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A B S T R A C T

The morphometric record of the calcareous nannofossil species Biscutum constans from the western Tethys indi-
cates that this species underwent marked size changes across the latest Barremian-Cenomanian interval (~ 28
Myrs). Significant size reduction occurred during the core of the early Aptian Oceanic Anoxic Event (OAE) 1a
(~ 120 Ma) and soon after OAE 1a followed by a 9 Myr-long interval characterized by small specimens. Larger
coccoliths marked the middle to late Albian and, particularly, the lower part of the nannofossil subzone NC10a
was characterized by abundant large specimens. A minor size decrease coincided with the late Albian OAE 1d
onset (~ 100 Ma), but very small size was reached again during the latest Cenomanian OAE 2 (~ 94.4 Ma). The
sequence of relatively long (millions of years) intervals marked by different average sizes is interpreted to reflect
adaptation to changing paleoecological conditions. Temperature and fertility were not directly influencing the
size of B. constans. On shorter time scale, abrupt changes in ocean chemistry related to Large Igneous Provinces
submarine volcanism played a central role in secretion of small B. constans coccoliths to face ocean acidification
during OAE 1a and OAE 2. Contrarily, during the late early Aptian-early Albian time interval, smaller B. constans
size was related to cooler temperature which possibly also promoted CO2 sequestration in cooler surface waters
forcing B. constans to produce small coccoliths to survive lowered pH. In addition, pulses of subaerial volcanism
of the Southern Kerguelen Plateau may have further affected the ocean chemistry. The termination of intense
volcanism and warmer temperature in the middle Albian-early Cenomanian coincided with restoration of bigger
B. constans specimens.

1. Introduction

Coccoliths are the calcitic remains of coccolithophore exoskeleton
called coccosphere. Coccolithophorids are phytoplanktonic algae which
are widespread in the oceans and important rock-forming organisms
since the Jurassic (e.g., Bown et al., 2004; Erba, 2006). Due to their
sensitivity to oceanic physical and chemical parameters, fossil coccol-
iths and nannoliths have been used, since the seventies (Roth, 1979,
1987, 1989; Roth and Bowdler, 1981; Roth and Krumbach, 1986),
as proxy in Mesozoic paleoceanography.

During the last decades, numerous works focused on coccolith and
nannolith size variations to verify a possible link between size and
paleoenvironmental changes and implement their use as paleoceano-
graphic tracers (e.g., Mattioli et al., 2004; Bornemann and Mut-
terlose, 2006; Mattioli et al., 2009; Erba et al., 2010; Linnert
and Mutterlose, 2012; Barbarin et al., 2012; Lübke et al., 2015;
Lübke and Mutterlose, 2016; Peti and Thibault, 2017; Faucher
et al., 2017a; Ferreira et al., 2017; Erba et al., 2019;

Gollain et al., 2019). Some of these morphometric studies included
measurements of Biscutum constans (Górka, 1957) Black, 1967, which
is a placolith with a broad rim and a narrow and empty central area.
Bicuscutm constans was a relatively common species in the Cretaceous
and it has been interpreted to prefer mesotrophic conditions (Roth and
Krumbach, 1986; Premoli Silva et al., 1989a, 1989b; Watkins,
1989; Coccioni et al., 1992; Erba et al., 1992; Williams and
Bralower, 1995; Bellanca et al., 1996; Herrle, 2003; Herrle et al.,
2003; Bornemann et al., 2005; Mutterlose et al., 2005; Tremo-
lada et al., 2006; Tiraboschi et al., 2009). This species under-
went size variations during the Valanginian Weissert-Oceanic Anoxic
Event (OAE) (Möller et al., 2020), the Barremian Hauptblätterton
(Wulff et al., 2020), the early Aptian OAE 1a (Erba et al., 2010;
Lübke and Mutterlose, 2016), the latest Albian OAE 1d (Borne-
mann and Mutterlose, 2006) and latest Cenomanian OAE 2 (Lin-
nert and Mutterlose, 2012; Faucher et al., 2017a). Altered car-
bonate chemistry and CO2-induced ocean acidification (OA; Erba et
al., 2010; Faucher et al., 2017a), tem
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perature changes (Bornemann and Mutterlose, 2006; Wulff et al.,
2020), variation in light availability (Lübke and Mutterlose, 2016),
altered surface water nutrient content (Linnert and Mutterlose, 2012;
Möller et al., 2020; Wulff et al., 2020) and excess trace metal con-
centrations (Faucher et al., 2017a) were addressed as possible causes
of B. constans size reduction over these intervals. So far, none of the in-
terpretation proposed has been totally excluded and the causes of B. con-
stans size variations are still under debate.

Most morphometric studies focused on OAEs since they are ideal to
understand the response of coccolithophores to “extreme” environmen-
tal conditions. As a consequence, little is known about the size variations
through intervals not associated with OAEs and proper long-term record
of nannofossil morphometrics is missing.

In this work, we investigated B. constans size evolution through a 28
my-long interval, from the latest Barremian to the Cenomanian, which
includes global OAEs and long interludes without OAEs. We focused on
the Umbria-Marche Basin (Piobbico core and Monte Petrano section)
which provides a continuous record through the mid Cretaceous and al-
lows a comparison of the morphometric data with available paleoceano-
graphic and paleoclimatic reconstructions performed on the same sec-
tions (Bottini et al., 2015; Bottini and Erba, 2018). The dataset was
integrated with size measurements for the latest Barremian-early Aptian
from Erba et al. (2010).

