
placolith. The variables describing the central area (central
area length) and its opening (central area proportion)
strongly contribute to the second factor. The shape of the
placolith (ellipticity) loaded heavily on the third factor.
The general pattern of the coccolith length shows an
increase in mean size of W. britannica during the Late
Oxfordian (Fig. 5). When examining in detail the varia-
tion through time of the different biometric parameters
and of the relative abundance of each morphotype,
different steps are recognized roughly corresponding to
the stratigraphic intervals defined by Bartolini et al.
(2003).

In Interval 1 (Fig. 5), the assemblage ofW. britannica
is dominated by small specimens with a trend towards
larger sizes at the top. Morphotypes A and B are the
most abundant in this interval and an increase in the
relative abundance of Morphotype B is observed. A
trend towards more open specimens at the top of this
interval, is observed and placoliths are subcircular. The



Fig. 4. Results of principal component analysis of biometric parameters ofW. britannica. Bold numbers correspond to the variance contribution of the
estimated factors.
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relative abundance ofWatznaueria britannica compared
to all nannofossils slightly decreases during this interval
(Pittet and Mattioli, 2002; Fig. 5).

In Interval 2 (Fig. 5), the overall mean size of W.
britannica placoliths is relatively constant with respect to
the top of Interval 1, whereas the proportion of the central
area strongly increases. The ellipticity is relatively cons-
tant with respect to the Interval 1. All these trends are
explained by the highest abundance of Morphotype E,
which is subelliptical to subcircular and presents with
Morphotype A, also well represented in this interval, the
more opened central area (Fig. 1). The morphotype E is
abundant only in this interval. The relative abundance of
Watznaueria britannica compared to all nannofossils is at
its highest here (Pittet and Mattioli, 2002; Fig. 5).

In Interval 3 (Fig. 5), placoliths are small, and became
subelliptical towards the top. The central area is slightly
reduced with respect to the Interval 2. Morphotype A is
Table 3
Additional statistical information on the varimax rotated principal compone
assemblage

Factor 1
biometry

Factor 2
biometry

Fact
biom

N 3938 3938 393
Nb of variables 7 7 7
Nb of factors estimated 3 3 3
Nb of factors extracted 3 3 3
Eigen values 2.912 1.923 1.22
% variance 41.6 27.5 17.5

Abbreviations: N: number of data; Nb: number.
dominant within the W. britannica population. The per-
centage ofW. britannica in the nannofossil assemblages is
always high (Pittet and Mattioli, 2002; Fig. 5).

In Interval 4 (Fig. 5), major changes are recorded. An
increase in the overall mean size of W. britannica placo-
liths is recorded; placoliths are characterized by a reduced
central area, and aremore elliptical. These trends are partly
explained by an increase in the relative proportion of
Morphotypes B and D, with the largest size corresponding
to a maximum percentage of Morphotype D between 15
and 17 m. Significant increase in size of both the largest
specimens (75 percentile) and the smallest (25 percentile)
placoliths of W. britannica is also observed. The relative
abundance of W. britannica compared to other nanno-
fossils starts to decrease in this interval (Pittet andMattioli,
2002; Fig. 5).

In Interval 5 (Fig. 5), the trend is reversed, with a shift
towards decreasing placolith mean size accompanied by a
nt analyses (PCA) for both the biometric analysis and the nannofossil

or 3
etry

Factor 1
assemblage

Factor 2
assemblage

Factor 3
assemblage

8 97 97 97
6 6 6
3 3 3
2 2 2

4 3.161 1.463 0.559
52.7 24.4 9.3



Fig. 5. Stratigraphic changes in placolith size, central area opening and coccolith ellipticity. They are here compared to the relative abundance of W.
britannica with respect to the entire nannofossil assemblage, and to the percentage of each morphotype within the W. britannica assemblage. Error
bars: 95% standard error.
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significant decrease in size of the largest and the smallest
specimens. Placoliths are characterized by a larger central
area opening, are more circular at the beginning of the
interval with respect to the Interval 4, but became more
elliptical at the top. These trends reflect an increase in the
relative abundance ofMorphotype A. Low percentages of
W. britannica are recorded in this interval (Pittet and
Mattioli, 2002; Fig. 5).

