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Abstract. Living Ammonia species and an inventory of dead assemblages from Adriatic subtidal, nearshore

environments were investigated at four stations off Bellaria, Italy. Ammonia falsobeccarii, Ammonia parkinsoniana, Ammonia tepida, and Ammonia veneta were recognized in the living (rose-bengal-stained) fauna, and
Ammonia bellaria n. sp. is described herein for the first time. Ammonia beccarii was only found in the dead
assemblage. The biometry of 368 living individuals was analysed by using light microscopic and scanning electron microscopic images of three aspects. A total of 15 numerical and 8 qualitative parameters were measured
and assessed, 5 of which were recognized to be prone to a certain subjectivity of the observer. The accuracy of
numerical data as revealed by the mean residuals of parallel measurements by different observers ranged from
0.5 % to 5.5 %. The results indicated a high degree of intraspecific variability. The test sizes of the individual
species were log-normally distributed and varied among the stations. Parameters not related to the growth of
the individuals, i.e. flatness of the tests, dimensions of the second-youngest chamber, proloculus, umbilical and
pore diameter, sinistral–dextral coiling, and umbilical boss size, were recognized as being species-distinctive in
combination. They may well supplement qualitative criteria that were commonly used for species discrimination
such as a lobate outline, a subacute or rounded peripheral margin, or the degree of ornamentation on the spiral
and umbilical sides. The averages of the measured parameters were often lower than the range of previously
published values, mainly because the latter were retrieved from a few adult specimens and not from the whole
assemblage as in the present approach. We conclude that the unprecedented high proportions of Ammonia beccarii in the northern Adriatic may well be artificial. A robust species identification without genetic analyses is
possible by considering designated biometric parameters. This approach is also applicable to earlier literature
data, and their re-assessment is critical for a correct denomination of recent genotypes.

1

Introduction

Species of the genus Ammonia Brünnich (1772) are deemed
important members of benthic foraminiferal assemblages in
intertidal to outer shelf environments worldwide (Murray,
1991). They show significant proportions in both living faunas and dead assemblages (e.g. Donnici and Barbero, 2002;
Diz and Francés, 2008; Francescangeli et al., 2021). The
species occupy a variety of microhabitats and may facultatively exploit different food sources; some are mobile and
quite fast (Richter, 1961; Langer et al., 1989; Debenay et al.,
1998; Pascal et al., 2008; Dupuy et al., 2010; Seuront and

Bouchet, 2015; Haynert et al., 2020). Some Ammonia species
show a high tolerance to salinity and temperature variations
in laboratory experiments and natural environments (Bradshaw, 1961, 1968; Stouff et al., 1999a). They may stand
only moderate levels of organic carbon enrichment, avoid
hypoxia, or fall into dormancy under anoxic conditions (de
Chanvalon et al., 2015; LeKieffre et al., 2017; Bouchet et al.,
2021).
Shallow-water environments have been the particular focus of foraminiferal studies of the last decades (e.g. Murray,
2015). Taxonomical, distributional, and ecological investigations prevailed but only a few Ammonia species names were
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used, e.g. Ammonia batava, A. beccarii, A. parkinsoniana,
or A. tepida, despite differences in climatic or hydrodynamic
conditions or different bioprovinces (e.g. Walton and Sloan,
1990; Hayward et al., 2004). Genetic investigations revealed
a high level of cryptic diversity, in particular in the plexus of
the morphospecies A. tepida (e.g. Holzmann, 2000). Genotypes or operational taxonomic units (OTUs) denominated
open nomenclature (Holzmann and Pawlowski, 1997). This
is commonly pursued in life sciences but indicates the possibility that the same acronym is introduced for two different
species (e.g. sp. T1; Deldicq et al., 2019).
In a first comprehensive compilation, Hayward et
al. (2004) attempted to clarify the taxonomic status of several
OTUs affiliated with the genus Ammonia. Their recommendations were applied, challenged, rejected, and continuously
applied (e.g. A. aomoriensis; Schweizer et al., 2011; Sen and
Bhadury, 2016; Bird et al., 2020; Li et al., 2020). This created
much confusion and promoted the preferential use of genotype denominations, even without supporting genetic analyses (e.g. de Nooijer, 2007; Keul et al., 2013; Koho et al.,
2018). Recently, Hayward et al. (2019, 2021) re-described
and denominated 67 Ammonia species and genotypes, partly
using different names as in their first compilation. Ranges
of morphometric characteristics useful for species determination were provided (Hayward et al., 2004). Other biometric approaches assessed the same characteristics and demonstrated that only the pore diameter and the suture elevation
in the central part of the spiral side may facilitate a secure
species differentiation, in particular among three morphologically similar genotypes (Richirt et al., 2019, 2021).
Environmental applications and biomonitoring studies using foraminifera are on the rise (e.g. Bouchet et al., 2012;
Barras et al., 2014; Alve et al., 2019; Parent et al., 2021). The
FOraminiferal BIo-MOnitoring (FOBIMO) working group
has demonstrated that a unified use of species names is essential for reliable ecosystem quality assessments (Alve et
al., 2016; Jorissen et al., 2018; Bouchet et al., 2021). Consequently, recent taxonomic studies of Ammonia and other
ecologically important genera combined a molecular characterization with morphological analyses to counter incorrect species assignments and flawed ecological interpretations (e.g. Darling et al., 2016; Bird et al., 2020). Particular emphasis was given to topotypic specimens (Roberts et
al., 2016). An accurate reference to morphologically defined
species concepts and type material is essential for both recent
field studies and applications to the fossil record.
Ammonia beccarii Linné (1758) is the oldest and probably
one of the most frequently used species names of this genus
(Hayward et al., 2019). The type specimens for the drawings of “Cornu Hammonis” by Janus Plancus (1739) were
lost. The beach off Rimini was later constrained as a type
locality of the species (Cushman, 1928; Cifelli, 1962). A resampling of the site at wading depth in 2006 and 2018 did
not retrieve any living specimens of A. beccarii (Hayward
et al., 2019, and Bruce W. Hayward, personal communicaJ. Micropalaeontology, 40, 195–223, 2021

tion, 2018). However, living (rose-bengal-stained) specimens
were reported from two nearshore surface samples from water depths of 13 and 21 m as well as 15 and 19 km to the
north of Rimini (Haake, 1977), and the species is frequent
in Venice lagoon and offshore of the Po River delta between
depths of 5 and 13 m as well (Donnici and Barbero, 2002;
Barbero et al., 2008). Furthermore, Rimini Beach has been
augmented and re-shaped at least three times since 2002.
The sand used for beach nourishment has been dredged from
late Pleistocene relict beaches located ca. 55 km offshore at
a water depth of 40–42 m (extraction site C1; Preti 2000; Simonini et al., 2005; Montanari and Marasmi, 2012; Prioli,
2021). With reference to the recent distribution of A. beccarii in the Adriatic, it is conceivable that the sand accumulation site was not a suitable habitat for this species 8000 to
11 000 years ago, and neither is the touristic, managed beach
today.
The motivation of the present study was to fill the gap
of knowledge between littoral and nearshore environments,
with particular focus on the shallowest occurrences of living A. beccarii close to the type locality. In a comprehensive approach, the biometry of all specimens from the living fauna was assessed, provided they were sufficiently well
preserved, to gain more insight into the ontogenetic expression of distinctive morphological characteristics. We also explored which biometric features were arbitrary across the
species and which were distinct and suitable for species characterization.

2
2.1

Material and methods
Sampling

Samples were collected on 5 January 2019 in coastal shallow
waters of less than 3 m depth off Bellaria–Igea Marina (Rimini, Emilia Romagna, Italy). Four locations were chosen
in representative parts of the area: in the channel between
two lines of breakwaters (Station 1), directly in front of the
breakwaters (Station 2), outside the breakwaters (Station 3),
and close to the low water line (Station 4) (Fig. 1, Table B1).
Surface sediments samples were collected by using an
Ekman–Birge box corer (15 × 15 × 30 cm), which was deployed from a small lifeguard boat operated by two persons.
The foraminiferal samples were collected and treated following the FOBIMO protocol (Schönfeld et al., 2012). The samples were considered external replicates because they were
taken at a short distance from the same environment (Hayek
et al., 2021). The first centimetre of the sediment in the box
core was scooped in an area of 50 cm2 , collected in plastic bottles, preserved, and stained with an ethanol–rose bengal solution (2 g L−1 , alcohol concentration 80 %). Temperature and salinity of the near-surface water were measured
immediately after the collection of the last sediment sample at Station 4 by using a handheld multiparameter meter
https://doi.org/10.5194/jm-40-195-2021
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Figure 1. (a) Overview map of the northern Adriatic Sea with locations mentioned in this paper; (b) detailed map and proportions of

Ammonia species off Bellaria–Igea Marina. The local map was drawn after satellite images and own observations. The dashed lines delineate
backwash scours at the gaps between breakwaters.

Orion™ Star A325 equipped with an Orion™ DuraProbe™
013010MD sensor for conductivity.
2.2

Sample preparation and image acquisition

The sample preparation and analyses were performed at the
Department of Geosciences, University of Fribourg, Switzerland, 3 weeks after collection to ensure that the cytoplasm
of foraminifera that were living at the time of the collection
was sufficiently stained with rose bengal. The volume of each
sediment sample was noted, and the samples were gently
washed with tap water through a 32 µm mesh sieve. Thereafter, the residue from each sample was homogenized in a
wet stage. An aliquot of 20 cm3 was filled in a graduated vessel with a spoon and air-dried. The aliquots were dry-picked
completely for well-stained Ammonia specimens under a
Nikon SMZ18 binocular microscope at 40 × magnification.
A total of 12 exceptionally large specimens from the dead
assemblage of Station 1 and a few other common benthic
foraminifera were also picked for imaging. All individuals
from a particular station were collected in separate Plummer
cell slides, in which the Ammonia specimens were separated
and each received a single specimen identifier.
The Ammonia specimens were oriented with the spiral side
up using a wet paintbrush. They were photographed for a first
screening and biometric measurements with a Nikon SMZ18
stereo microscope equipped with a digital camera in a wet
stage to enhance the staining pattern. Subsequently, the imaged specimens were mounted on nine different scanning
https://doi.org/10.5194/jm-40-195-2021

electron microscope (SEM) stubs. Between 30 and 60 specimens were arranged on each stub, depending on the test sizes.
The stubs were coated with 40 nm of gold. Scanning electron microscope images were taken with a Thermo Fisher
SEM FEIXL30SFEG upgraded to remX Microscope Control at 20 keV voltage. The spiral side of all specimens was
imaged first. Then the specimens were turned on the umbilical side, detaching them gently from the glue and the gold
coating with a wet paintbrush, and repositioning them in the
same order on a new SEM stub. The specimens were coated
again and imaged, and then the process was identically repeated for the apertural side.
2.3
2.3.1