The objectives of this study are to: 1) quantify size variations of B.
constans during the latest Barremian-Cenomanian interval; 2) identify if
B. constans size variations also occurred during intervals not marked by
OAEs; 3) detect if changes in the size of B. constans reflect an evolution-
ary trend or a response to long-term environmental changes; 4) test if B.
constans size variations were induced by changes in climatic conditions
and/or surface water fertility conditions.

2. Studied sections

We studied the Aptian – upper Cenomanian in the Umbria-Marche
succession of the Central Apennines belt (central Italy) (Fig. 1). The se-
quence consists of pelagic to hemipelagic sediments deposited at sub-
tropical latitudes (Alvarez and Lowrie, 1984) in the Western Tethys
on the continental crust of the Adria microplate (Rosenbaum et al.,
2004) at estimated paleodepth of ca. 1500–2000 m (Bernoulli, 1972;
Bernoulli and Jenkyns, 1974, 2009). The studied sequence includes
the Marne a Fucoidi Formation (lower Aptian – upper Albian) which
consists of a rhythmic sequence of marlstone, marly limestone, marly
claystone and black shale (Herbert and Fischer, 1986; Erba et al.,
1989; Fisher et al., 1991; Erba and Premoli Silva, 1994; Herbert
et al., 1995; Fiet et al., 2001; Grippo et al., 2004) and the Scaglia
Bianca Formation (upper Albian – upper Cenomanian) (Coccioni and
Galeotti, 2003) that consists of alternated limestones/marly limestones
and radiolarian layers/chert bands (Gambacorta et al., 2015, 2016).

We investigated two sedimentary successions of the Umbria Marche
Basin (described below): the Piobbico core and the Monte Petrano sec-
tion. The data collected were integrated with the morphometric data
from the Cismon core (Belluno Basin, Italy) studied by Erba et al.
(2010) spanning the latest Barremian – early Aptian (Fig. 1). Two sam-
ples from the Cismon core (46° 02′ 00″ N/ 11° 45′ 00″ E) were addition-
ally studied above the Selli Level at the top of calcareous nannofossil
Zone NC6 (Fig. 2).

The Piobbico core was drilled at “Le Brecce” (43°35′ 3.78″ N/
12°29′10.09″ E) located 3 km west of the town of Piobbico at Km 33
of the Apecchiese State Road No. 257 (Fig. 2). The core includes the
Selli Level (OAE 1a), although it is not complete since a disconfor-
mity eliminates its basal part (Bottini et al., 2015), the 113 Level
and the Kilian Level represented by centimetric black shales levels,

Fig. 1. Stratigraphic range of the studied sections plotted against the late Barremian –
early Turonian chronostratigraphic framework from Bottini and Erba (2018). Nanno-
fossil zones are after Bralower et al. (1995).

and the Urbino Level (OAE 1b) ca. 27 cm thick. The stratigraphic thick-
ness equals 77 m and the studied interval goes from 71 to 8.5 m extend-
ing from the base of nannofossil Zone NC7 to the top of Zone NC9.

The Monte Petrano section (43° 30′16.14″ N / 12° 36′50.94″ E)
covers 80.5 m and it is located close to the village of Moria and in-
cludes black shale layers of the Pialli Level which are restricted to the
lower part of the OAE 1d carbon-isotope excursion (Schwarzacher,
1994; Giorgioni et al., 2012; Gambacorta et al., 2014, Figs.
1, 2). The Mid Cenomanian Event (MCE) I coincides with a litho-
logical shift to organic-rich black shales and black chert bands al-
ternated with whitish limestones. The δ13C positive anomaly of OAE
2 (at Monte Petrano and Furlo) is associated with the organic-rich
and carbonate-lean Bonarelli Level, but only the first part of the OAE
2 carbon isotope excursion is preserved since a hiatus at the top of
the Bonarelli Level elides most of the “plateau”, the “c” peak and
the first part of the decrease (Gambacorta et al.,
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Fig. 2. (a) Present-day and (b) paleogeographic location (at ca. 105 Ma) of the studied sections, modified from Gambacorta et al. (2015).

2015). The section was studied in the interval comprised between the
base of Zone NC10 to the top of Zone NC11*. The OAE 2 was not stud-
ied since it is barren of nannofossils.

We adopt the composite section from the uppermost Barremian to
the top of the Cenomanian built in Bottini and Erba (2018) which in-
cludes the Cismon core, the Piobbico core and Monte Petrano section.
Sampling was conducted in order to gain a constant resolution of ca. 200
kyrs (following the time scale of Malinverno et al. (2010, 2012) and
the cyclostratigraphy of Gambacorta et al. (2018). In the interval cor-
responding to nannofossil Zone NC7 and NC8a the sampling resolution
is lower since some samples were devoid of B. constans (Bottini et al.,
2015).

3. Methods

3.1. Sample preparation

A total of 53 samples were studied in the Piobbico core, 30 samples
in the Monte Petrano section and 2 in the Cismon core. Calcareous nan-
nofossils were investigated in smear slides under light polarizing micro-
scope at 1250× magnification. Smear slides were prepared using stan-
dard techniques (Bown and Young, 1998): a small fraction of sedi-
ment was powered with bidistillate water; a few drops of the suspension
were spread over a slide, leaving to dry and sealed on a glass slide with
Norland Optical adhesive.