In Interval 6 (Fig. 5), both the placolith mean size and
the central area opening slightly increase. More elliptical
forms are observed. These trends correspond to an
increase in the relative abundance of Morphotype B. The
relative abundance of W. britannica compared to other
nannofossils stays low (Pittet andMattioli, 2002; Fig. 5).
3.2. Nannofossil assemblage: nutrient index

The principal component analysis using the relative
abundances of the six most abundant species of nanno-
fossils retained two factors (Fig. 6). Schizosphaerella spp.
andW. manivitiae show a high positive contribution to the
first factor, whereasW. britannica and Lotharingius hauffii
are in opposition (Fig. 6). Cyclagelosphaera margerelii
and W. barnesiae show high positive loadings on the
second factor (Fig. 6). The opposite position of the two
nannofossil groups Schizosphaerella spp.–W. manivitiae
and W. britannica–L. hauffii on the first principal
component can be interpreted in terms of different trophic
preferences. Pittet and Mattioli (2002) and Olivier et al.



Fig. 6. Results of the principal component analysis applied to the
relative abundance of the six dominant taxa in the nannofossil
assemblage. Bold numbers correspond to the variance contribution of
the 3 estimated factors.

Fig. 7. Stratigraphic patterns of the 2 principal component factors
extracted from nannofossil assemblages.
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(2004) demonstrated that high abundances of large forms,
such as Schizosphaerella spp. andW. manivitiae, characte-
rized limestone lithologies and represented oligotrophic
conditions in surface-waters, whereas smaller forms, such
asW.britannica andL. hauffiiwere abundant and dominant
in marls and represent high mesotrophic conditions
(Fig. 2b). So, the first factor extracted from this Principal
Component Analysis (PCA) can be interpreted in terms of
trophic condition. The positive and negative loadings cor-
respond to oligotrophic and high mesotrophic conditions,
respectively. The second factor ismore difficult to interpret.
Pittet and Mattioli (2002) showed that the behaviour ofW.
barnesiae and C. margerelii with respect to trophic levels
is not very clear and can be explained by an intermediate
position along the trophic preference continuum. These
two species are also considered as eurytopic taxa (W. bar-
nesiae, Mutterlose, 1991; Street and Bown, 2000; Lees et
al., 2004; C. margerelii, Bown, 2005; Giraud et al., 2005).
Bown (2005) also suggests that they could be adapted to
unstable and/or neritic environments. Both these two eury-
topic species, are characterised by a closed central area and
are represented by the PC factor 2 (positive loadings).

The stratigraphic evolution of the PC factor 1 extracted
from the nannofossil assemblage composition is binary
(Fig. 7). From the base of the section up to 12 m, mesotro-
phic species characterize the nannofossil assemblages
(Fig. 7). From 12 m to the top of the section, oligotrophic
species characterize the nannofossil assemblages. This
change exactly coincides with the lithologic change from
alternating marl and limestone sediments to more calcar-
eous sediments (Fig. 7). The stratigraphic variation of PC
factor 2 extracted from nannofossil assemblage compo-
sition is more complex, with different intervals that do
not correspond to the stratigraphic intervals defined
by Bartolini et al. (2003) (Fig. 7). Eurytopic species, cha-
racterized by a closed central area, are well represented
within the stratigraphic Intervals 3 and 4, as well as in few
samples of Interval 5 (Fig. 7).

3.3. Relationships between biometric factors and
paleoenvironmental proxies

Fig. 8 only presents significant correlations between the
different variables considered. Fig. 8a shows the bivariate



Fig. 8. Bivariate plots showing relationships between (a) coccolith size and PC Factor 1 extracted from nannofossil assemblage; (b) PC factor 1
extracted from nannofossil assemblage and calcium carbonate content (as the relation between the two variables is exponential, we have transformed
into positive values the negative values of the Factor 1-assemblage axis); (c) coccolith size and oxygen isotope data, and (d) PC factor 1 extracted
from nannofossil assemblage and oxygen isotope data. White dots represent samples not considered in the regression; they correspond to samples of
Interval 2, where δ18O values record salinity changes rather than temperature changes (Bartolini et al., 2003).
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plot between coccolith length and PC Factor 1 extracted
from nannofossil assemblage composition. With respect to
Fig. 7, only 40 samples corresponding to the samples
selected for biometric studies are considered in this plot.
The observed positive correlation between these two
variables suggests that increasing placolith size may partly
be associated with oligotrophic conditions (positive values
on Factor 1-assemblage). Fig. 8b presents the bivariate plot
between PC Factor 1 extracted from nannofossil assem-
blage composition and calcium carbonate content. Ninety-
six samples, corresponding to the samples studied by Pittet
and Mattioli (2002), are considered in this figure. A good
positive correlation is found between these two variables
and confirms the observations of Pittet andMattioli (2002),
namely that oligotrophic conditions in the deep shelf
surface-waters were linked to a dominant carbonate sedi-
mentation. Fig. 8c shows the correlation between coccolith
length, and the δ18O composition of the carbonates; with
respect to Fig. 8a, only 38 samples corresponding to the
samples selected for geochemistry are considered and two
of them are not taking into account for the regression (cf.
Fig. 8 legend). The negative correlation observed shows
that the size of the placoliths and temperature are linked,
and increasing size of the coccoliths is associated with