Image analyses and species identification
Light microscope images

Light microscopic images of the spiral side had a size
of 2836 × 2037 pixels, 32 bit colour depth, and 17.5 to
17.8 MB in tagged image file format (TIFF). They were
first customized to an average size of ca. 800 × 100 pixel
(ca. 2.9 MB), and the specimens were rotated with the latest
chamber upwards. The operations and measurements were
performed with GraphicConverter© version 7x (Lemke Software, Peine, Germany) on Apple Macintosh® computers.
The resolution ranged from 2.8 to 6.3 pixel µm−1 . The biometrical measurements on the images were carried out following Hayward et al. (2004, their Plate 1) and Richirt et
al. (2019, their Fig. 3) (Table B2). The greatest test diamJ. Micropalaeontology, 40, 195–223, 2021

198

J. Schönfeld et al.: Biometry and taxonomy of Adriatic Ammonia species

eter, average diameter of the proloculus, length and height
of the second chamber, proportion of smooth outline of the
test, the angle between the spiral suture and the suture of the
second and third chamber, the total number of chambers, the
number of chambers of the last whorl, and the coiling direction were measured or assessed. An assessment of the degree
of inflation of the final chambers shaping the periphery outline was found to be highly subjective. Therefore, we only
discerned between a smooth and lobulate outline. The pore
size could only be estimated as rather large or small. Microspheric and macrospheric individuals were identified. Once
the final chamber was broken off or certain features could
not be made visible by tuning the brightness and contrast of
the image, the test diameter or respective parameter was not
recorded. The images were analysed by up to three different observers, and mean values were used for further analyses. The individual accuracy is of the order of ±3 % (two
observers, mean residual of 15 parallel measurements of the
proloculus diameter in specimen nos. 123–140).
2.3.2

SEM images

SEM images had a size of 4000 × 3000 pixels, 8 bit colour
depth greyscale, and 12.9 MB in TIFF. They were also customized prior to analyses, in particular rotated with the latest chamber upwards for spiral and umbilical side aspects
and orientated horizontally for the apertural aspect. The images were analysed by one or two observers, and mean values
were used for further analyses. The operations and measurements were performed with GraphicConverter© and Adobe®
Illustrator©. The resolution depended on the magnification
and varied between 2.8 and 6.4 pixel µm−1 for the spiral
side, 0.6 and 24.8 pixel µm−1 for the umbilical side, and 2.7
and 23.1 pixel µm−1 for the apertural side images. The greatest test diameter, length and height of the second chamber,
extension of the spiral fissure, the angle between the spiral
suture and the suture of the second and third chamber, the
presence of raised calcite ridges on radial sutures, and the
pore diameter on the second chamber were measured and assessed on images of the spiral side. For pore diameter measurements, we simplified the approach of Richirt et al. (2019)
and applied a point-counting method (e.g. Chayes, 1949, and
references therein). In particular, a line was drawn parallel to
the spiral suture near the bottom of the second chamber, and
the diameter of 13 subsequent pores on or very close to the
line was measured. The mean value of these measurements
was used for further analyses. On images from the umbilical
side, the diameter of the umbilicus between ends of opposite
folia, the number of umbilical bosses, the average diameter
of the largest boss, the relative length of the third radial sutural furrow, the presence of beads along the edge of radial
sutures, the presence of pustules, calcite ridges, or knobs on
folia, and whether the folia were curved or straight were measured or assessed. On apertural images, the greatest diameter
and the heights of the spiral and umbilical side were meaJ. Micropalaeontology, 40, 195–223, 2021

Figure 2. Parallel measurements of the greatest test diameter, mean

pore diameter, and proloculus diameter of specimen nos. 123–140
by two different observers, SEM, and light microscopic (LM) measurements. The dashed line depicts the position of coincidence, and
the error bars show the residual mean. The value in brackets was
visually identified as an outlier and was not included in the calculations. Note the higher variability of pore diameter and light microscopic measurements.

sured, and the flatness and convexity of the spiral side were
calculated.
The precision of the SEM measurements was assessed
with a Sira test object showing 19.7 lines mm−1 . The mean
difference between target and measured values was −0.20 %
and −0.22 % of the target value in the horizontal and vertical
direction at 200- to 800-fold magnification and is thus considered negligible. The individual accuracy of the measurements on SEM images ranged from ± 0.4 % of the greatest
test diameter to ± 5.5 % of the mean pore diameter (two observers, mean residual of 15 parallel measurements in specimen nos. 123–140) (Fig. 2). With reference to the greatest
test diameter, the measurements on SEM images were on
average higher by 1.4 % compared to measurements on the
corresponding light microscopic images, depicting the lower
precision of the light microscope.
The Ammonia specimens were not sorted by species in
the Plummer cell slides before imaging to avoid damage
and accidental loss of specimens during the operations. As
such, the individuals could not be determined and counted
by species prior to imaging. Furthermore, their species affiliation could not be discussed in person among the participants of the present study due to Covid-19 travel and contact
restrictions. Therefore, copies of the SEM images were reoriented, scaled down to a size of 2 × 2 cm at 300 dots per
https://doi.org/10.5194/jm-40-195-2021
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Figure 3. Size distribution of Ammonia veneta and Ammonia parkinsoniana at Stations 1 to 4. Ammonia veneta is absent at Station 4.

inch (dpi) resolution, and arranged in a Microsoft Word® table with the identifier, spiral side image, umbilical side, and
apertural side image of each specimen. The specimens were
determined by each observer, mainly by referring to SEM
images of recent literature and the Ellis and Messina (1940)
catalogue. The tables were re-arranged, and the determinations of those specimens were repeated when a consensus
could not be achieved. This procedure was repeated several
times. Finally, a large table was mounted with the specimens
designated to a particular species, and the determination was
approved by all authors.

Log-probability plots were used to identify potential subpopulations within a species, which would influence the interpretation of the morphological characteristics measured in
this study. Normal or log-normal distributions are depicted
by a straight line (Otto, 1939), and a change in their slope
indicated by a break can be used for separating the subpopulations (Schönfeld and Voigt, 2020).

3

Results

3.1 Ammonia assemblage composition and distribution
2.4

Data analyses and statistics

Biometric data depending on the volume of spherical objects,
such as foraminiferal chambers, are usually log-normally
distributed. Therefore, the non-parametric Wilcoxon Mann–
Whitney test and not the Student’s t test was performed to
address whether the intact and the broken foraminiferal tests
differ significantly from each other. Single parameters of broken and intact specimens within a species were compared.
Furthermore, the Wilcoxon Mann–Whitney test was used to
analyse if parameters within a species statistically differ between the different sampling stations. All statistical analyses
were carried out with the programme PAST (Hammer, 2001).

https://doi.org/10.5194/jm-40-195-2021

Five different Ammonia species were recorded in the living (rose-bengal-stained) fauna of the four sampling stations
ranging from water depths of 0.5 to 3 m (Tables B1, B3).
Ammonia beccarii was only found in the dead assemblage
of Station 1 at a depth of 2 m. In total, 393 living specimens
were imaged, 379 of which could be determined in consensus.
Ammonia parkinsoniana was identified by its less lobate
and rounded peripheral outline, the large umbilical knob,
smooth sutures on the spiral side, and small, indistinct pores.
Ammonia veneta showed thickened and raised sutures on
the spiral side, markedly coarse pores, and pustules on the
umbilical extensions of earlier chambers on the umbilical
side. Ammonia tepida was identified by the marked lobate
outline and rounded peripheral margin, smooth sutures and
J. Micropalaeontology, 40, 195–223, 2021
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less numerous chambers on the spiral side, umbilical folia
with protoforamina, and the angular space between sutures
in the umbilical area. The pores were small. Ammonia bellaria n. sp. showed a biconvex profile with a subacute peripheral margin, a rosette-like chamber arrangement on the
spiral side, a very small knob, and only few pustules in the
narrow umbilical area. Ammonia falsobeccarii was identified
by its supplementary apertures on the spiral side. Ammonia
beccarii was markedly different to all other Ammonia species
(Appendix A). It showed more numerous chambers in the
last whorl and transverse pustules and ridges on the spiral
side, a well-developed keel, a knob, and strong ornamentation around the umbilicus including beads along the edges of
radial sutures (Table B6e).
The standing stock of Ammonia species varied between
12 and 82 individuals per 10 cm3 . The highest values were
recorded at Stations 1 and 3, in the channel deep between
breakwaters, and outside the breakwaters (Fig. 1). Ammonia
parkinsoniana, A. veneta, and A. tepida were the first, second, and third ranked species. They showed rather constant
proportions, whereas A. bellaria n. sp. was comparatively
variable. At Station 4 close to the low water line, A. veneta
was missing and the standing stock was very low. One living specimen of Ammonia falsobeccarii was recorded at this
station only.
The salinities and temperatures were 36.09 units and
7.3 ◦ C at Station 4, which is in agreement with nearshore settings in the northern Adriatic Sea during winter. The surface
water temperatures may rise up to 23 ◦ C in summer, while the
salinities show a strong spatial variability. They are mainly
controlled by frontal processes and freshwater influx from
the Po River and other rivers (e.g. Artegiani et al., 1997).
Nonetheless, winter is the time of highest environmental stability, after the touristic season and before storms and enhanced freshwater influx during spring. The tidal range in
the area was ± 0.60 m. The nearshore surface sediment was
a micaceous fine sand. Wave-originated ripple marks were
common, and filamentous green algae and Ulva were abundant in places.
3.2

Biometric data quality assessment

From the living Ammonia assemblages, 368 specimens were
measured. The measurements of 11 specimens were discarded because the spiral side and apertural aspect showed
a markedly different diameter or they were erroneously assigned to Haynesina species. The individuals were mostly
well preserved. Features of corrosion or abrasion and repair structures were recognized on a few specimens only.
Nonetheless, sample preparation or specimen manipulation
caused damage of 55 % of all individuals. The most frequent damage was the loss of the final chamber. Others were
spoilt with glue during re-orientation on the SEM stubs, or
they were lost during transfer or gold coating. Therefore, not
all parameters could be assessed on these individuals. The
J. Micropalaeontology, 40, 195–223, 2021