3.2. Morphometrics

Morphometric analyses on B. constans were performed under polar-
ized light microscope. Pictures of 30 specimens for each studied sam-
ple were captured with a Q-imaging Micro publisher 5.0 RTV camera
mounted on a Leitz Laborlux light microscope. The software used to
take the pictures was Q-capture Pro suite. Measurements were taken us-
ing ImageJ64 software. The error of measurements is ±0.08 μm. In 5
samples we measured less than 30 specimens due to the low abundance
of this species. The total number of specimens measured is provided in
Supplementary Table S1.

The identification of B. constans (Górka, 1957) Black, 1967 fol-
lows the original description and no distinction is made for B. ellip-
ticum (Górka, 1957) Grün and Allemann, 1975 since it is consid

ered a synonym of B. constans (see Bornemann and Mutterlose, 2006;
Brace and Watkins, 2014).

The nannofossil preservation was assessed under light polarizing mi-
croscope to ascertain the degree of etching and/or overgrowth. Dia-
genetically altered specimens were discarded since partial dissolution
or overgrowth may decrease or enlarge the coccolith size, respectively.
Only complete specimens of B. constans with continuous outline were se-
lected.

For each specimen length and width of the total coccolith was mea-
sured. This resulted in a total of 2505 measurements performed. Ac-
cording to previous studies the measurement of at least 30 specimens
for each given species per sample provides a sufficient reproducibility
for the mean and the 95% confidence limit (e.g., Erba et al., 2010;
Faucher et al., 2017a). We also calculated the coccolith ellipticity
(length/width ratio).

3.3. Statistics

Data were statistically analysed to obtain mean, median, maximum
and minimum values, 95% confidence intervals and standard deviation
(sdt. Dev.) and the linear regression function between length and width
(Supplementary Table S1). A mixture analysis was run on length and
width, using PAST software (Hammer et al., 2001), in order to find
the overall mixing proportions of specimens and verify the eventual oc-
currence of different taxa (Fig. 3). t-tests were performed with R soft-
ware in order to determine if there are significant differences between
B. constans sizes among the established intervals. Statistical significance
was accepted for p < .05.

We performed regression analyses to estimate the relationship be-
tween B. constans size and B. constans abundance, Nutrient Index (NI)
and Temperature Index (TI). The analyses were performed using the
data of the matching samples for all the 4 variables, (size, abundance,
NI and TI). Biscutum constans relative abundance and nannofossil TI and
NI are from Bottini et al. (2015) and Bottini and Erba (2018).
Relative abundances were obtained in smear slides counting, under po-
larizing light microscope at 1250× magnification, at least 300 spec-
imens and are expressed in percentages. The NI includes higher-fer-
tility (Biscutum constans, Zeugrhabdotus erectus, Discorhabdus rotatorius)
and lower fertility (Watznaueria barnesiae) nannofossil taxa. The TI
is based on warmer-temperature (Rhagodis
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Fig. 3. Scatter plots and frequency histograms of all Biscutum constans length and width measurements. The linear regression, the mean, median and mode are given.

cus asper, Zeugrhabdotus diplogrammus) and cooler-temperature (Stau-
rolithites stradneri, Eprolithus floralis, Repagulum parvidentatum) taxa. For
further information see Bottini et al. (2015) and Bottini and Erba
(2018). The values of B. constans abundance, NI and TI used for the
regression analyses are reported in Supplementary Table S2 and the re-
sults of the statistical analyses are indicated in Supplementary Table S3.

4. Results

4.1. Calcareous nannofossil preservation

In the studied sections, calcareous nannofossil preservation is moder-
ate, dissolution-prone species (e.g., B. constans, Z. erectus, D. rotatorius)
are relatively abundant (Tiraboschi et al., 2009; Bottini et al., 2015;
Bottini and Erba, 2018) and minor indications of etching and over-
growth were sporadically detected (Fig. 4). Our estimates agree with
evaluation of dissolution and overgrowth previously published for nan-
nofossil assemblages of the Piobbico core (Erba, 1988, 1992; Tira-
boschi et al., 2009; Bottini et al., 2015) and Monte Petrano (Gam-
bacorta et al., 2015; Bottini and Erba, 2018). We therefore con-
sider that the size variations detected in this study reflect a biological
response rather than depending on dissolution effects.

4.2. Biscutum constans size variations

Biscutum constans length is linearly correlated with the width
(R2 = 0.77, Fig. 3). A similar relationship was identified in other stud-
ies dealing with B. constans size measurements (e.g., Bornemann and
Mutterlose, 2006; Linnert and Mutterlose, 2012; Lübke et al.,
2015; Faucher et al., 2017a; Möller et al., 2020), consequently, in
this work we only describe and comment on variations in length.

Size fluctuations of B. constans through the latest Barremian – lat-
est Cenomanian time interval are presented in the composite section
(from Bottini and Erba, 2018) which includes the data from the
Cismon core, the Piobbico core and Monte Petrano section (Fig. 5).
The lowermost 12 samples of the Cismon core are from Erba et al.

(2010), the two samples in the topmost part of the core are from this
work.

Every measured and calculated statistical parameter (mean length
and width, maximum and minimum length and width, sdt. dev, and
ellipticity) of B. constans is available in the supporting information in
Supplementary Table S1. The length of B. constans ranges from 1.58 to
7.30 μm. A mean of 3.71 μm is estimated for the overall studied pop-
ulation (Fig. 5, Supplementary Table S1). The coccolith length is uni-
modally distributed and the frequency histograms (Fig. 3 and Supple-
mentary Fig. S1) exhibit a positive skewness of coccolith sizes.