Fig. 9. Synthesis representing the main trends in size variation of W. britannica relative to variations in paleoenvironmental conditions for the Late
Oxfordian–Early Kimmeridgian in the Balingen–Tieringen section. Interpretations of the climatic conditions are from Bartolini et al. (2003).
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increasing temperature. Fig. 8d displays the bivariate plot
between PC Factor 1 extracted from nannofossil assem-
blage composition, and the δ18O composition of the car-
bonates; with respect to Fig. 8b, only 93 samples
corresponding to the samples selected for geochemistry
are considered and five of them are not taking into account
for the regression (cf. Fig. 8 legend). A negative correlation
is found between these two variables, suggesting that more
oligotrophic conditions correspond to warmer climatic
conditions.
4. Discussion

Coccolith size probably results from interaction bet-
ween the mechanisms of coccolith biosynthesis, mor-
photype/species replacement in assemblages, and
environmental control. The size of nannofossils may
also be an important factor controlling preservation.
Preservation may also be a function of the calcium
carbonate content of the samples (Stoll and Schrag,
2001). Pittet and Mattioli (2002) evaluated the
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preservation of nannofossils of the Balingen–Tieringen
section in different ways. They studied the relationship
between nannofossil assemblage composition andCaCO3,
and also the relationships between the different-sized
nannofossils and the carbonate content. Watznaueria
britannica, which is considered to represent one of the
most delicate taxa with Lotharingius hauffii in the
Balingen–Tieringen section, presents its highest percent-
age in carbonate-rich sediments (50–70% CaCO3. A
decrease in the relative abundance of this species in the
most carbonate-rich samples (CaCO3≥90%) could be
partially the result of diagenetic control. Pittet andMattioli
(2002) also tested the relationship between the three size-
ranges (b6 μm, 6–8 μm, and N8 μm) recognized for W.
britannica and the carbonate content. They showed that
the smallest and the largest specimens of W. britannica
decrease in relative abundance over 70% CaCO3, whereas
specimens with intermediate size are must common in
samples over 55%CaCO3 and less abundant in marls. The
control on the percentages of W. britannica specimens of
different size is therefore not diagenetic but more likely
paleoenvironmental.

4.1. Coccolith growth patterns

Young and Bown (1991) recognizedwithinWatznaue-
ria fossacincta coccoliths a wide range in morphology and
size including protococcolith morphologies, that they in-
terpreted as an ontogenetic growth sequence. They also
suggest that W. lucasii and W. reinhardtii could represent
early growth stages of W. britannica. Contrary to the as-
sessment of Young and Bown (1991), Walsworth-Bell
(2000) suggests that specimens possessing a bar which
bifurcates at both ends (a description which corresponds to
W. reinhardtii) could represent a late stage ofW. britannica
growth. Walsworth-Bell (2000) recognized in the Oxford
Clay Formation (Middle Callovian–Early Oxfordian),
what he considered to be protococcoliths W. britannica,
characterized by a large central area spanned by an incom-
plete bar. These different authors interpret the morpholog-
ical variability and size observed within the Watznaueria
genus as variable ontogenetic development. As reported in
the taxonomic Appendix,W. lucasii andW. reinhardtii are
here considered as different species with respect toW. bri-
tannica. In a way similar to the modern coccolithophore
Coccolithus pelagicus, the bridge spanning the central area
of W. britannica is a structure formed from crystal units
separate from the rim (Young et al., 1999). In the very early
growth stage (small forms) ofC. pelagicus, a very thin bar
is present, spanning a wide open central area and becomes
a thick bar spanning a narrower central area in the later
growth stage (large forms;Young andHenriksen, 2003). In
W. britannica, a thin bridge spanning a large central area is
characteristic of the largeMorphotypeC,whereas a thicker
bridge spanning a central area of small size is characteristic
of the large Morphotype D (Fig. 1). The smallest Morpho-
types A do not present a thin bridge spanning a large
central area but a central area of intermediate size with a
bridge with intermediate thickness between Morphotypes
C and D (Fig. 1). According to these remarks, the different
morphotypes of W. britannica distinguished here cannot
be considered as different ontogenetic stages. They could
conversely represent members of a morphological contin-
uum as suggested for the W. barnesiae/fossacincta group
by Lees et al. (2004) and Bornemann et al. (in press).