Wilcoxon Mann–Whitney tests revealed no significant differences between the data distribution of the respective parameters in the 201 damaged and 167 well-preserved specimens.
Exceptions are the umbilicus, umbilical boss, and proloculus
diameter in A. parkinsoniana (Table B4), which may depend
on the test size of the specimen. Considering these exceptions, it is justified to augment the biometric data on intact
specimens by values of broken individuals. The biometric
data on intact specimens are likewise considered to be representative for the entire assemblage of well-preserved and
damaged specimens.
A total of 22 different parameters were measured and assessed, 5 of which are distance measurements, 1 an angle,
3 ordinates, 6 ratios, and 7 qualitative parameters (Table B2).
Parallel measurements revealed that ratios and qualitative parameters were prone to a certain degree of subjectivity among
the observers, e.g. where the radial or spiral fissure exactly
ends, whether ridges or knobs on folia were weak or strong,
and whether the folia were straight or rather slightly curved.
For instance, two observers achieved a consensus of 81 %
on the latter parameter and individual nos. 123–140. Other
qualitative parameters were proven reliable, e.g. left or right
coiling. We therefore decided to use only data for species
discrimination for which the variability is rather governed
by the measurement accuracy than by personal judgement or
preservation.
The maximum test diameter is particularly important to investigate the state of a foraminiferal population. The size distribution of a certain species is moulded by different cohorts
generated during distinct reproduction events or by instantaneous reproduction (Murray and Alve, 2000). The expression
of diagnostic morphological characteristics is often a matter
of ontogenetic stage (e.g. Raw, 1925; Bé, 1959). It is therefore important to assess whether the size distribution among
the samples is significantly different or not before the entire
data set is analysed.
The test diameters of the first ranked species A. veneta
and A. parkinsoniana showed a left-skewed size distribution with maxima in different size classes. The histograms
did not reveal different cohorts generated by certain reproduction events (Fig. 3). Plotted on a log-probability scale,
the test diameters of A. veneta and A. parkinsoniana showed
a log-normal distribution in all samples (Fig. 4). The logprobability curves displayed numerous inflexions comprising 2 to 5 data points, which indicate small subpopulations
of a few specimens. The size distribution curves of A. veneta
at Stations 1 and 2 were very similar at a test diameter
>200 µm, whereas they diverged at smaller diameters. This
is also mirrored by the low p value of the Wilcoxon Mann–
Whitney test (Table B4). The populations of A. parkinsoniana were almost identical at Stations 1 and 2. The shape of
the curves of both species from Station 3 was almost identical, although it was offset to smaller sizes by a few tens
of microns. The size distribution curve of A. parkinsoniana
from Station 4 is largely different to the distribution curves
https://doi.org/10.5194/jm-40-195-2021
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from all other stations, which is also expressed in low p values of the Wilcoxon Mann–Whitney tests (Table B4). The
distribution indicated a blend of three subpopulations with
two to nine specimens of A. parkinsoniana at Station 4, each
with a very narrow size range. For this reason and the fact
that A. veneta is absent at this station closest to the shore, we
excluded the biometric data from Station 4 and merged the
biometric data from Stations 1 to 3 by species for all subsequent analyses.
3.3

Ontogenetic development of characteristics

Numerical biometric parameters were investigated for a relationship with the maximum test diameter in order to identify possible ontogenetic influences on the expression of
these characteristics (Fig. 5). Only biometric data from intact specimens were considered to ensure comparability of
confidence levels among the parameters. The intact specimens were proven to be representative for the whole population as demonstrated above. The data showed considerable
scatter, and therefore a significance level of 99 % was chosen
(p ≤ 0.01).
The number of chambers and the umbilicus diameter
showed a significant positive correlation with the test diameter in A. veneta, A. parkinsoniana, and A. tepida. Convexity
of the test, dimension of the second chamber, extension of
the spiral fissure, and mean pore diameter showed a significant positive relationship with the test diameter of A. veneta
as well (Table B5). Flatness, umbilical boss, and proloculus diameter significantly correlate with the test diameter of
A. parkinsoniana. A correlation with the proloculus diameter is also established in A. tepida. Ammonia bellaria n. sp.
only showed a significant correlation of the dimension of the
second chamber with the maximum test diameter in that the
chambers are substantially longer in large adult specimens
(Table B5).
All these relationships appeared to be linear with the exception of the umbilicus diameter in A. tepida. Presumably
juvenile specimens with a diameter < 200 µm showed umbilical diameters < 28 µm, whereas specimens with a diameter > 250 µm had a substantially larger umbilical diameter
> 54 µm (Fig. 5). Interestingly, and with one exception, the
proportion of a smooth outline was much lower in the small
(0 %–43 %) than in the large individuals (62 %–90 %). The
juveniles thus showed a lobate periphery, whereas the adults
showed a smooth outline and only the final chambers were
inflated.
3.4

Species discrimination

The ranges of maximum test diameters showed a large overlap of A. veneta, A. parkinsoniana, and A. tepida, and their
mean values were also very similar with 173 µm (± 72 µm,
1σ ) to 199 µm (± 52 µm, 1σ ) (Table B6). Ammonia bellaria
https://doi.org/10.5194/jm-40-195-2021

201

n. sp., however, was markedly smaller with a mean diameter
of 131 µm (± 22 µm, 1σ ).
The ratio of diameter and height of the test indicates
whether the test is rather flat or stout. The data distribution patterns of A. veneta, A. tepida, and A. bellaria n. sp.
were very similar (Fig. 6). Only A. parkinsoniana showed
distinctively flatter tests than the other species, even though
they were not larger than A. veneta and A. tepida. The ratios
of length and width of the second chamber showed that the
chambers were on average wider than long in A. parkinsoniana, about in equal dimensions in A. veneta, and distinctively
longer in A. tepida and A. bellaria n. sp.
Microspheric individuals were depicted by a very small
proloculus diameter (<20 µm) and an exceptionally high total number of chambers (Fig. 5). The figures indicated that
microspheric specimens were 2 % rather rare in A. veneta and
A. parkinsoniana. They with 8 % and 13 % more common in
A. tepida and A. bellaria n. sp. The proloculus diameter of the
megalospheres was on average slightly lower in A. parkinsoniana than in A. veneta and again lower in A. tepida and A.
bellaria n. sp. (Fig. 6) (Table B6).
The umbilical diameter correlates with the test diameter in
A. veneta, A. parkinsoniana, and A. tepida, and thus the data
distribution showed a comparable pattern. The data range is
far lower in A. bellaria n. sp. even though the mean value and
median correspond to that of A. tepida. An umbilical boss is
developed in the majority of A. parkinsoniana (93 %) and
A. veneta (88 %), whereas it is far less common in A. tepida
(37 %) and A. bellaria n. sp. (44 %). Ammonia parkinsoniana
showed the largest umbilical bosses with a mean diameter of
23 µm (± 8.6 µm, 1σ ), followed by A. veneta and A. tepida
with a mean diameter of 11 µm (± 4.5 and 5.4 µm, 1σ ). The
umbilical bosses in A. bellaria n. sp. were slightly smaller
with 8 µm on average (± 2.7 µm, 1σ ). The mean pore diameter is much higher in A. veneta (1.33 ± 0.22 µm; 1σ ) than in
the other species (0.51–0.54 µm) (Fig. 6).
The ratio of sinistral and dextral tests is quite variable
among the species. Ammonia parkinsoniana showed with
77 % the highest proportion of left-coiling specimens, followed by A. tepida and A. veneta with 57 % and by A. bellaria n. sp. with 43 %.
4
4.1

Discussion
Ontogenetic influences on biometric parameters

The ontogenetic stage of a specimen is parameterized by the
maximum test diameter rather than by the number of chambers that have been built in the present study. The latter does
not include the size of the chambers, which increases during growth, and it is biased by the difference between microspheric and macrospheric individuals. The total number of
chambers is highly variable among individuals of the same
diameter. For instance, adult specimens of A. parkinsoniana in the size range of 252–274 µm showed 12–18 chamJ. Micropalaeontology, 40, 195–223, 2021
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Figure 4. Size distribution of Ammonia veneta and Ammonia parkinsoniana at Stations 1 to 4 on a log-probability scale. Note the log-ordinate

scale of the test diameter.

bers. This variability is not due to test abnormalities, in particular reduced or overdeveloped chambers (Myers, 1943;
Polovodova and Schönfeld, 2008). In fact, only 6 of 368
(1.6 %) measured specimens showed test abnormalities in
the present study, which is in the range of values recorded
in natural, unstressed environments (1 %–3 %; Alve, 1991;
Polovodova and Schönfeld, 2008).
Other biometric parameters showed a high variability as
well. A covariance with test size was almost not recognizable (Fig. 5), even though the correlation coefficient suggests
a statistically significant relationship. Despite the number of
chambers, the convexity, shape of the second chamber, and
umbilicus and proloculus diameter correlate with the maximum test diameter in more than one species (Table B5).
The latter parameter, however, is not a matter of ontogeny
but pre-determined by the size of the megalospheric juvenile produced during asexual reproduction (gamont; Lister
1895; Lehmann, 2000; Murray, 2012). The average diameter
of the proloculus may be species-specific as detailed above.
The values from the present study, however, are substantially
lower than those reported by Stouff et al. (1999b) from laboratory cultures of Ammonia tepida (50–110 µm). Nonetheless, the proloculus diameter covaried with test size. This
indicates that larger gamonts grow up to larger specimens;
they hence grow faster and are more competitive in food acquisition. A similar dynamic is known from fish populations
(Ward et al., 2006). It is also possible that propagules have
grown after reactivation from dormancy and before calcifying their initial chamber.
An ontogenetic change in test morphology is common
in many foraminiferal genera and species. For instance, a
change from spiral to rectilinear tests is recognized in Am-
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motium, Ammoscalaria, Ammobaculites, and Marginulina
species. Dorothia, Muroloplecta, and Gaudryina species
change from triserial to biserial tests. These changes were
explained by the theoretical morphospace model (Tyszka,
2006). Uniserial, biserial, or coiled morphologies are characterized by defined ranges of translation factor or length, deflection, and rotation angle of the growth vector between the
earlier aperture and the middle of the newly formed chamber in a moving reference model (Labaj et al., 2003). These
ranges define a morphospace of various complexity (Tyszka,
2005). A small change in one parameter exceeding a certain
threshold named morphophase transition will lead to a drastic change in morphology, e.g. from biserial to uniserial or
from slender to stout test shape (Tyszka et al., 2005).
For trochospiral tests like those of Ammonia species,
however, the morphospace is extended compared to other
morphophases, and thus profound changes are less likely
(Tyszka, 2006). Furthermore, trochospiral taxa have minimized the distance between the aperture and the foramen of
the penultimate chamber (Tyszka et al., 2005; Polovodova
and Schönfeld, 2008). Therefore, the transfer of environmental stimuli from the pseudopodia to the nucleus of the cell is
optimized (Hottinger, 1978; Hohenegger, 1999). This holds
true for two Ammonia species in the present study. The convexity increases with test size in A. veneta keeping both the
length and deflection of the growth vector constant. Ammonia parkinsoniana keeps the proportion of the chambers but
widens the umbilicus with growth. Thereby, the flatness of
the test increases and the decisive growth vector is kept constant by successively reducing the rotation angle. Both strategies ensure a fast responsiveness of large individuals to environmental signals, which is essential in systems of high
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Figure 5. Correlation of proloculus and umbilical diameter, as well as the total number of chambers with the maximum test diameter of A.