The average values of B. constans length (mean and median) show
size variations throughout the sites that can be described in seven dis-
tinct intervals (Figs. 5 and 6; Table 1). Intervals 1 to 3 were identified
by Erba et al. (2010) using the same criterium adopted here to define
intervals 4 to 7: each interval includes a group of samples, in stratigraph-
ical order, with significantly different (p < .05) median length values
(lower or higher) from those of the samples of the interval stratigraph-
ically below and above. This is revealed also in Fig. 6 where the seven
box plots relative to the seven intervals, describe the dispersion of the
measured specimens and evidence the fluctuations in sizes through time.

The seven intervals are described as follows: interval 1 goes from just
prior to the nannoconid decline up to the nannoconid crisis which pre-
cedes the OAE 1a onset and is characterized by larger specimens (av-
erage length = 5.22 μm std. 1.15); interval 2 corresponds to the neg-
ative carbon isotope excursion of OAE 1a and coincides with B. con-
stans size reduction of ca. 35% (average length = 3.88 μm, sdt. 0.85)
compared to interval 1; interval 3 corresponds to the middle and late
part of OAE 1a and it is characterized by bigger B. constans coccoliths
(average length = 4.80 μm, sdt. 0.89) compared to interval 2; interval
4 extends from the end of OAE 1a to the middle of nannofossil sub-
zone NC8c in the early Albian and displays the lowest average B. con-
stans length (average length = 3.13 μm, sdt. 0.49); interval 5 extends
from the middle of nannofossil subzone NC8c up to the base of nan-
nofossil subzone NC9b and it is marked by average B. constans length
which is closer to the total mean size of the studied interval (average
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Fig. 4. Selected light microscope pictures (crossed nicols) of Biscutum constans specimens showing differences in the mean size depending on the interval of provenance: interval 4 (late
Aptian-early Albian), interval 5 (middle Albian) and interval 6 (late Albian). Scale bar is 2 μm.

length = 3.68 μm; sdt. 0.66); interval 6 goes from the base of nanno-
fossil subzone NC9b to the middle of subzone NC10a and shows higher
average sizes of B. constans (average = 4.19 μm sdt. 0.74); interval 7 is
comprised between the middle of subzone NC10a to the onset of OAE
2 and it is characterized by relatively lower – but stable - mean length
(average length = 3.78 μm, sdt 0.56).

In Supplementary Fig. S2 we represented frequency histograms for
individual samples for every interval (one sample per interval). Bins are
0.5 μm and 14 classes are illustrated from 1 to 8 μm. The chosen his-
tograms highlight how the population size distribution changed through
time. In particular, in interval 4 and interval 7, B. constans is represented
by a lower number of classes bins compared to interval 1, 2 and 6. More-
over, some size classes are absent in some intervals as for example in in-
terval 4 specimens bigger than 4 μm are not displayed and in interval 3
and 6 only bigger classes (> 3 μm) are represented (Fig. 5; Supplemen-
tary Fig. S2). These data further highlight that B. constans population un-
derwent marked size changes and that during the early late Aptian-early
Albian interval, the population was confined to a restricted size range
compared to rest of the studied interval.

4.3. Biscutum constans size versus other parameters

Calculated B. constans ellipticity of each studied specimen was cor-
related with size to detect any correspondence (Supplementary Fig.
S3). The correlation was made for all 7 intervals identified (Fig.

5) but no correlation between B. constans size and ellipticity was ob-
served.

The relative abundance of B. constans from the same sections stud-
ied for morphometrics (Bottini et al., 2015; Bottini and Erba, 2018)
shows marked variations throughout the studied interval (Fig. 5). Bis-
cutum constans abundance was relatively low during the latest Bar-
remian-Aptian interval. Peaks in abundance are identified before the
nannoconid decline (up to ca. 15%), in the early phase of OAE 1a and
just after the end of OAE 1a (up to ca. 8%). The early Albian coincided
with a progressive increase in B. constans abundance which reached av-
erage of ca. 10% sustained up to the end of OAE 1d although shorter in-
terludes of lower abundances (< 5%) are detected in the core of nanno-
fossil subzone NC9a, in subzone NC9b and at the onset of OAE 1d. The
interval comprised between the end of OAE 1d and the onset of OAE 2
was characterized by a progressive decrease in abundance of B. constans
although peaks are identified at the end of the MCE I and in the core of
Zone NC11*. The changes in abundance of B. constans are not correlated
with size fluctuations as indicated by statistics (Fig. 5, Supplementary
Table S2, S3).

Biscutum constans size and abundance are also not related to litho-
logical changes (Fig. 5) since their variations occur independently
from rock facies. This further implies that a primary factor other than
preservation influenced the variations detected. Ultimately, no corre-
lation between coccoliths sizes and the NI or the TI
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Fig. 5. Latest Barremian to latest Cenomanian Biscutum constans size variations. (a) The composite section includes, from bottom to top, the: (i) Cismon core, (ii) Piobbico core, and (iii)
Monte Petrano section (from Bottini and Erba, 2018). Nannofossil Zones are from Erba (1988), Tiraboschi et al. (2009), Erba et al., 1999, Gambacorta et al. (2015). 13C
curve (5-point moving average) is based on Erba et al. (1989), Weissert and Erba (2004), and Gambacorta et al. (2015). (b) Intervals 1 to 7 represent interludes characterized
by similar average length of B. constans which differ from the interval before and after. Intervals 1 to 3 were described by Erba et al., 2010. Interval 4 to 7 are defined in the current
work on the basis of the median length value of B. constans. Each interval includes a sequence of samples, in stratigraphical order, which share a similar median which is also significantly
different from the average median length value of the subsequent interval. (c) Relative abundance of B. constans is from Bottini et al. (2015) for the latest Barremian-Aptian, from
Tiraboschi et al. (2009) for the early and middle Albian and from Bottini and Erba (2018) for the late Albian-Cenomanian.

was evidenced (Supplementary Table S2 and Supplementary Table S3).