As first demonstrated forPseudoemiliania lacunosa or
Emiliania huxleyi (Young, 1989), the form of coccoliths
varies with changing size, and size has a higher variability
than shape (ellipticity; Young, 1989). Larger placoliths
are less elliptical. The allometric trend recognized for W.
britannica coccoliths is analogous to those described for
modern placoliths. The placoliths ofW. britannica tend to
be more circular as their width increases (Fig. 3e and
Table 2) because the growth of placoliths is more effective
for the minor axis.

The shape of the bridge is a qualitative parameter useful
to distinguish between the different morphotypes of W.
britannica. However, it is not yet possible to quantify its
morphological variability. The allometric trend recognized
within the morphotypes of W. britannica on the total
placolith and on the central area suggests that they can
represent intra-specific variability rather than different
species. However, as the shape of the bridge is very dif-
ferent for the sixmorphotypes, and our study limited to one
section and one stratigraphic interval, it is suggested here
for further studies to take into consideration the different
morphotypes of W. britannica in order to know if they
represent intra-specific variants or are different species.

A morphological trend through time is also present for
W. britannica. DeKaenel (1990) and E.Mattioli (personal
observation) recognized that W. britannica coccoliths
show an evolution from small forms with a small central
area (uppermost Aalenian–Lower Bajocian) to larger
forms with a larger bridge more similar to W. reinhardtii
(Upper Bajocian). These observations argue against the
assessment of Young and Bown (1991) thatW. reinhardtii
could represent early growth stages of W. britannica.

4.2. Morphological variation through time and
relationships with paleoenvironmental parameters

What promotes an increase in size of a coccolith
within the W. britannica population? The stratigraphic
increase in mean placolith size is mainly driven by
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relative abundance changes of the different-sized mor-
photypes with an increase in the contribution of large
coccoliths (Morphotype D; Figs 5 and 9).

Very recent studies have shown that among extant
coccolithophorids, morphological variability (mainly size)
of a species which was currently interpreted as intraspecific
variations in fact represent genotypically discrete species
but with strong ecological differences (Geisen et al., 2002;
Saez et al., 2003; Quinn et al., 2004). Amongst the different
parameters which can affect the size of the coccoliths,
fertility of the surface-waters and temperature are important
(e.g. McIntyre et al., 1970; Winter et al., 1994), but varia-
tions in size observed can be opposite from one species to
another one. During the Late Oxfordian, the Swabian Alb
deep shelf records major paleoenvironmental changes and,
in particular, changes in trophic conditions of the surface-
waters, deduced from the analysis of nannofossil assem-
blage composition by Pittet and Mattioli (2002), Olivier et
al. (2004) and by the present study (Figs 7 and 9), as well as
changes in temperature, as suggested by Bartolini et al.
(2003) (Figs. 2b and 9).

Studies from laboratory experiments on growth rate
(number of coccoliths produced) and calcification of
Emiliania huxleyi and Gephyrocapsa oceanica, two coc-
colithophorid species dominating in modern oceans,
showed that successive different trophic conditions
stimulate these two processes. The growth rate of the cell
was increased under nutrient-sufficient supply and then the
calcification was stimulated by an increase in cell volume
when the nutrient supply was reduced by algal growth
(Shiraiwa, 2003). For other species, observed in natural
environments, calcification can be stimulated when nu-
trient supply is high. Calcidiscus leptoporus (sensu lato)
consists of three subtaxa or species (e.g. Quinn et al.,
2004), previously described as large, intermediate and
small specimens (Bollmann, 1997). The large form of C.
leptoporus (sensu lato) occurs primarily in higher pro-
ductivity, mesotrophic waters (Renaud et al., 2002). In the
Balingen–Tieringen section, there is a positive correlation
between an increase in larger forms and a decrease in
abundance of W. britannica coccoliths (Fig. 5). The high
abundance of W. britannica placoliths is indicative of
mesotrophic conditions (Figs 2b and 9), whereas the
increasing size of W. britannica placoliths corresponds to
more oligotrophic conditions in the surface-waters (Figs 8a
and 9). Oligotrophic conditions are positively correlated to
the carbonate content (Figs 8b and 9). Geisen et al. (1998)
firstly recognized, in Hauterivian sediments a morpholog-
ical difference between the placoliths of Watznaueria
between pale, carbonate-rich beds showing a dominance
of large coccoliths (greater length) with large outer shields
(considered as mature coccoliths sensu Young and Bown,
1991), compared with non-mature (small) coccoliths in
dark and argillaceous beds, but they did not interpret these
differences. These different observations suggest that, for
W. britannica, algal growth (represented by the number of
placoliths produced) seems to increase when nutrient
supply is high, whereas calcification seems to be stimu-
lated (large and well-calcified placoliths) when nutrient
supply is lower and when carbonate supply is dominant
over siliciclastic (and nutrient) supply.