veneta, A. parkinsoniana, and A. tepida. Correlation coefficients with a 99 % significance level are highlighted in bold. Circles: microspheric
specimens.

environmental variability (Langer et al., 1989; Seuront and
Bouchet, 2015).
4.2

Constraints on a morphological species concept

Benthic foraminifera are investigated in biological and paleontological studies. Therefore, phenotypic differences of
the fossil preservable test are to be used for species discernment (e.g. Benton and Pearson, 2001). At least one unique
characteristic should discriminate a foraminiferal species
from other taxa (Diagnosable Species Concept; Nixon and
Wheeler, 1990; de Queiroz, 2007).
In the present study, sorting of specimens with similar morphologies was pursued in advance of species designation. Sorting involved intuitive pattern recognition, instant comparison of all specimens, and attempted an assemblage homogenization. A multitude of criteria were unconsciously applied by the observers, which were far beyond
those listed in the original species descriptions. The vast aphttps://doi.org/10.5194/jm-40-195-2021

plication of such specialist experience has often been criticized as it leads to an overenthusiastic splitting of taxa
(Drooger, 1993), in particular when minute morphological
details from SEM images were considered (Simmons and
Bidgood, 2021). Instead of typological determinations, morphometric approaches were proposed to ensure a robust and
reliable species identification, also by different independent
examiners (Less and Kovács, 2009).
Indeed, we achieved a 100 % consensus on species determination in 53 % of the individuals and a 75 % consensus among four observers in 82 % of the specimens on average. The consensus rates did not improve during repetitions
and with advancing practice. It therefore appears plausible
that typological species determinations were found impracticable in the genus Ammonia due to its high morphological
variability (Poag, 1978; Jorissen, 1988; Walton and Sloan,
1990). Consequently, genotypes were identified by phylogenetic cluster analyses of rDNA sequences and related to
morphometric parameters to establish a robust morphologic
J. Micropalaeontology, 40, 195–223, 2021
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Figure 6. Mean values (diamonds) and frequency distribution of species-distinctive biometric parameters of Ammonia species considered in

this study. The box plot displays ± 25 % of the data around the median value. The circles depict outliers for the range of 75 % of the values
around the median. Data from intact and damaged specimens were included. Numbers in brackets at the proloculus diameter indicate the
counts of microspheric specimens and specimens without an umbilical boss. Abbreviations: bell.: bellaria, park.: parkinsoniana, tep.: tepida,
ven.: veneta.

designation and reliable discrimination of Ammonia species
(Hayward et al., 2004). The assignments of morphologically
determined species to genotypes were provided by Hayward
et al. (2021, their table 2).
For instance, Ammonia veneta (genotype T1) is characterized, among others features, by a test diameter of up to
400 µm, 6.5 to 8 chambers in the last whorl, a pore diameter
between 1.5 and 2.5 µm, sutural calcite ridges on the spiral
side, and a relative length of the third radial sutural furrow
on the umbilical side of 50 % to 70 % (Table B7). While the
number of chambers and radial furrow length from the literature fit the range of values obtained in the present study, the
living specimens from Bellaria are much smaller, their pore
diameter is in the lower part of the above data range and far
lower than those reported by Richirt et al. (2019), and thickened sutural ridges are developed in not more than 69 % of
our specimens from Bellaria. Flatness, dimensions of the second chamber, and proloculus size are also close to the lower
limit of the range of values reported in the literature (Fig. 7).
The tests of Ammonia parkinsoniana (genotype T9) are up
to 700 µm in diameter and have 8 to 13 chambers in the last
whorl (Table B7), a circular, moderately large and flat umbilical boss, long and curved sutural furrows on the umbilical
side, and folia that are often bluntly pointed. In our living
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specimens from Bellaria, the diameter is far lower than the
literature range; the number of chambers roughly fits with 6
to 11 in the last whorl, an umbilical boss is shown by 93 %
of the specimens, and only less than half of the sutures are
curved on the umbilical side (Table B6). The other parameters are also in the lower range or far below the data range as
reported in the literature (Fig. 7).
Ammonia tepida (genotype T20) shows, among other characteristics, a test diameter of up to 300 µm, 7 chambers in the
last whorl, a lobulate peripheral outline, low sutural ridges
on the spiral side, small pustules in the umbilical but no umbilical boss, and small pores of 0.3 to 0.9 µm diameter (Table B7). Despite the fact that this species is now considered
to be endemic to the western Atlantic, Gulf of Mexico, and
Caribbean, most of the parameters obtained in the present
study fit the lower literature data range (Fig. 7). Only the flatness and the shape of the second chamber fit the data range
of Ammonia aberdoveyensis (genotype T2) slightly better.
The latter species is confined to the North Atlantic, North
Sea, and Mediterranean. Furthermore, 63 % of our specimens
show an umbilical boss (Table B6). This feature should be
absent from the genuine Ammonia tepida but is developed as
one or several small knobs in the umbilicus of Ammonia aberdoveyensis. On the other hand, the mean number of cham-
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Figure 7. Maximum test diameter and ranges of five diagnostic biometric parameters of the three ranked species and dead Ammonia beccarii
from Bellaria (see Table B2 for abbreviations). Diamonds and error bars indicate the mean value and standard deviation (1σ ), and open
diamonds are single measurements obtained in the present study. Brackets to the left depict the data range from the literature as reported
by Hayward et al. (2004, 2019, 2021). Brackets to the right in the panel of Ammonia tepida depict the literature data range of Ammonia
aberdoveyensis. Minimum and maximum y-axis limits are given on the bottom and top of the panels.

bers in the last whorl was 6.5 in the present study and thus fits
A. tepida (6–8) much better than the A. aberdoveyensis (8–9)
(Haynes, 1973). The lobulate peripheral outline of most of
the juvenile specimens from Bellaria is in good agreement
with locotypes of A. tepida as well. Unless genetic investigations assess the genotype affiliation of living specimens from
Bellaria, we will keep with the denomination as A. tepida in
its typological common use.
The biometric parameters of the two dead specimens of
Ammonia beccarii also fit the lower range of the literature
data (Table B7). They are far smaller than the ones reported
in the literature (Fig. 7), including two presumably juvenile
specimens figured by Haake (1977). Our specimens from
Bellaria show, in addition, beads along the radial sutures (Table B6), which were also clearly visible in light microscopic
images. This feature was not recognized in Ammonia veneta
and thus may serve as a distinctive feature for juvenile or
small individuals of Ammonia beccarii.
4.3

A retrospect to the 1850s

The earliest comprehensive work on foraminifera from the
Adriatic Sea was published by Schultze (1854), including a
review of the knowledge of these organisms as of the mid19th century. Max Sigmund Schultze, a medical scientist
https://doi.org/10.5194/jm-40-195-2021

from Greifswald University, northern Germany, and founder
of the cell theory in physiology, went on an expedition from
August to October 1853 and took samples at the port of Trieste, in the adjacent Muggia Bay, and on a sand bank off
Trieste. He could not recover living foraminifera from these
locations. Sampling was successful on the sand bottom at the
port of Ancona and further to the north up to a maximum
depth of 20 ft (6.28 m; 1 ft in the Kingdom of Prussia was
equal to 0.314 m). He also sampled a rocky shoal overgrown
with algae at a few feet to intertidal depth to the south of Ancona port and muddy channels on the lagoonal side of Lido
Island, Venice. Max Schultze also considered a sample from
Rimini Beach that he received from Friedrich von Hagenow,
Greifswald, and another mud sample from Muggia Bay that
was sent to him in March 1854 by Heinrich Freyer, Trieste,
together with Adriatic seawater for foraminiferal culturing.
Max Schultze used a linen mesh to scrape sediment from
the surface. The maximum sampling depth of 6.28 m suggested that he could have fixed the mesh like a spoon net
on the tip of a punting stake that is usually 4 to 6 m long.
The samples were filled in glass beakers with seawater and
stirred, and the suspension was decanted including algae and
other organic debris. The samples were left for awhile under seawater, and the walls were inspected for foraminifera
that had crawled upwards. The residue was also examined for
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living foraminifera and gromids. Occasionally, a sieve with
0.1000 (226 µm; unit 000 = French ligne, 1000 = 2.2558 mm) mesh
size was used to concentrate foraminiferal tests from sand
samples.
Schultze took the samples back to Greifswald where the
foraminifera were still alive and active until July 1854. He
kept them in glasses, observed foraminiferal motion, performed dissections and experiments, examined their cell
structure, nuclei, and vacuoles, assessed chamber formation
and calcification, and described 24 new taxa.
Basically, Schultze (1854) recorded three Ammonia
species in Adriatic littoral to nearshore environments, which
were assigned to the genus Rotalia at that time. Rotalia
veneta and Rotalia freyeri were found living. Rotalia beccarii was retrieved as empty shells from the sand sample
collected at Rimini by Friedrich von Hagenow. The assignment of Ammonia veneta to genotype T1 was based on a
specimen from an intertidal mud patch at Torcello Island,
Venice lagoon (Holzmann et al., 1998), which was established as a neotype and deposited at the Smithsonian Institution, Washington, DC (USNM PAL 770961) (Hayward et
al., 2021). The test geometry and pore size as reported by
Schultze (1854) were considered diagnostic characteristics,
even though Richirt et al. (2019) found the crescent sutures
on the umbilical side and the size of the reported specimens
to be in disagreement with genotype T1. The biometric data
from the present study, however, revealed that not only the
pore diameter (0.0005000 = 1.1 µm), but also the test diameter of large specimens (0.16000 = 361 µm), largest and smallest proloculus diameter (0.023000 = 52 µm; 0.016000 = 36 µm),
and the number of chambers in the last whorl (7–8) is in good
agreement with recent morphotypes from the Adriatic (Table B6). Schultze (1854) noted that the finer structure of the
shell is very similar to A. beccarii (p. 59). This may be considered evidence for the recognition of raised calcite ridges
on the sutures of A. veneta, even though he did not mention
that explicitly.
Ammonia freyeri has scarcely been mentioned in the literature (e.g. Holzmann, 2000). This may be due to the fact that
Schultze (1854) figured only the spiral side and an apertural
aspect. The umbilical side was not described but characterized as being low convex. Considering the shape and geometry of the figured specimens, they appear to be very similar to A. parkinsoniana. Furthermore, Schultze mentioned
clusters of irregular, low knobs along the sutures on the umbilical side of the last chambers and depicted them in fig.
6 on his Plate 3. Similar structures were only found in A.
parkinsoniana in the present study (e.g. Fig. 8, nos. 6, 10).
From a typological point of view and on the basis of the information provided, the species are the same. However, the
pore diameter according to Schultze is 0.0008000 (1.8 µm) and
thus much higher than in A. parkinsoniana (0.53 ± 0.10 µm).
Experimental evidence suggests that a doubling of the pore
diameter may occur under dysoxic conditions (Moodley
and Hess, 1992), whereas Schultze’s specimens were colJ. Micropalaeontology, 40, 195–223, 2021