5. Discussion

5.1. Long-term size variations of B. constans across the latest Barremian –
Cenomanian

The morphometric record presented in this work provides a pic-
ture of long-term size variations of B. constans through the latest Bar-
remian-Cenomanian time interval and highlights seven intervals during
which B. constans recorded fluctuations in size (Figs. 5 and 7). In-
tervals 1 to 3 (Figs. 5, 6 and 7) include the size changes reported
by Erba et al. (2010) and highlight a significant size reduction in
the core of OAE 1a (interval 2) followed by a recovery in interval 3

although pre-OAE 1a values were not reached again. Intervals 4 to 7
represent new evidence of size variations in this species. In particular,
during interval 4, B. constans was dominated by small specimens. In in-
terval 5, B. constans returned to values close to the total average size of
the studied interval while, during interval 6, B. constans was represented
by larger specimens. In the Cenomanian (interval 7), B. constans mean
size decreased again towards values around the total average size and
major size decrease occurred during OAE 2 (Faucher et al., 2017a).

Before this work, morphometric studies of B. constans were per-
formed only across OAE 1a (Erba et al., 2010;Lübke and Mut-
terlose, 2016 ), OAE 1d (Bornemann and Mutterlose, 2006) and
OAE 2 (Faucher et al., 2017a), and evidenced a size reduction of
B. constans during these Cretaceous OAEs. The novelty of the long-
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Fig. 6. Box plots of Biscutum constans length from the different intervals in stratigraphic
order from bottom to top. The left and right side of each “box” are the 25th and 75th per-
centiles of the samples, respectively. The line in the middle of each box is the median. The
whiskers, extending on the left and right of each box, represent the furthest observations.
Observations beyond the whisker length are marked as outliers (circles).

term record of morphometries, is represented by the documentation of
smaller B. constans (average 3.13 μm) during a prolonged time interval,
ca. 9 Myrs from the late Aptian to the early Albian, not related to OAEs.
Such evidence opens new questions about the environmental factor/s re-
sponsible for B. constans size fluctuations.

Coccolith size reductions detected during OAE 1a and OAE 2 have
been proved to be of global significance (Erba et al., 2010; Lübke
et al., 2015; Faucher et al., 2017a). The new morphometric record
generated for the Tethys (Figs. 5 and 7), possibly suggests that the
size decrease associated with OAE 1d was, at least, of supra-regional
extent. Although we did not investigate OAE 1d in high resolution,
the new data show a minor drop in B. constans mean size at OAE
1d onset. This is similar to the B. constans size pattern

registered in the core of OAE 1d (Main Breistroffer Level) in the Vocon-
tian Basin (Bornemann and Mutterlose, 2006) although in the French
section the average values are relatively lower (from 3.6 to ca. 3.3 μm)
compared to the Tethys. If OAE 1a, OAE 1d and OAE 2 were all marked
by B. constans size decrease in the Tethys (Fig. 7), the amplitude of the
variations and the minimum value reached were different for each OAE.
The smallest mean size of B. constans was registered during OAE 2 (ca.
2.5 μm) in the Novara di Sicilia section (Faucher et al., 2017a), as the
Bonarelli Level in the Umbria-Marche Basin is barren. The OAE 1a and
OAE 1d follow with smallest mean length of ca. 3.5 μm and ca. 4 μm,
respectively.

The size reductions associated with OAEs had a relatively short du-
ration, corresponding to ca. 200 kyrs for OAE 1a (Erba et al., 2010)
and OAE 2 (Faucher et al., 2017a) and ca. 800 kyrs for OAE 1d, based
on the cyclostratigraphy of Gambacorta et al. (2018). Contrarily, dur-
ing interval 4, B. constans mean size remained relatively small for ca. 9
Myrs. So far, it is not possible to say if this size variation was registered
globally because no morphometric data are available in the literature
in other marine contexts for this time interval. The only evidence for
B. constans size change documented in different localities refers to the
equivalent to interval 6 although based on qualitative observations: the
presence of common and large specimens of B. constans during the late
Albian was reported in the Piobbico core (Erba, 1988), in south Albania
(Danelian et al., 2007), in north west Germany (Čepek, 2001), and
in the Shilaif Basin (United Arab Emirates; Hennhoefer et al., 2019).
This evidence suggests that this interval of abundant large (> 4.19 μm,
in the Umbria-Marche Basin) specimens of B. constans was not confined
to the western Tethys and possibly constitutes a stratigraphic marker for
the late Albian being constrained within the lower part of the nannofos-
sil subzone NC10a (Fig. 7).

The coccolith ellipticity also varied throughout the studied interval
but independently from size. Statistical analyses exclude a correlation
between ellipticity and size (Supplementary Fig. S3), although quali-
tative observations under light microscope indicated that often larger
specimens are less elliptical, and vice versa. A similar observation was
made on Lotharingius sp. (Ferreira et al., 2017), while a relation-
ship between the two parameters was documented in B. constans from
OAE 1d (Bornemann and Mutterlose, 2006) and in other nannofossil
species, such as Watznaueria barnesiae (Erba et al., 2010), Watznaueria
britannica (Giraud et al., 2006), Pseudoemiliania lacunosa and Emilia-
nia huxleyi (Young, 1989; Henderiks, 2008). Conversely, during OAE
2 the correlation was absent (Faucher et al., 2017a). The ellipticity
depends on the coccolith crystal growth which approaches a parallel el-
lipse (Young, 1989; Young et al., 1996) and, possibly, this leads to
less elliptical forms with increasing size. However, we underline that in
our study, the long-term morphometric record shows no correspondence
between B. constans ellipticity and size changes.