In the Balingen–Tieringen section, when the surface-
waters became more oligotrophic, temperature increased
(Fig. 9). Temperature is also a dominant parameter affec-
ting the size of placoliths. For instance, the living large
speciesCoccolithus pelagicus is restricted to high latitudes,
and Emiliania huxleyi tends to be more heavily calcified in
cold waters (Burns, 1977; Jordan, 1988; Okada, 1989;
Young and Westbroek, 1991). More recently, Colmenero-
Hidalgo et al. (2002) recognized an increase in abundance
of large E. huxleyi during the cold Heinrich (HE) and
Dansgaard–Oeschger (DO) events. A nice example of the
relationship between the sea-surface temperature and
morphological variability is illustrated with Gephyrocapsa
(Bollmann, 1997; Bollmann et al., 2002): small group with
low bridge angle (Gephyrocapsa cold: GC) only occurs
below a mean sea surface temperature of 14 °C, while
larger morphotypes with high bridge angle (Gephyrocapsa
equatorial: GE) are more abundant in high sea-surface
temperature (Bollmann et al., 2002). However, the fertility
of the surface-water often co-varies with temperature in
modern oceanic environments, and it becomes very
difficult to distinguish the influence of these two para-
meters on coccolith size. Henderiks and Renaud (2004)
have shown in Atlantic during the Last Glacial Maximum
that the overall increase in size ofC. leptoporus (sensu lato)
mainly due to dominant production of large coccoliths, was
an expression of enhanced productivity in cooler glacial
surface-waters. Beaufort and Heussner (2001) have also
shown in sediment trap samples from North Atlantic that
the abundance pattern of the two large and small forms of
C. leptoporus (sensu lato) could be related to seasonal
variations of the thermo-nutricline. For the fossil species,
Mattioli et al. (2004) have suggested that an increase in
coccolith size of the placolith genera Biscutum and
Similiscutum can be related to high surface-water tempe-
ratures and/or to high nutrient concentrations. Bornemann
et al. (2003) observed that during themid to Late Tithonian,
a higher abundance of strongly-calcified nannoliths,
associated with large-sized Watznaueria such as W.
manivitiae, was linked to oligotrophic surface-waters
but cooler temperatures in a period of low pCO2

conditions. In the Lower Berriasian, a size reduction of
Watznaueria was associated with higher abundances of
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coccolith taxa indicative of higher fertility of the surface-
waters (Bornemann et al., 2003). In the Balingen–
Tieringen section, the increase in temperature starts in
stratigraphic Interval 4 and warmer conditions prevailed
until the top of the section. In the fourth interval, more
oligotrophic conditions prevailed, with respect to the base
of the section (Fig. 9). In the fifth and sixth intervals, drier
conditions (lower nutrient levelswith respect to Interval 4)
prevailed (Fig. 9). An increase in the relative abundance of
large morphotypes is observed in Intervals 4 to 6, but in
the fourth interval only, an increase in size of the largest
specimens occurred parallel with a slight increase in size
of the smallest coccoliths (Figs. 5 and 9). These latter
results suggest that temperature and fertility of the surface-
waters control W. britannica placolith size.

Central area opening size can also be taken into con-
sideration, because it could be ecologically controlled.
Backman (1980), Wise (1983), and Backman and
Hermelin (1986) have shown that some reticulofenestrid
species with central area openings, exhibit smaller relative
opening size under cooler conditions. High-latitude
Neogene reticulofenestrid assemblages are often dominat-
ed by coccoliths with closed central areas, whereas low-
latitude assemblages are dominated by coccoliths with
open central areas (Young, 1990). McIntyre et al. (1970),
Gartner (1972), and Bukry (1973) have observed, for
Gephyrocapsa species, an increase in the size of central
area opening with increasing temperature, but a trend
towards larger opening sizes may also be related to
oligotrophic conditions (Hagino et al., 2000 for Gephyr-
ocapsa oceanica). Beaufort and Heussner (2001) have
observed the opposite trend for Emiliania huxleyi, with
dominance of heavy calcified morphotype (closed central
area) in summer (highlight intensity) and calm conditions,
and dominance of less calcified morphotype (open central
area) during bloom periods in winter (low light intensity).
The fourth interval of the Balingen–Tieringen section
presents the largest specimens of W. britannica with a
reduced central opening (Figs 5 and 9). At the same time,
the eurytopic species,W. barnesiae andC.margerelii, both
characterized by closed central areas, are well represented
in the nannofossil assemblages (Figs 7 and 9). The fifth and
sixth intervals show an increase in the size of central area
opening. So it seems that warm temperatures, associated
with low oligotrophic conditions, are optimal for the
calcification of W. britannica (more calcified, i.e., larger
specimens with reduced central area), whereas when
surface-waters become increasingly oligotrophic (lower
nutrient concentration), the specimens ofW. britannica are
less calcified (more elliptical with a greater relative central
area opening). The peak in abundance of Morphotype E,
characterized by a large central opening, observed at the
base of the section (Figs 5 and 9), occurs when the most
humid conditions are recorded (Figs 7 and 9). This obser-
vation seems to be in contradiction to the previous state-
ment. However, a “strong” (2–4‰; Bartolini et al., 2003)
decrease in salinity recorded in the Interval 2 may explain
the increase in abundance of Morphotype E, which was
possibly favored by low salinity (Fig. 9). Salinity effects on
coccolith morphology have been demonstrated for E.
huxleyi. Coccoliths of coastal isolates grown in media of
17‰ salinity exhibit reduced length of the proximal and
distal shield elements with no reduction in the central
area diameter, compared to coccoliths of oceanic isolates
(Green et al., 1998).