lected in well-ventilated environments. The total number of
chambers of the above-mentioned specimen (22) is much
higher and the proloculus diameter (0.008000 = 18 µm) is
much smaller than in A. parkinsoniana (total number of
chambers 11.5 ± 3.0 µm, proloculus diameter 41 ± 8.4 µm)
(Table B6) unless Schultze described a microspheric individual like specimen no. 234 of the present study (22 chambers,
proloculus diameter 17 µm). Microspheres are, on the other
hand, very rare in A. parkinsoniana (2 %). The same applies
to A. beccarii, for which Schultze reported a proloculus diameter of 0.007000 (16 µm), whereas it is commonly in the
range of 30 to 50 µm (Table B7).
These discrepancies raise the question of the optical precision of microscopes in the mid-19th century. Achromatic
lenses were already invented, and they were close to the
physical resolution of light microscopy. Test objects were
available with calibrated resolutions of 0.4 to 0.6 µm (Turner,
1967). Friedrich Nobert at Greifswald manufactured reliable
test plates with a resolution of 1.1 µm in the early 1850s, and
eyepiece scales were developed and in use (Horst Kuhn and
Alfons Renz, Tübingen, personal communication, 2021). It
is therefore conceivable that microscopic equipment with a
sufficient precision was readily available at Greifswald University and was used by Max Schultze.
Nonetheless, there were serious time constraints in his
study. The report of Schultze’s investigations was accomplished not later than 10 months after sampling. Some observations were made in June 1854, i.e. 1 month before closure,
and the book was printed in the same year. A peer-review
process was not yet established in the era of independent private scholars. As such, it is not to wonder why some details
were not provided. Literal errors in copying measurement
values from the laboratory journal to the paper are likely
to have occurred and probably were not corrected. Samples,
type specimens, and microscopic slides no longer exist in the
collections at the universities of Greifswald and Bonn. Without physical evidence it is impossible to prove whether A.
freyeri is indeed a junior synonym of A. parkinsoniana.

5

Conclusions

Five different Ammonia species were recorded in the living
(rose-bengal-stained) fauna off Bellaria, Italy, at water depths
of 0.5 to 3 m. Ammonia parkinsoniana and A. veneta were
the most frequent species. One species was recorded for the
first time and is denominated Ammonia bellaria n. sp. in the
present study. Ammonia beccarii was found in the dead assemblage only. With reference to the recent distribution of
this species in the northern Adriatic (Donnici and Barbero,
2002), the upper depth limit is now constrained to a water depth between 3 and 5 m. Small specimens like those
we have found may well have been transported to shallower
depths by wave action during storm events. Large specimens,
like the neotype from Rimini Beach, were most likely arhttps://doi.org/10.5194/jm-40-195-2021
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tificially displaced from late Pleistocene deposits dredged in
40 m water and transported to the type locality by sand pumping during beach augmentation.
Ammonia species have commonly been established on
large, adult tests as holotypes and brief descriptions emphasizing main characteristics and phenotypic differences to
other taxa. The types of many species were lost. Therefore,
typological determinations were prone to a high degree of
subjectivity. Our procedures revealed that the determination
of every other specimen is no matter of debate. Randomly,
three of four observers agree upon four of five specimens.
The same level of consensus emerged in recognition as simple as whether folia on the umbilical side were straight or
curved. Six of 20 parameters, i.e. the flatness of the test, umbilical and proloculus diameter, the diameter of the largest
umbilical boss, the proportions of length and height of the
second chamber, and the mean pore diameter, were not substantially biased by subjectivity and could be used for morphometric species determination.
Ontogenetic influences on biometric parameters were
found to be of minor importance or almost not recognizable, even though some of them showed a statistically significant relationship with test size in the present study. There
were, however, physiological and ecological factors that exert a certain influence on the biometry of Ammonia species.
The proloculus diameter, i.e. size of juveniles produced during asexual reproduction, revealed that larger juveniles grow
faster and are more competitive in food acquisition. The increase in flatness and convexity with growth in A. veneta
and A. parkinsoniana ensures a good responsiveness of the
individuals to environmental stimuli during all ontogenetic
stages.
In a comprehensive approach, the biometry of all specimens from the living fauna was assessed. The biometric
data on the above-mentioned species-distinctive parameters
showed high intraspecific variability. The frequency distributions were often very similar among species. Some parameters, however, were distinctively different: for instance, the
flatness and shape of the second chamber of A. parkinsoniana, the pore diameter of A. veneta, and the umbilical diameter of A. bellaria. The proportion of microspheres and dextral
coiled specimens is also higher in this species. In combination, the averages of these biometric values are considered
suitable for species discrimination. However, the values from
the living fauna from offshore of Bellaria were mostly at the
lower limit or far below the data range reported in the literature. We consider this to be an artificial bias because the latter
are based on measurements from a few adult specimens from
the dead assemblage and not from the entire living fauna as in
the present study. Nonetheless, our biometric approach was
not successful in a secure discrimination of A. aberdoveyensis and A. tepida. Our results furthermore indicate that the
presence of beads along the sutures on the umbilical side
of A. beccarii is a distinctive characteristic to discriminate
younger specimens from adults of A. veneta with the same
https://doi.org/10.5194/jm-40-195-2021
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size. This sheds light on the high proportions of A. beccarii
in the northern Adriatic as reported in the literature, which
therefore may well be a result of lumping these two species.
In essence, the application of biometric parameters in
combination with the consideration of qualitative characteristics facilitates a robust identification of Ammonia species
without genetic analyses. This approach is also applicable to
earlier literature data, even from the mid-19th century. Their
re-assessment is critical for a correct denomination of recent
species and genotypes.
Appendix A: Taxonomy

Following Hayward et al. (2021), the suprageneric
foraminiferal classification as proposed by Pawlowski
et al. (2013) and Holzmann and Pawlowski (2017) has been
applied. For the Ammonia species discussed in this paper,
extended lists of synonymies were provided by Hayward
et al. (2021). We therefore referred to the type description,
selected papers on foraminifera from the Adriatic Sea, and
Hayward et al. (2021). References to images in this paper
are given in square brackets.
Phylum FORAMINIFERA d’Orbigny 1826
Class GLOBOTHALAMEA Pawlowski et al. 2013
Order ROTALIIDA Delage and Hérouard 1896
Superfamily ROTALIOIDEA Ehrenberg 1839
Family AMMONIIDAE Saidova 1981
Genus Ammonia Brünnich, 1771
Ammonia beccarii (Linné 1758)
[Fig. 12, nos. 1-3]
Nautilus beccarii Linné, 1758, p. 710.
Ammonia beccarii (Linné), Mouanga, 2017, pl. 16, figs. 1a–c
Ammonia beccarii forma beccarii (Linné), Jorissen 1988,
pl. 5, figs. 1–4
Ammonia beccarii (Linnaeus), Cimerman and Langer, 1991,
p. 76, pl. 87, figs. 3–4
Ammonia papillosa (d’Orbigny), Morigi et al., 2005, pl. 1,
figs. 4a–b.
Ammonia beccarii, Serandrei Barbero et al., 2008, pl. 33.
Ammonia beccarii (Linné 1758), Hayward et al., 2021, 153–
154, pl. 17, figs. 7–12; pl. 18, figs. 7–12; pl. 19, figs. 5–10;
text-fig. 31.
Description

The test is very low-trochospiral and biconvex. The peripheral margin is subacute and keeled, and the profile is compact
and circular. The test consists of 3.5 to 4 whorls, with up to 14
J. Micropalaeontology, 40, 195–223, 2021
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chambers in the last whorl. The chambers are trapezoidal to
subrectangular on the spiral side and triangularly elongated
on the umbilical side. The sutures on the spiral side are raised
and slightly curved; in the earlier part of the test they are
characterized by the typical transverse pustules and ridges,
becoming less marked in the last whorl. They are straight
on the umbilical side and also characterized by transverse
pustules and ridges. The umbilicus is moderately large and
presents a large knob, especially in late ontogenic stages. In
younger specimens, there may be several smaller knobs. The
aperture is an interiomarginal slit. The wall texture is smooth
and the pores are small.
Distinguishing features

The numerous chambers in the last whorl, the compact profile, the strongly triangular chambers on the umbilical side,
the aperture consisting of an interiomarginal slit, and the
marked transverse pustules and ridges are considered diagnostic features of this species. In particular, A. beccarii differs from A. parkinsoniana by its more numerous chambers
in the last whorl of adult specimens, its lower trochospire,
and its strong ornamentations consisting of transverse pustules and ridges. It differs from A. bellaria by its more compact peripheral margin, its well-developed keel, more numerous chambers in the last whorl, and its transverse pustules
and ridges on both sides. It differs from A. tepida by its larger
test, its more compact and non-lobate profile, the keeled peripheral margin, and the more numerous chambers in the last
whorl.

Figure A1. Ammonia parkinsoniana. 1–4: specimen no. 194, 5–8:

specimen no. 423, 9–12: specimen no. 198, 13–16: specimen no.
200.

Ammonia parkinsoniana (d’Orbigny), Mouanga, 2017,
p. 226, pl. 16, figs. 3a–c.
Ammonia parkinsoniana (d’Orbigny), Hayward et al. 2021,
p. 180, pl. 14, figs. 12–14, pl. 15, figs. 12–14, pl. 16, figs. 12–
13, text-fig. 64.