Table 1
Number of measured Biscutum constans specimens (N), mean length (L) in μm, minimum length (L min) in μm, maximum length (L max) in μm, mean width (W) in μm, minimum width
(W min) in μm, maximum width (W max) in μm, standard deviation (dev.st) and ellipticity for all analysed specimens (Total) and for every established interval.

N L Sdt. dev. Min L Max L W Sdt. dev. Max W Min W Ellipticity

Total 2879 3.71 0.85 1.58 7.30 2.93 0.73 1.22 6.32 2.03
Interval 7 506 3.78 0.56 2.31 6.34 3.04 0.48 1.85 5.01 1.65
Interval 6 405 4.19 0.74 2.66 6.35 3.42 0.62 1.65 5.31 1.76
Interval 5 690 3.68 0.66 2.13 6.77 2.90 0.54 1.24 4.81 1.73
Interval 4 918 3.13 0.49 1.58 5.81 2.40 0.42 1.22 4.28 1.98
Interval 3 120 4.80 0.89 2.15 6.73 3.81 0.79 2.03 5.55 2.03
Interval 2 120 3.88 1.03 2.07 6.75 3.00 0.86 1.54 6.09 1.97
Interval 1 120 5.22 1.15 2.35 7.30 4.11 1.04 1.77 6.32 1.94
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Fig. 7. Synthesis figure reporting (a) Biscutum constans size variations through the latest Barremian-Cenomanian time interval. Intervals 1 to 7 are identified on the basis of B. constans mean
size. The time frame is modified from Bottini and Erba (2018). Numerical ages are based on the time scale of Malinverno et al. (2010, 2012) and cyclostratigraphy of Gambacorta
et al. (2018). (b) Temperature and nutrient variations are from Bottini and Erba (2018). (c) Large Igneous Province radiometric ages are based on Coffin et al. (2002), Duncan
(2002), Hoernle et al. (2010), Timm et al. (2011), Chambers et al. (2004). Ontong Java Plateau (OJP), Manihiki Plateau (MP), Hikurangi Plateau (HP), Southern Kerguelen
Plateau (SKP), Central Kerguelen Plateau (CKP), Rajmahal Traps (Raj.), Indian Lamprophyre (Ind.), Antarctic Lamprophyre (Ant.). Metal peaks are from Erba et al. (2015).

5.2. The effects of paleoenvironmental changes on B. constans coccolith size

The long-term size trends of B. constans detected through the stud-
ied 28 Myr-long interval can be hardly explained with an evolution pat-
tern towards new subspecies since morphometrics show evidence of one
single population and do not display a unique trend towards smaller or
larger specimens. Most likely, the size fluctuations that we observe in
our study, represent the response to transitory environmental variations
which forced this nannoplankton species to adapt (De Vargas et al.,
2007).

During the latest Barremian-Cenomanian time interval, the rela-
tive abundance of B. constans fluctuated in response to changes in
surface-water fertility conditions, as discussed in Bottini and Erba
(2018) and reference thereinafter, thus it is plausible that surface wa-
ter fertility also affected the average size of this species. Biscutum con-
stans was a shallow dweller species and preferred mesotrophic condi-
tions (Roth and Krumbach, 1986; Premoli Silva et al., 1989a,
1989b; Watkins, 1989; Coccioni et al., 1992; Erba et al., 1992;
Williams and Bralower, 1995; Bellanca et al., 1996; Herrle, 2003;
Herrle et al., 2003; Bornemann et al., 2005; Mutterlose et al.,
2005; Tremolada et al., 2006; Tiraboschi et al., 2009). Linnert
and Mutterlose (2012) and Wulff et al. (2020) proposed a neg-
ative effect of low fertility on B. constans mean size during the lat-
est Cenomanian-Turonian time interval and

the early Barremian Hauptblätterton, respectively. Möller et al.
(2020) identified smaller B. constans under elevated nutrient levels
across the Valanginian Weissert-OAE. Instead, no correspondence be-
tween B. constans size and fertility was evidenced for OAE 1a (Erba et
al., 2010), OAE 1d (Bornemann and Mutterlose, 2006) and OAE 2
(Faucher et al., 2017a). Likewise, our dataset shows no correlation
with B. constans abundance nor with the NI (Figs. 5 and 7; Supplemen-
tary Table S3).

The other main abiotic factor that was postulated to influence cal-
careous nannofossil size, is the surface-water temperature, that shows
large changes during the investigated interval (Fig. 7). Literature data
concerning size fluctuations during OAEs, provide different interpre-
tations about the relationship between size changes and temperature:
no direct correlation between temperature and B. constans size was
detected during OAE 1a (Erba et al., 2010) and OAE 2 (Faucher
et al., 2017a). Bornemann and Mutterlose (2006) found instead
smaller B. constans coccoliths under relatively cooler conditions. This
contradicts the preference for cool waters of this taxon implied by
Lees et al. (2005) and the interpretation proposed by Herrle et al.
(2003) that larger Biscutum (B. aff. ellipticum) is a cool-water taxon.
Our data do not show a systematic change of temperature and B.
constans size. Warmer conditions are associated with OAEs and with
a prolonged phase (ca. 4 Myr) in the middle Albian. Coolest tem-
peratures corresponded to the late Aptian and a progressive cooling
trend started in the latest Albian. Temperate conditions occurred in
the Cenomanian with frequent short-term
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variations (Bottini and Erba, 2018). Despite these climatic fluctua-
tions, no systematic correspondence is detected between temperature
and B. constans size (Fig. 7): for e.g., smaller B. constans in the core
of OAE 1a was associated with the warmest temperatures. Contrarily,
size reduction during interval 4 corresponded to cooler temperatures ex-
cept for the topmost part of interval 4 marked by a temperature rise not
paralleled by size variations. The size increase at the base of interval 5
did not correspond to temperature changes and a significant warming
in the middle of the same interval occurred without any B. constans size
change. In addition to visual observations, the statistical analyses (Sup-
plementary Table S3) support the absence of correlation between the TI
and size.