The increasing calcification of W. britannica occurs at
the base of a transgressive system tract (Pittet andMattioli,
2002; Fig. 9). The general transgressive trend created an
extension of the area of carbonate production on the
platform and thus intensified the export of carbonates
towards deeper environments. During this period, climate,
sea level and sedimentation changes are recorded in dif-
ferent areas. A decrease in δ13C values measured in bulk
carbonate rock is recorded, starting in the upper Middle
Oxfordian (tethyan sections, Bartolini et al., 1999; Poland,
Wierzbowski, 2002; Germany, Gröcke et al., 2003). This
change has been related to changes in sea level associated
with an episode of carbonate platform growth and increa-
sing carbonate sedimentation rate, as a consequence of
more oligotrophic conditions (Bartolini et al., 1999;
Wierzbowski, 2002). The carbonate platform growth
could not only be linked to more oligotrophic conditions
but also to a warming of surface-waters as demonstrated
on the Jura platform, starting in the Late Oxfordian and
recorded until the Kimmeridgian (Gröcke et al., 2003;
Lécuyer et al., 2003). These latter authors estimated up
to a 5 °C thermal increase of the surface-waters in the
western Tethys. Oligotrophic conditions in surface
waters are also linked to drier climatic conditions, as
demonstrated for southern Germany (Pittet and Mattioli,
2002; Bartolini et al., 2003; this study). The distribution
of reefal facies observed between 10°S and 32°N during
the Late Oxfordian–Early Kimmeridgian further imply
aridity in the Tethyan Mediterranean area (Cecca et al.,
2005), in agreement with the observations in southern
Germany.

5. Conclusions

The six morphotypes of Watznaueria britannica
recognized in the light microscope present overlaps in
their distributions, based on the different biometric
parameters measured, and show a reduced morpholog-
ical variability compared to a significant size gradient.
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An allometric trend is recognized for the total placolith
and the central area within the total W. britannica as-
semblage, suggesting that the different morphotypes
may represent intra-specific variability rather than dif-
ferent species. However, as the shape of the bridge, a
qualitative parameter, is very different for the six mor-
photypes ofW. britannica, and as our study is limited to
one section and one stratigraphic interval, we suggest
further studies to address the different morphotypes of
W. britannica, in order to find out if these represent
intra-specific variants or are different species.

During the Late Oxfordian, the overall size of W.
britannica coccoliths increases, mainly driven by an
increase in the contribution of large morphotypes.

The variations in size and abundance of W. britannica
observed for the Late Oxfordian in the Balingen–Tieringen
section (southern Germany) are related to paleoenviron-
mental factors. Increasing sizes are associated with a lowe-
ring of the trophic level in the surface-waters and warm
climatic conditions. In detail, low oligotrophic conditions
in the surface-waters, associated with warm temperatures,
seem to be optimal for the calcification of W. britannica
(producing more calcified specimens), and when these
conditions became increasingly oligotrophic but always
warm, the specimens ofW. britannica became less calcified
(more elliptical, with a relative wider central area opening).
Salinity seems to have had no influence on the placolith
size, but low salinity conditions could have been respon-
sible for the increase in abundance of onemorphotype ofW.
britannica (E).
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Appendix A. Taxonomy

This appendix includes taxonomic discussions about
Watznaueria britannica. Following the guidelines of
Bown et al. (1988), Ellipsagelosphaera Noël, 1965 is
considered to be a synonym of Watznaueria Reinhardt,
1964 and the former is not used.

Watznaueria britannica (Stradner, 1963) Reinhardt,
1964.

1963 Coccolithus britannicus Stradner, p. 10, pl. 1,
Figs. 7–7a.

1964 Watznaueria britannica (Stradner, 1963) Rein-
hardt, p. 753, pl. 2, Figs. 3–5a–b.
1965 Coccolithus britannicus Stradner, 1963; Black,
p. 132, Fig. 6.