Dimensions
Description

Hayward et al. (2021) reported that adult specimens are generally very large, up to 1700 µm in diameter. Our intact specimen from Bellaria is much smaller with 344 µm diameter.
The mean pore diameter is 1.4 µm.
Remarks

In the material from Bellaria, specimens similar to the large
morphotypes described by Hayward et al. (2021) have not
been found either alive or in the dead assemblages.
Ammonia parkinsoniana (d’Orbigny 1839)
[Fig. 8, nos. 1–16, Fig. 12, no. 7]
Rosalina parkinsoniana d’Orbigny 1839, p. 99, pl. 4,
figs. 25–27.
? Rotalia freyeri Schultze 1854, p. 59, pl. 3, figs. 6, 7.
Ammonia parkinsoniana (d’Orbigny) forma parkinsoniana,
Jorissen, 1988, p. 46, pl. 9, figs. 1–5.
Ammonia parkinsoniana (d’Orbigny), Cimerman and
Langer, 1991, p. 76, pl. 87, fig. 9.
J. Micropalaeontology, 40, 195–223, 2021

The test is low-trochospiral, the profile is generally biconvex, and the spiral side is general slightly more convex spiral. The peripheral margin is broadly rounded. The test is
composed of around 4 whorls; the final whorl comprises 8–
10 chambers, and the last 1 to 3 may be inflated. The shape
of the chambers is oblique trapezoid on the spiral side and
triangular on the umbilical side. The sutures on the spiral
side spiral are slightly depressed, oblique, and may be curved
backwards. In the earlier part of the test, the sutures on the
spiral side are slightly depressed and may be curved backward to become straight, sometimes thickened, and may be
elevated in the last whorl. On the umbilical side, the sutures
are depressed, slightly curved, and very depressed towards
the umbilicus. The inner part of the depressions is covered
by small, conical pustules with varying density. The triangular ending of the chambers on the umbilical side pointing to
the umbilicus may be thickened and indistinctively raised. A
large and sometimes flatted knob is present in the umbilicus
of most specimens; it may be missing or replaced by a few
small pustules in juvenile specimens. The aperture is a narrow umbilical–extraumbilical slit extending into the moderhttps://doi.org/10.5194/jm-40-195-2021
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ately wide umbilicus. The wall texture is smooth, with small
and indistinct the pores.
Distinguishing features

A. parkinsoniana differs from A. bellaria by its less lobate
profile, rounded peripheral margin, and the presence of a
larger knob in adult specimens. It differs from A. veneta by
its smother sutures on the spiral side, its large knob in the
umbilical area, and the smaller and indistinct pores. Ammonia parkinsoniana differs from A. tepida by its more numerous chambers in the last whorl, its less lobate profile, and the
presence of the large knob in the umbilicus of adult specimens.
Dimensions

The size range of A. parkinsoniana in the fauna from Bellaria is 115–342 µm, the mean pore diameter is 0.53 µm
(± 0.10 µm, 1σ ), and the mean diameter of the umbilical boss
is 22.5 µm (± 8.6 µm, 1σ ).
Figure A2. Ammonia veneta. 1–4: specimen no. 55, 5–8: specimen

Remarks

In the original description and drawing of d’Orbigny (1939),
A. parkinsoniana shows much more strongly curved and
retroflex sutures on both sides and a flatter test than in the
specimens found in this investigation.
Images with a strongly planoconvex profile are often reported in the literature (see Cimerman and Langer,
1991, pl. 87, fig. 9) compared to the type figure of
d’Orbigny (1939). The large umbilical boss is considered a
distinctive characteristic of this species.
Ammonia veneta (Schultze 1854)
[Fig. 9, nos. 1–16, Fig. 12, nos. 1–3, 8]
Rotalia veneta Schultze 1854, p. 59, pl. 3, figs. 1–5.
Ammonia parkinsoniana (d’Orbigny) forma tepida, morphotype 4, Jorissen, 1988, p. 60, pl. 10, figs. 2, 3.
Ammonia beccarii (Linné), von Daniels, 1970, pl. 7 figs. 5a–
c.
Ammonia sp. 1, Cimerman and Langer, 1991, p. 77, pl. 88,
figs. 1–4.
Ammonia sp. 1, Mouanga, 2017, p. 227, pl. 16, figs. 5a–c.
Ammonia veneta (Schultze), Hayward et al., 2021, p. 192,
pl. 11, figs. 1–4, pl. 12, figs. 1–4; pl. 13, figs. 1–3; pl. 27,
figs. 28–30; pl. 33, figs. 1–3, text-fig. 77.

no. 105, 9–12: specimen no. 309, 13–16: specimen no. 212.

whorl. On the spiral side the chambers are trapezoidal to subrectangular, whereas they are subtriangular on the umbilical
side. The last two or three chambers may be slightly more
inflated than the previous ones, and the spiral suture separating them may be slightly depressed. In general, sutures of the
earlier chambers in the inner whorls are oblique, raised, and
covered by calcite ridges on the spiral side. On the umbilical
side the sutures of earlier chambers are curved, flush on the
outer side, and open to deep openings close to the umbilicus.
They are covered by small pustules in the inner side. The umbilical extension of each triangular chambers is curved backwards, tapering, and thickened. They may rise to elevated
papillae. Usually, one to three knobs are present in the moderately wide umbilical area; they are also covered by small
pustules. The aperture is an umbilical–extraumbilical arch
that extends into the umbilicus, where it may be bounded by
a narrow flap. The wall texture is coarsely perforated compared to other Ammonia species.
Distinguishing features

The thickened and raised sutures on the spiral side, the
markedly coarse pores, and papillae on the umbilical extensions of earlier chambers on the umbilical side distinguish
this taxon from other Ammonia species in the study area.

Description

The test is trochospiral and biconvex. The peripheral margin
is broadly rounded and the outline slightly lobate. The test
is composed of 2–3 whorls with 6 to 8 chambers in the last
https://doi.org/10.5194/jm-40-195-2021

Dimensions

The size range of A. veneta at Bellaria is 94–326 µm, and the
mean pore diameter is 1.33 µm (± 0.22 µm, 1σ ).
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Ammonia tepida (Cushman), Mouanga, 2017, p. 227, pl. 16,
figs. 4a–c.
Ammonia tepida (Cushman), Hayward et al., 2021, p. 188,
pl. 8, figs. 9–10, pl. 9, figs. 9–10, pl. 10, figs. 9–10, textfig. 73.
Description

Figure A3. Ammonia tepida. 1–4: specimen no. 128, 5–8: specimen

no. 129, 9–12: specimen no. 186, 13–16: specimen no. 322.

Remarks

Our specimens from the Bellaria region resemble Ammonia
parkinsoniana forma tepida morphotype 4 of Jorissen (1988)
and Ammonia sp. 1 of Mouanga (2017). Schultze (1854) described specimens of this species from muddy sediments retrieved from the Venice lagoon. They were rare in channels
on the lagoonal side of Lido island and very rare in muds
from the Bay of Muggia, Trieste. Surprisingly, this species
has not been documented in later papers on foraminifera
from Venice lagoon (e.g. Donnici et al., 1997; Donnici and
Serrandrei-Barbero, 2002) or anywhere else in the Adriatic Sea. Ammonia? veneta as figured in the southwestern
Atlantic by Boltovskoy et al. (1980, pl. 35, figs. 1-3) is
more reasonably Aubignyna perlucida. Ammonia veneta is
attributed to phylotype T1 (e.g. Hayward et al., 2021). The
umbilical characteristic of an Ammonia specimen from Playa
Bailén, Cuba (Cuba-642), representing the molecular type T1
is very similar to the drawings of A. veneta type specimens,
whereas the spiral side is different (Hayward et al., 2004).
Ammonia tepida Cushman 1926
[Fig. 10, nos. 1–16, Fig. 12, nos. 4–6, 9]
Rotalia beccarii var. tepida Cushman 1926, p. 79, pl. 1.
Ammonia parkinsoniana (d’Orbigny) forma tepida, Jorissen,
1988, p. 58, pl. 7, figs. 1–4.
Ammonia tepida (Cushman), Cimerman and Langer, 1991,
p. 76, pl. 87, figs. 10–12.
J. Micropalaeontology, 40, 195–223, 2021

The test is trochospiral and almost equally biconvex, and the
spiral side is slightly more convex than the umbilical side.
The peripheral margin is rounded and the profile is markedly
lobate. The test consists of 2.5 to 3 whorls, with 5 to 8 inflated, almost globular chambers in the last whorl. The chambers are trapezoidal on the spiral side and triangular on the
umbilical side. The sutures of the final whorl may be raised
in the earlier part of the test. They are straight on the spiral
side but oblique and slightly curved on the umbilical side.
Close to the umbilical area sutures are more depressed and
wider, open into angular open spaces, and are characterized
by fine pustules more densely concentrated on their borders.
A well-marked notch sensu Hottinger (2006) is visible on the
sutures separating the chambers in the umbilical area near the
umbilicus. It can be also defined as an umbilical folium with
a protoforamen; folia can be also covered by pustules. Adult
specimens can be characterized by more or less developed
plugs in the umbilicus, which is open and moderately wide.
The aperture is an umbilical–extraumbilical low arch. The
wall texture is smooth and the pores are very small.
Distinguishing features

The few chambers in the last whorl, the very lobate profile,
the umbilical folia with protoforamina, and the angular space
between sutures are considered diagnostic features of this
species. In particular, A. tepida differs from A. parkinsoniana by its very lobate profile, less numerous chambers in the
last whorl, the notch on the sutures close to umbilical area,
and the absence of the large know in the umbilicus. It differs
from A. bellaria by its rounded peripheral margin and by the
presence of the angular space between the sutures. It differs
from A. veneta by its smooth sutures on the spiral side, less
numerous chambers on the spiral side, and its smaller pores.
Dimensions

Cushman (1926) reports that the maximum diameter of this
species never exceeded 0.35 mm. The size range of A. tepida
from Bellaria is 97–324 µm, and the mean pore diameter is
0.54 µm (± 0.10 µm, 1σ ).
Remarks

Hayward et al. (2021) showed the geographic distribution
of A. tepida as restricted to the South Atlantic (Brazil and
Caribbean), USA (Louisiana and Mississippi), and North
https://doi.org/10.5194/jm-40-195-2021
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Figure A4. Ammonia bellaria n. sp. 1–4: specimen no. 174, 5–8:

specimen no. 196 (holotype), 9–12: specimen no. 445, 13–16: specimen no. 71 (paratype).