For extant species, only a limited number of studies analysed coccol-
ith size and shape variations in living coccolithophores under sub-opti-
mal temperature or nutrient conditions. In one of this study, morpholog-
ical and morphometrical variations of Emiliania huxleyi were observed
under SST changes (Watabe and Wilbur, 1966) and an increase in
the percentage of aberrant species was hypothesized to be caused by the
disturbance of cytoskeleton functionality under sub-optimal temperature
(Rosas-Navarro et al., 2016). However, it has not been explained why
sub-optimal temperature should disturb cytoskeleton functionality and
therefore the intra-cellular production of coccoliths. Moreover, a recent
work underlined the lack of a common response among different species
towards different temperatures, indicating that coccolithophores do not
always produced bigger or smaller coccoliths under sub-optimal tem-
perature values (Faucher et al., 2020). Furthermore, for living coc-
colithophore, previous authors claimed that coccolith formation, is less
adversely affected by nutrient deficiency than growth and cell division
(Paasche, 1998): coccoliths continue to be produced under P or N de-
pletion and, indeed, morphometrical studies did not reveal any drastic
variation in size and morphology under nutrient limitation (Faucher et
al., 2020). The lack of a direct link between size and temperature vari-
ations or nutrient content evidenced in this study for B. constans, and
the lack of a common interpretation of temperature and nutrient con-
tent effects on B. constans size from other works on Cretaceous intervals,
is consistent with data from experiments on living coccolithophores and
evidence a strong uncertainty of correlating nutrient and temperature
with size fluctuations.

Other paleoenvironmental conditions might have controlled B. con-
stans size in the Cretaceous. Different authors suggested that OA induced
by CO2 excess (Erba et al., 2010), light deficiency (Lübke et al.,
2015; Lübke and Mutterlose, 2016), or combined CO2 -excess and
higher hydrothermal metal concentrations (Faucher et al., 2017a),
were the possible causes of the coccoliths size decrease during OAE
1a and OAE 2. Indeed, OAE 1a and OAE 2 have in common to have
been characterized by intense volcanism associated with Large Igneous
Provinces (LIP)s (Fig. 7). The large magmatic-tectonic activity of Mani-
hiki-Ontong Java Plateau (OJP) was responsible for excess CO2 emis-
sions in the ocean-atmosphere system (e.g., Larson and Erba, 1999;
Erba and Tremolada, 2004; Heimhofer et al., 2004; Méhay et
al., 2009; Tejada et al., 2009; Erba et al., 2010;Kuroda et al.,
2011 ; Bottini et al., 2012) and for trace metals input (Erba et al.,
2015) which, together with increased weathering rates under green-
house conditions (e.g., Hochuli et al., 1999; Jenkyns, 2003; Price,
2003; Ando et al., 2008; Keller et al., 2011; Hu et al., 2012; Mut-
terlose et al., 2014; Bottini et al., 2015), promoted surface water
fertility (Bottini et al., 2015) and OA during OAE 1a. Similarly, during
OAE 2 the Caribbean Plateau (e.g., Sinton and Duncan, 1997; Tur-
geon and Creaser, 2008; Du Vivier et al., 2014) was responsible for
volcanogenic CO2 injection (Barclay et al., 2010), trace metals release
(Snow et al., 2005) and warmer temperatures (Forster et al., 2007).
The size variations detected during OAE 1a and OAE 2 may therefore,

represent the response of B. constans to a combination of OA, toxic met-
als and extreme warmth. The same interpretation cannot be proposed
for interval 4 since the possibility that OA was sustained for 9 Myrs is
unrealistic. Moreover, interval 4 mostly coincided with a marked cool-
ing (McAnena et al., 2013; Bottini et al., 2015) and variable surface
water fertility (Fig. 7), thus differing from OAE 1a and OAE 2. Inter-
val 4 is probably the result of an interplay of changing paleoenviron-
mental conditions which forced B. constans to smaller size. The termina-
tion of OAE 1a and the onset of interval 4 coincided with the beginning
of a cooler phase and with the submarine volcanism of the Hikurangi
Plateau and Southern Kerguelen Plateau (SKP) (Duncan, 2002). Possi-
bly, cooler conditions promoted volcanogenic CO2 adsorption leading to
temporary acid surface waters. Moreover, LIPs activity was responsible
for metal enrichments documented in the Umbria-Marche Basin (in the
same section studied here, the Piobbico core) and in other oceanic set-
tings (Erba et al., 2015; Sabatino et al., 2015) suggestive of a global
effect of the LIPs volcanism on the chemical composition of oceanic wa-
ters. We may assume that toxic elements further influenced B. constants
inducing a response which is similar to some extant species exposed to
higher concentrations of metals (Faucher et al., 2017b). The continua-
tion of interval 4, corresponded to the coolest temperature of the studied
interval. As discussed above, temperature alone probably did not con-
trol coccolith size decrease. To date, only Bornemann and Mutterlose
(2006) and Möller et al. (2020) identified smaller B. constans under
cooler temperatures whereas in the other studied intervals, B. constans
size reduction occurred under warmer conditions (Erba et al., 2010;
Lübke et al., 2015; Lübke and Mutterlose, 2016; Linnert and Mut-
terlose, 2012; Faucher et al., 2017a; Wulff et al., 2020). We specu-
late that in the early late Aptian-early Albian time interval, temperature
exerted an indirect role in forcing the production of small B. constans
coccoliths, as proposed as follows.