1965 Ellipsagelosphaera lucasii Noël, pl. 11, Fig. 5.
1966 Coccolithus britannicus Stradner, 1963; Mar-

esch, p. 378, pl. 2, Figs. 1–4.
1966 Watznaueria britannica (Stradner, 1963) Rein-

hardt, 1964; Reinhardt, 1966, p. 17, Figs. 4a–b; pl. 4, Fig. 7.
1968 Ellipsagelosphaera britannica (Stradner, 1963)

Perch-Nielsen, text p. 71.
1971 Watznaueria britannica (Stradner, 1963) Rein-

hardt, 1964; Rood et al., p. 269, pl. 5, Fig. 5.
1973 Ellipsagelosphaera britannica (Stradner, 1963)

Perch-Nielsen, 1968; Noël, pl. 14, Fig. 6.
1973 Watznaueria britannica (Stradner, 1963) Rein-

hardt, 1964; Roth, p. 723, pl. 26, Fig. 2.
1974 Watznaueria britannica (Stradner, 1963)

Reinhardt, 1964; Barnard and Hay, pl. 2, Fig. 7; pl. 5,
Fig. 6.

1975 Ellipsagelosphaera britannica (Stradner, 1963)
Perch-Nielsen, 1968; Grün and Allemann, p. 159–160,
pl. 1, Fig. 12; pl. 2, Figs. 1, 3.

non 1975 Ellipsagelosphaera britannica (Stradner,
1963) Perch-Nielsen, 1968; Grün and Allemann,
p. 59–160, pl. 1, Fig. 12; pl. 2, Figs. 2, 4.

1976 Ellipsagelosphaera britannica (Stradner, 1963)
Perch-Nielsen, 1968; Keupp, p. 363, Figs. 2, 5.

1976 Ellipsagelosphaera communis (Reinhardt,
1964) Perch-Nielsen, 1968; Moshkovitz and Erlich,
pl. 3, Figs. 2, 3, 6, 7, 10, 11, 12; pl. 4, Figs. 2, 5, 6, 9, 10.

1976 Ellipsagelosphaera sp. cf. E. britannica;
Moshkovitz and Erlich, pl. 4, Figs. 16–19.

1976 Watznaueria communis Reinhardt, 1964;
Thierstein, pl. 2, Figs. 12, 13.

1977 Ellipsagelosphaera britannica (Stradner, 1963)
Perch-Nielsen, 1968; Keupp, p. 36, pl. 8, Figs. 1, 2, 3, 4, 6.

non 1977 Ellipsagelosphaera britannica (Stradner,
1963) Perch-Nielsen, 1968; Keupp, p. 36, pl. 8, Fig. 5.

1977 Watznaueria britannica (Stradner, 1963) Rein-
hardt, 1964; Wise and Wind, p. 485, pl. 86, Fig. 4;
p. 489, pl. 88, Fig. 8.

1978 Ellipsagelosphaera britannica (Stradner, 1963)
Perch-Nielsen, 1968; Hamilton, p. 39, pl. 1, Figs. 1, 4.

non 1978 Watznaueria britannica (Stradner, 1963)
Reinhardt, 1964; Roth, p. 755, pl. 1, Fig. 9.

1979 Ellipsagelosphaera britannica (Stradner,
1963) Perch-Nielsen, 1968; Hamilton, p. 17, pl. 12,
Figs. 1, 2.

non 1979 Ellipsagelosphaera britannica (Stradner,
1963) Perch-Nielsen, 1968; Medd, pl. 8 Figs. 1, 2.

1980 Ellipsagelosphaera britannica (Stradner, 1963)
Perch-Nielsen, 1968; Grün and Zweili, p. 311, pl. 1,
Fig. 12; p. 313, pl. 2, Figs. 1–3.
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1982 Ellipsagelosphaera britannica (Stradner, 1963)
Perch-Nielsen, 1968; Hamilton, p. 37, pl. 3.3, Figs. 13, 14.

1982 Ellipsagelosphaera britannica (Stradner, 1963)
Perch-Nielsen, 1982; Taylor, p. 63, pl. 4.2, Fig. 12.

1983 Ellipsagelosphaera britannica (Stradner, 1963)
Perch-Nielsen, 1968; Herngreen et al., p. 123, pl. 6,
Figs. 1, 3, 12.

1985 Ellipsagelosphaera britannica (Stradner, 1963)
Perch-Nielsen, 1968; Perch-Nielsen, p. 373, Figs. 40.8,
40.9; p. 336, Figs. 5.26–5.28.