Atlantic (Bermuda). However, our finding allows us to reextend its occurrence to the Adriatic Sea in the Mediterranean Sea. Recently, the new genotype T20 has been assigned to this morphospecies (Hayward et al., 2021).
Ammonia bellaria n. sp.
[Fig. 11, nos. 1-16, Fig. 12, no. 10]
(ZooBank registration: the Life Science Identifier (LSLD) for this article and the new species is
urn:lsid:zoobank.org:act:14A03FD1-F303-4CFF93CF-0E1CA866E126, registered on 15 November
2021, 10:30:25.130.)
Derivation of the name

From the town of Bellaria–Igea Marina at the Adriatic coast
of Italy.
Diagnosis

A small, low-trochospiral, biconvex Ammonia with a smooth
test, a lobate outline, a subacute peripheral margin, and a narrow umbilicus with a single small knob.
Holotype

Specimen no. 196 [Fig. 10, nos. 5–8], collection no. C39355.
https://doi.org/10.5194/jm-40-195-2021
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Figure A5. Large, dead specimens. 1–3: Ammonia veneta (specimen d2), 4–6: Ammonia tepida (specimen d7). Pores at the base
of the second chamber. 7: Ammonia parkinsoniana (specimen no.
200), 8: Ammonia veneta (specimen no. 212), 9: Ammonia tepida
(specimen no. 322) 10: Ammonia bellaria n. sp. (specimen no. 71,
paratype).

Paratype

Specimen no. 71 [Fig. 10, nos. 13–16, Fig. 12, no. 10], collection no. C39356.
Material

56 living (rose-bengal-stained) specimens from Stations 1–4.
Repository

National History Museum, Basel.
Type locality

The landward side of a breakwater off the beach of Bellaria,
north of the harbour (holotype: 44◦ 8.8240 N, 12◦ 28.2140 E,
0.8 m water depth; paratype: 44◦ 8.7870 N, 12◦ 28.2530 E, 2 m
water depth).
Description

The test is low-trochospiral and biconvex. The peripheral
margin is subrounded tending to subacute, and the profile
is lobate. The test is composed of about three whorls, with
J. Micropalaeontology, 40, 195–223, 2021
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soniana by its subacute peripheral margin, the smaller knob
only visible on the umbilical side, the few pustules in the umbilical area, and less numerous chambers on the last whorl. It
differs from A. tepida by its subacute peripheral margin and
a less lobate profile. It differs from A. veneta by its biconvex
profile, subacute peripheral margin, smaller pores, the presence of the small knob in the umbilical area, the less marked
sutures on the spiral side, and less numerous chambers on the
last whorl. It differs from A. beccarii by its biconvex profile,
subacute peripheral margin, absence of transverse ridges and
pustules on both sides, and smoother sutures. The umbilical
area of A. bellaria n. sp. is the smaller observed in the Ammonia species investigated in this study.
Dimensions

Maximum diameter 167 µm (holotype) and 131 µm
(paratype), size range of the fauna from the type locality 95–190 µm, mean pore diameter 0.51 µm (± 0.09 µm,
1σ ).
Remarks
Other species mentioned in the paper
Figure A6. Accompanying fauna. 1–3: Ammonia beccarii (specimen d3), 4–6: Aubignyna perlucida (specimen no. 213), 7–8: Haynesina depressula (specimen no. 125), 9–10: Elphidium translucens
(specimen d9), 11–12: Haynesina germanica (specimen no. 209).

five to seven chambers in the last whorl. Chambers are trapezoidal on the spiral side and triangular on the umbilical side.
The termination of the chambers on the umbilical side tapers
to extensions into the umbilical area and tends to turn backwards.
The sutures are straight to slightly curved, depressed, and
not perforated on the spiral side. They are strongly depressed
and slightly curved or retroflexed on the umbilical side. They
are more incised toward the centre of the umbilicus, becoming less depressed towards the periphery.
A notch sensu Hottinger (2006) is visible on the sutures
separating the chambers in the umbilical area near the umbilicus. It can also be defined as an umbilical folium with a
small protoforamen. The umbilical area is moderately wide,
incised, and characterized by small pustules concentrated on
a small knob, which is not visible in side view. The knob may
be absent in some specimens. The aperture is an umbilical–
extraumbilical arched slit. The wall texture is smooth with
small pores.

Ammonia aberdoveyensis Haynes, 1973, p. 184, fig. 38,
nos. 1–7, pl. 18, fig. 15.
Ammonia beccarii (Linné) – Nautilus beccarii Linné, 1758,
p. 710, pl. 1, fig. 1, pl. 19, figs. h, i [Fig. 13, nos. 1–3].
Ammonia falsobeccarii (Rouvillois) – Pseudoeponides falsobeccarii Rouvillois, 1974, p. 4, pl. 1, figs. 1–12.
Aubignyna perlucida (Heron-Allen and Earland) – Rotalia
perlucida Heron-Allen and Earland, 1913, p. 139, pl. 13,
figs. 7–9 [Fig. 13, nos. 4–6].
Elphidium translucens Natland, 1938, p. 144, pl. 5, figs. 3, 4
[Fig. 13, nos. 9, 10].
Haynesina depressula (Walker and Jacob) – Nautilus depressulus Walker and Jacob, 1798, p. 641, pl. 14, fig. 33 [Fig. 13,
nos. 7, 8].
Haynesina germanica (Ehrenberg) – Nonionina germanica
Ehrenberg 1840, p. 23 (figured in Ehrenberg, 1841, pl. 2,
figs. 1a–g) [Fig. 13, nos. 11, 12].

Distinguishing features

A. bellaria n. sp. differs from Aubignyna perlucida by its biconvex profile, the rosette-like chamber arrangement on the
spiral side, and slightly larger pores. It differs from A. parkinJ. Micropalaeontology, 40, 195–223, 2021
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Appendix B: Tables

Table B1. Station coordinates and water depth.

Station

Latitude

Longitude

1
2
3
4

44◦ 8.7870 N
44◦ 8.8240 N
44◦ 8.8380 N
44◦ 8.7800 N

12◦ 28.2530 E
12◦ 28.2140 E
12◦ 28.2550 E
12◦ 28.1960 E

Depth (m)
2
0.8
3
0.5

Table B2. Biometric parameters measured and assessed from SEM and light microscopic images of Ammonia specimens from Bellaria
(Fig. 14). SEM: scanning electron microscope, LM: light microscope, sp: spiral side, um: umbilical side, av: apertural view. Code abbreviations after Hayward et al. (2004).

Parameter

measured on

Code

Maximum test diameter
Flatness (test diameter/height)c
Convexity (hight spiral side/hight umbilical side)
Diameter of the umbilicus between the ends of foliac
Relative length of 3rd radial sutural furrow on the umbilical side
Average diameter of the largest umbilical bossc
Number of umbilical bosses
Calcite ridges or knobs on folia (yes/weak/none)
Pustules on folia (yes/no)
Curved or straight folia (C/S)
Beads along the edge of radial sutures (yes/no; dead specimens only)
Proloculus diameterc
Number of chambers in the last whorl
Total number of chambers including the proloculus
Shape or relative proportions of the 2nd chamber (length/hight)c
Smooth outline (% of 360◦ )
Spiral fissure length, if present (% of 360◦ )
Angle between the spiral suture and the radial suture between chambers 2 and 3 (◦ )
Raised calcite ridges on sutures of the spiral side (yes/no)
Mean pore diameter on the spiral side of the 2nd chamber (mean of 13 pores on a line
parallel to the base of the chamber)c
Coiling direction on the spiral side (left/right)c
Microspheric specimen (yes/no)c

SEM, spa
SEM, avb
SEM, avb
SEM, um
SEM, um
SEM, um
SEM, um
SEM, um
SEM, um
SEM, um
SEM, um
LM, sp.
LM, sp.
LM, sp.
SEM, sp.
LM, sp.
SEM, sp.
SEM, sp.
SEM, sp.
SEM, sp.

1. gsd
2. gsd/h
3. hs/hu
7. du
8. rfl/w
9. maxbos
11. nobos
13. thckfol
14. folpust
17. pntfol
18. radbd
21. prol
22. chwh1
25. ch
26. Lc/wc
27. perout
28. spfis
29. radˆ
33. thckrad
36. mnpor

LM, sp.
LM, sp.

Coiling direction
Microspheric

a Measurements were performed with LM and SEM. b Measurements were only considered when gsd could be measured on SEM. c Parameter considered for
species discrimination.
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Table B3. Living Ammonia species census data.

Ammonia veneta
Ammonia parkinsoniana
Ammonia tepida
Ammonia bellaria n. sp.
Ammonia falsobeccarii
indet. sp.
Total
Standing stock (no. per 10 cm3 )

Station 1

Station 2

Station 3

48
66
30
15

18
27
7
8

35
52
18
31

5
164
82

2
62
31

7
143
71.5

Station 4
18
3
2
1
24
12

Table B4. Results of non-parametric Wilcoxon Mann–Whitney tests. Bold coefficients: p values ≤ 0.05 indicate that the compared data
populations were significantly different with a 95 % confidence level (see Table B2 for abbreviations of biometric parameters).