The radiometric ages provided for the SKP suggest that this LIP activ-
ity covered from 119 Ma until ca. 110 Ma with prevailing subaerial de-
gassing (Duncan, 2002; Coffin et al., 2002). Although it must be con-
sidered that radiometric dates have large uncertainties as do absolute
ages in time scales, peaks in abundance of metals detected in the Um-
bria-Marche Basin and in different settings in the late Aptian-early Al-
bian, have been directly correlated with the SKP (Erba et al., 2015;
Sabatino et al., 2015) and correspond to interval 4. The SKP volcan-
ism was subaerial, thus of different impact on the climate and oceanic
masses compared to the submarine LIPs. Intense subaerial volcanism
may introduce large quantities of sulfur dioxide which alter the atmos-
pheric chemistry (Frey et al., 2003). One possibility is that due to the
high latitude at which the SKP plateau formed, the effects of sulfur emis-
sions were amplified, sulfur dioxide and the volatiles were transported
into the stratosphere, where they have a longer residence time and great
global dispersal, thereby resulting in a relative cooling (Frey et al.,
2003). The combination of higher CO2 sequestration in cooler surface
waters, and eventually acid rain induced by sulfur emissions, sustained
phases of OA across the early Aptian-early Albian time interval. This
interpretation is speculative as it should be extended to other oceanic
basin records to build a comprehensive model.

We may assume that during the early late Aptian-early Albian time
interval, paleoclimatic-paleoenvironmental conditions were not favor-
able for calcification for a combination of factors which include OA,
cooler temperatures and higher trace metal content. The calcareous
nannofossil record shows that the nannoplankton displayed a recov-
ery in abundance after the perturbation of OAE 1a, but the maxi-
mum carbonate production was only temporary reached during the
Nannoconus truittii acme interval and never returned to pre-OAE 1a
values (e.g., Herrle and Mutterlose, 2003; Erba and Tremo
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lada, 2004; Erba et al., 2015). Carbonate platforms were also slowly
recovering after OAE 1a (e.g., Weissert et al., 1998; Herrle and Mut-
terlose, 2003; Föllmi, 2012) possibly affected by cooler climate and
waiting for ideal conditions for calcification. Higher total nannoplank-
ton abundance was reached again during the Albian when large and
abundant B. constans occurred in different ocean basins. This phase coin-
cided with temporary quiescence of volcanism, humid climate and rela-
tively higher nutrients which probably promoted nannoplankton prolif-
eration and calcification (Fig. 7). The next major decline in B. constans
size occurred during OAE 2 (Fig. 7).

The analysis of the data suggests that, B. constans size followed sub-
sequent and gradual size increases and decreases through the studied
28 Myrs as a strategy to adapt to changing paleoenvironmental condi-
tions. Our results suggest that after environmental condition changes,
B. constans took advantage of the new ecological state with the produc-
tion of small coccoliths and the average size did not change for millions
of years. Once paleoenvironmental conditions varied again in the mid-
dle and late Albian, the abundance of bigger coccoliths progressively in-
creased. The exceptions are the Cretaceous OAEs, when B. constans was
forced to react in relatively short time to face strong and abrupt pertur-
bations of the ocean-atmosphere system. Indeed, OAEs induced an acute
reaction in the calcareous nannoplankton communities, causing the pro-
duction of dwarf B. constans coccoliths for relative short periods of time
(hundreds kyrs).

6. Conclusions

The long-term morphometric record through the latest Bar-
remian-Cenomanian time interval revealed that in the western Tethys,
B. constans underwent important size variations which occurred either
during OAEs and non-OAE intervals. Most notable is the size decrease
detected during OAE 1a, soon after OAE 1a and during OAE 2. One of
the most striking results is the 9 Myr-long interval of small coccolith ob-
served from the end of OAE 1a to the early Albian. Larger and abundant
specimens of B. constans coincided with the late Albian. The widespread
extent of this interval of larger B. constans possibly makes it a marker for
the identification of the lower part of nannofossil subzone NC10a. Mi-
nor changes towards smaller B. constans were detected during OAE 1d
and testify a supra-regional significance of this size variation being also
detected in the Vocontian Basin.

Paleoclimatic and paleoceanographic proxy data does not support a
link between temperature and fertility changes and B. constans size vari-
ations. The major oceanic perturbation associated with submarine LIPs
activity was probably at the base of the size reduction during OAE 1a
and OAE 2. The long-lasting phase of small B. constans in the late early
Aptian-early Albian time interval represented instead the adaptation to
cooler conditions which possibly promoted CO2 sequestration in cooler
surface waters. In addition, pulses of subaerial volcanism of the SKP may
have further affected the ocean chemistry forcing B. constans to produce
small coccoliths. The record shows that B. constans was able to adapt
and take advantage of new ecological states.
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