1986 Watznaueria communis Reinhardt, 1964; Aita
and Okada, p. 125, pl. 8, Fig. 6.

non Watznaueria britannica (Stradner, 1963) Rein-
hardt 1964; Aita and Okada, p. 125, pl. 8, Fig. 7.

1987 Watznaueria britannica (Stradner, 1963) Rein-
hardt, 1964; Erba and Quadrio, p. 89, pl. 2, Figs. 4, 6, 9,
12, 13.

1988 Watznaueria britannica (Stradner, 1963) Rein-
hardt, 1964; Bown et al., p. 111, pl. 1, Fig. 22.

non 1989 Watznaueria britannica (Stradner, 1963)
Reinhardt, 1964; Crux, p. 183, pl. 8.1, Fig. 10; p. 201,
pl. 8,10, Fig. 12.

1990 Ellipsagelosphaera britannica (Stradner, 1963)
Perch-Nielsen, 1968; Baldanza et al., p. 235, pl. 2,
Fig. 6.

1990 Watznaueria britannica (Stradner, 1963) Rein-
hardt, 1964; Erba, p. 255, pl. 3, Figs. 1, 2.1990
Watznaueria britannica (Stradner, 1963) Reinhardt,
1964; de Kaenel, pl. 25, Figs. 10, 12, 13.

non Watznaueria britannica (Stradner, 1963) Rein-
hardt, 1964; de Kaenel, pl. 25, Fig. 11.

non 1991 Ellipsagelosphaera britannica (Stradner,
1963) Perch-Nielsen, 1968; Fiorentino, p.121 pl. 1, Fig. 9;
p. 133, pl. 3, Fig. 4.

1992 Watznaueria britannica (Stradner, 1963) Rein-
hardt, 1964; Cobianchi, p. 101, Fig. 22e.

1992 Watznaueria britannica (Stradner, 1963) Rein-
hardt, 1964; Cobianchi et al., p. 22, Fig. 1.

1992 Watznaueria britannica (Stradner, 1963) Rein-
hardt, 1964; Reale et al., p. 65, pl. 3, Figs. 17–20.

1995 Watznaueria britannica (Stradner, 1963) Rein-
hardt, 1964; Mattioli, p. 184, pl. 16, Figs. 1–6.

1997 Watznaueria britannica (Stradner, 1963) Rein-
hardt, 1964; Gardin in Cariou and Hantzpergue, p. 328,
pl. 41, Figs. 12, 13.

1998 Watznaueria britannica (Stradner, 1963) Rein-
hardt, 1964; Bown, p. 68, pl. 4.8, Figs. 3–6; p. 82,
pl. 4.15, Figs. 25–26; p. 180, pl. 6.7, Fig. 23.

2003 Watznaueria britannica (Stradner, 1963) Rein-
hardt, 1964; Kessels et al., p. 748, Figs. 4.7, 4.8.

2003Watznaueria communisReinhardt, 1964; Kessels
et al., p. 748, Figs. 4.9, 4.10.
Diagnosis: “Elliptical coccoliths consisting of two
closely appressed plates; the oval central opening is
transversely spanned by a short sturdy bridge” (Stradner,
1963, p. 10).

Description: Following the remarks of Reale et al.
(1992, taxonomic notes: Appendix) we assign to the
species Watznaueria britannica the specimens that
present in their central area a bridge, which is parallel
to the minor axis of the ellipse and is bright and optically
discontinuous (Fig. 1) with respect to the inner cycle of
the coccolith rim under crossed-nicols. Watznaueria
britannica varies considerably in placolith size, opening
of the central area, and shape of the bridge. We can
subdivide it into six morphotypes, A (Fig. 1a, d), B
(Fig. 1b, e), C (Fig. 1c, f ), D (Fig. 1g, j), E (Fig. 1h, k),
and F (Fig. 1i, l).

Remarks: Specimens with a bridge inclined with
respect to the minor axis of the ellipse are assigned to
Watznaueria frequens (Noël, 1965) Bukry, 1975, as it
is clearly seen on the holotype photograph (Noël,
1965). Watznaueria communis Reinhardt, 1964, is
retained for the forms which have a small central hole
spanned by a bridge, optically continuous with the
inner cycle of the coccolith under crossed nicols
(e. g. Cobianchi, 1992 p. 101, Fig. 22f ). We consider as
Watznaueria lucasii (Noël) Bown et al., 1988, the
specimens which have a diameter of central opening
equal or exceeding 50% of the total diameter of the
coccolith, as illustrated by Noël (1965). We consider as
Watznaueria reinhardtii Rood, Hay and Barnard 1971
the specimens with a narrow rim, a large central
opening, and a bridge which bifurcates laterally, as
described by Rood et al. (1971).
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