(a) Intact vs. broken specimens

7. du
9. maxbos
21. prol
26. Lc/wc
28. spfis
36. mnpor

A. veneta

A. parkinsoniana

0.25
0.29
0.15
0.79
0.73
0.08

0.05
0.02
0.02
0.59
0.39
0.99

(b) A. veneta populations at different stations

1. gsd
7. du
21. prol
36. mnpor

Stat. 1 vs. 2

Stat. 1 vs. 3

Stat. 2 vs. 3

0.04
0.64
0.28
0.86

0.003
0.57
0.65
0.89

0.86
0.59
0.73
0.83

(c) A. parkinsoniana populations at different stations

1. gsd
7. du
21. prol
36. mnpor

Stat.1 vs. 2

Stat.1 vs. 3

Stat.1 vs. 4

Stat.2 vs. 3

Stat.2 vs. 4

Stat.3 vs. 4

0.56
0.83
0.82
0.34

0.0004
0.01
0.09
0.89

0.004
0.01
0.01
0.89

0.002
0.06
0.25
0.34

0.09
0.05
0.06
0.76

0.0002
0.0004
0.01
0.99
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Table B5. Correlation of the maximum test diameter with other numerical biometric parameters of Ammonia species (see Table B2 for

abbreviations). Only the intact specimens were considered for which all parameters could be measured. r: Pearson correlation coefficient, p:
p value, n: number of values. Bold coefficients: p values ≤ 0.01 indicate a significance of >99 % for this correlation.
A. veneta
1. gsd vs.
2. gsd/h
3. hs/hu
7. du
8. rfl/w
9. maxbos
11. nobos
21. prol
22. chwh1
25. ch
26. Lc/wc
27. perout
28. spfis
29. radˆ
36. mnpor

A. parkinsoniana

A. bellaria n. sp.

A. tepida

r

p

n

r

p

n

r

p

n

r

p

n

−0.12
0.41
0.47
−0.13
−0.02
−0.28
0.12
0.39
0.78
0.47
0.36
0.51
0.01
0.59

0.429
0.003
0.001
0.379
0.920
0.058
0.434
0.007
0.000
0.001
0.011
0.001
0.927
0.000

48
48
48
48
44
48
48
48
48
48
48
38
48
48

0.40
−0.09
0.77
−0.07
0.71
0.18
0.31
0.69
0.81
−0.15
0.14
−0.53
−0.27
−0.01

0.000
0.421
0.000
0.558
0.000
0.101
0.006
0.000
0.000
0.186
0.217
0.113
0.015
0.917

80
80
80
80
75
80
80
80
80
80
80
10
80
80

0.46
−0.24
0.93
0.31
0.61
0.20
0.79
0.69
0.70
−0.36
0.64
−0.60
−0.41
0.35

0.136
0.458
0.000
0.331
0.196
0.535
0.002
0.013
0.012
0.255
0.025
0.290
0.187
0.258

12
12
12
12
6
12
12
12
12
12
12
5
12
12

−0.32
0.44
0.31
−0.02
−0.05
−0.07
0.27
−0.25
0.36
0.64
−0.04
0.41
0.17
−0.02

0.212
0.078
0.224
0.928
0.893
0.777
0.291
0.342
0.158
0.006
0.868
0.214
0.511
0.953

17
17
17
17
9
17
17
17
17
17
17
11
17
17

Table B6. Total numbers, ranges, mean values, and standard deviations of biometric parameters measured and assessed for Ammonia speci-

mens from Stations 1 to 3. Code abbreviations are given in Table B2. All distance measurements are given in micrometres (µm).
(a) Ammonia veneta
48 intact, 52 not completely measured specimens
n
1. gsd
2. gsd/h
3. hs/hu
7. du
8. rfl/w
9. maxbos
21. prol (micro)
21. prol (mega)
22. chwh1
25. ch
26. Lc/wc
27. perout
28. spfis
29. radˆ
36. mnpor
11. nobos
13. thckfol
14. folpust
17. pntfol
33. thckrad
Coiling direction
Microspheric

https://doi.org/10.5194/jm-40-195-2021

Minimum

Maximum

Mean

1σ

84
93.70
325.54 186.01 47.05
80
1.503
2.516
1.869 0.171
80
0.705
1.956
1.213 0.273
91
12.46
91.60
48.06 13.51
90
0.54
1.00
0.76
0.10
80
6.28
31.53
17.19
4.54
2
9
16
13
4.9
84
24
66
45
8.1
83
4
9
7.1
0.7
80
4
22
10.2
2.9
87
0.68
2.47
1.11
0.32
77
0
100.0
71.0
22.7
68
8.4
46.2
23.6
9.5
88
70.2
108.2
92.2
8.4
89
0.88
2.07
1.33
0.22
14 = 0, 76 = 1, 3 = 2, 1 = 3 umbonal bosses
45 = yes, 24 = weak, 24 = none
94 = yes, 1 = none
58 = curved, 37 = straight
63 = yes, 29 = none
40 = right, 53 = left
2 = yes, 84 = none
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Table B6. Continued.

(b) Ammonia parkinsoniana
81 intact, 57 not completely measured specimens
n
1. gsd
2. gsd/h
3. hs/hu
7. du
8. rfl/w
9. maxbos
21. prol (micro)
21. prol (mega)
22. chwh1
25. ch
26. Lc/wc
27. perout
28. spfis
29. radˆ
36. mnpor
11. nobos
13. thckfol
14. folpust
17. pntfol
33. thckrad
Coiling direction
Microspheric

Minimum

Maximum

Mean

1σ

116
115.14
341.69 198.64 51.91
111
1.101
2.480
2.072 0.192
111
0.703
1.866
1.100 0.207
135
21.23
110.69
55.41 16.73
132
0.47
0.97
0.70
0.11
126
5.24
57.37
22.51
8.64
3
10
17
14
3.5
127
26
84
41
8.4
127
6
11
7.9
1.0
124
6
22
11.5
3.0
129
0.53
2.35
0.83
0.22
114
0
100.0
79.6
17.4
26
7.2
25.0
13.4
5.3
127
58.6
107.9
86.2
9.6
129
0.29
0.77
0.53
0.10
10 = none, 113 = 1, 10 = 2, 2 = 3 umbonal bosses
11 = yes, 35 = weak, 90 = none
133 = yes, 3 = none
62 = curved, 74 = straight
1 = yes, 105 = none
30 = right, 102 = left
3 = yes, 127 = no

(c) Ammonia tepida
12 intact, 41 not completely measured specimens
Mean

1σ

40
96.61
324.37 172.57
29
1.596
2.211
1.845
29
0.773
1.758
1.232
49
13.35
78.91
32.41
46
0.52
1.02
0.77
18
4.91
24.04
11.28
4
9
13
11
48
20
63
34
50
5
9
6.5
46
7
19
12.1
42
0.77
2.19
1.39
49
0
91.5
38.2
23
11.7
71.5
28.5
45
61.7
128.5
88.8
48
0.34
0.73
0.54
31 = none, 17 = 1, 1 = 2 umbonal bosses
5 = yes, 6 = weak, 38 = none
49 = yes, 1 = none
46 = curved, 4 = straight
1 = yes, 49 = none
15 = right, 37 = left
4 = yes, 48 = no

71.83
0.149
0.251
18.60
0.12
5.43
1.6
11.0
0.8
3.2
0.33
32.3
17.2
14.9
0.10

n
1. gsd
2. gsd/h
3. hs/hu
7. du
8. rfl/w
9. maxbos
21. prol (micro)
21. prol (mega)
22. chwh1
25. ch
26. Lc/wc
27. perout
28. spfis
29. radˆ
36. mnpor
11. nobos
13. thckfol
14. folpust
17. pntfol
33. thckrad
Coiling direction
Microspheric
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Table B6. Continued.

(d) Ammonia bellaria n. sp.
17 intact, 37 not completely measured specimens
Mean

1σ

49
94.59
190.26 130.76
45
1.473
2.184
1.800
45
0.707
1.948
1.271
52
13.93
36.96
23.16
50
0.51
0.99
0.81
23
3.26
15.01
8.0
6
9
15
11
45
20
50
29
51
5
8
6.4
42
5
16
10.7
53
0.73
2.64
1.48
48
0
100.0
41.6
34
12.1
60.9
22.2
53
65.6
106.3
86.5
53
0.26
0.75
0.51
29 = none, 20 = 1, 3 = 2 umbonal bosses
6 = weak, 46 = none
41 = yes, 11 = none
48 = curved, 4 = straight
3 = yes, 50 = none
30 = right, 23 = left
6 = yes, 45 = no

22.41
0.137
0.292
5.14
0.12
2.67
2.1
5.5
0.6
2.9
0.42
37.3
9.6
9.2
0.09

n
1. gsd
2. gsd/h
3. hs/hu
7. du
8. rfl/w
9. maxbos
21. prol (micro)
21. prol (mega)
22. chwh1
25. ch
26. Lc/wc
27. perout
28. spfis
29. radˆ
36. mnpor
11. nobos
13. thckfol
14. folpust
17. pntfol
33. thckrad
Coiling direction
Microspheric

Minimum

Maximum

(e) Ammonia beccarii (dead specimens)
1 intact, 1 not completely measured specimen
Minimum
1. gsd
2. gsd/h
3. hs/hu
7. du
8. rfl/w
9. maxbos
21. prol
22. chwh1
25. ch
26. Lc/wc
27. perout
28. spfis
29. radˆ
36. mnpor
11. nobos
13. thckfol
14. folpust
17. pntfol
18. radbd
33. thckrad
Coiling direction
Microspheric

https://doi.org/10.5194/jm-40-195-2021

Maximum

343.85
1.937
2.260
0.771
0.886
71.93
72.79
0.94
1.01
23.21
33.97
51
67
7
8
8
12
0.75
0.82
65.8
69.1
41.2
45.9
91.5
100.7
1.2
1.7
1 = 1, 1 = 2 umbonal bosses
2 = yes
2 = yes
2 = curved
2 = yes
2 = yes
2 = left
2 = no

Mean
2.098
0.829
72.36
0.98
28.59
59
8
10
0.79
67.5
43.5
96.1
1.4
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Table B7. Range of numerical values for selected biometric parameters of Ammonia species considered in this study after Hayward et
al. (2004), supplemented by Hayward et al. (2019); values partially amended following Hayward et al. (2021) (see Table B2 for abbreviations). The values of gsd, maxbos, and prol are given in millimetres (mm), with mnpore given in micrometres (µm). The values of perout are
given in percent, and radˆ is given in degrees by the authors. aberdov.: aberdoveyensis, parkinson.: parkinsoniana.

1. gsd
2. gsd/h
3. hs/hu
8. rf/w
9. maxbos
21. prol
22. chwh1
26. lc/wc
27. perout
29. radˆ
36. mnpor

A. veneta

A. aberdov.

A. parkins.

A. beccarii

A. tepida

0.22–0.43
1.7–2.3
0.8–2.4
0.5–0.7
0–0.03
0.05–0.08
6.5–8
1.2–2.5
0–70
70–90
1.0–2.5

0.29–0.51
1.9–2.3
0.6–1.4
0.4–0.8
0–0.05
0.03–0.06
6.5–10
0.9–2.4
0–70
65–80
0.5–1.5

0.45–0.70
2.0–2.5
0.9–2.0
0.4–0.9
0.1–0.11
0.07
8–13
1.0–1.2
50–80
90
0.5–1.5

0.58–1.70
2.1–3.9
0.6–1.4
0.85–1.0
0.07–0.25
0.03–0.11
7–16
0.7–1.0
50–100
90–100
1.2–2.1

0.20–0.30
2.0–3.0
1.5–2.0
0.2–0.95
–
0.03–0.05
5.5–6.5
1.4–1.8
0
80–90
0.3–0.9

Figure B1. Parameters measured and assessed from microscopic images of Ammonia specimens. The abbreviations are explained in Table B2. Not to scale.
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