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Abstract: Using scanning electron microscopy, the morphology of Alveolophora antiqua (Moisseeva)
Moisseeva from the freshwater Early Miocene paleolake in the Barguzin Valley was studied. We
extended the species diagnosis relative to features such as spines, structure of areolae, costae, alveolae,
rimoportulae and the external opening of rimoportulae and show a wide morphological variability
with regard to valve shape (round, oval, ovoid and triangular). The percentage of these shapes varied
with the core depth. Oval valves dominated in lower layers, while triangular ones occur in upper
layers. We propose that the shape variability of valves might be due a sharp short-term cooling event
or polyploidization. The finding of A. antiqua in the Early Miocene deposits of the Barguzin Valley
expands both the georaphic and stratigraphic ranges of this species.

Keywords: Alveolophora antiqua; fossil diatoms; Miocene; oval; triangular valves; Barguzin Valley

1. Introduction

The Barguzin Valley is the largest intermountain depression located between the
Barguzin and Ikat ridges to the northeast of the Svyatoy Nos Peninsula and Barguzin Bay
of Lake Baikal (Figure 1). It is one of the axial structures of the Baikal Rift Zone.

We started the study of diatoms from the Miocene-Pliocene deposits of the Barguzin
Valley in 2012. Since then, diatoms from cores 532, 531 and 545 have been studied [1-3].

The freshwater diatom genera Aulacoseira Thwaites, Alveolophora Moisseeva et Nevret-
dinova, Pseudoaulacoseira Lupikina et Khursevich and Actinocyclus Ehrenberg dominated
in these cores. The latter three genera are extinct. Among Alveolophora the species
A. tscheremissinovae Khursevich, A. baicalensis Khursevich et Fedenya, A. jouseana
(Moisseeva) Moisseeva and A. antiqua (Moisseeva) Moisseeva have been identified in the
Barguzin Valley.

The most ancient Alveolophora species are A. jouseana and A. antiqua. Alveolophora anti-
qua was described from the Lower-Middle Miocene deposits of the Vitim Plateau (Trans-
baikalia) [4,5]. Later, A. antiqua was also mentioned in Upper Miocene deposits from Lake
Baikal [6]. In both cases, this species was recorded but not studied with scanning electron
microscopy (SEM).

Although, while describing this species, A.I. Moisseeva noticed that “by the charac-
ter of the structure of the valve outer face and the curve, the species is very similar to
A. jouseana with noticeable difference mainly by valves shape. However, complete absence
at present of data on the structure of A. antiqua allows only to suppose the close relation of
these species”.
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Figure 1. The location of the Lake Baikal (a), Barguzin Valley in the Baikal rift zone (b) and the
location of core 517 (Uro area) (c).

While studying the diatoms from the Barguzin Valley, we found that A. antiqua domi-
nated throughout the entire core 517.

The purpose of the current work was to study the morphological variability of
A. antigua in the core using scanning electron microscopy and to compare this with other
similar species in the genus.

2. Materials and Methods

Samples were taken from 44.5, 46, 48, 53, 54, 55, 59 and 61 m of the core 517 (53°30'00” N;
109°46/53.38" E) drilled on the southeast of Barguzin Valley by Baikal Branch of Sosnovgeol-
ogy “Urangeologorazvedka”. They were represented by light gray homogeneous siltstone
and contained an abundant amount of diatoms (Figure 2). The Early Miocene age of these
sediments was stated before by the results of the palynological analysis [7].

The preparation of samples for light microscopy and quantitative accounting was
carried out according to the method described in [8]. Cleaned valves were dried on cover
slips and mounted in Naphrax (Naphrax Ltd., Bedford, UK, refractive index = 1.74) UK,
refractive index = 1.74) and counted using an Axiovert 200 ZEISS LM (Carl Zeiss, Jena,
Germany) light microscopy equipped with a Pixera Penguin 600CL camera. For scanning
electron microscopy, diatom frustules were broken by crushing a drop of the material
between two cover glasses. The material was then placed on a stub and coated with
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gold using a SDC 004 (BALZERS) ion sputter for 150 s at 10-15 mA. The sample was
analyzed using a SEM Quanta 200 (FEI Company, Hillsboro, OR, USA) at 21.5 kV and
10 mm working distance.

Figure 2. Samples of core 517 used for valve morphology analysis in SEM. (A)—44.5 m; (B)—46 m;
(C)—48 m; (D)—53 m; (E)—54 m; (F)—55 m; (G)—59 m; (H)—61 m.

The features shown in Figure 3 were used for morphometric analysis. A total of
406 diatom valves were measured.
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Figure 3. Morphometric features of Alveolophora antiqua: 1—length of side face; 2—valve height;
3—valve diameter by apical axis (a.a); 4—valve diameter by transapical axis (t.a); 5—diameter of
the ringleist aperture by apical axis; 6—diameter of the ringleist aperture by transapical axis; 7—
number of areolae rows in 10 pm; 8—areolae number in 10 um of a row; 9—areolae number in a row;
10—costae number in 10 pm.

The data were plotted using Microsoft Excel, Corel Draw 16 and Grapher 14. A
box-and-whiskers plot was built in Python3 using Matplotlib [9].

3. Results

In core 517, the diatoms occurred in a depth range of 61 to 44.5 m (Figure 4). The
absolute dominant species along the whole core was the planktonic diatom A. antiqua. The
relative abundance of this species ranged between 89-99% of the total number of diatoms.
The maximum abundance (910.7 million valves/g) was found at a depth of 48 m, while the
minimum abundance—33.9 million valves/g—was found at a depth of 46 m.
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Figure 4. Quantitative distribution of Alveolophora antiqua in core 517: A—the number of diatoms
(million valves/gram); B—the number of planktonic diatoms; C—the number of A. antiqua; D—
the number of benthic diatoms. Triangles in the lithological column show sampling depths for
palynological analysis.
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The study results show a wide morphological variability in A. antiqua with regard to
valve shape. For this species, round, oval, ovoid and triangular valves were revealed. The
percentage of valves of different shapes related to core depth is shown in Figure 5.
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Figure 5. Percentage of different valves shapes of Alveolophora antiqua in core 517.

The figure suggests that the upper part of the core (44.5-54 m) was dominated by
triangular valves (47-84%). The ovoid valve fraction was 11-37%, while the oval valves
were present in the range of 4 to 19%. Oval valves dominated at a depth of 55-61 m; their
fraction was 48-92%. The amount of ovoid ones was small (6-18%). The maximum amount
of round valves (45%) was found at the depth of 61 m. Upward in the core (59 and 55 m),
their amount considerably decreased (18 and 2%, respectively), and below a depth of 54 m,
they disappeared completely.

Both the shape and size of valves varied upward in the core (Figures 2 and 6).
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Figure 6. The distribution of Alveolophora antiqua valves of different shapes by size in core 517. For
round valves, we measured the diameter; for oval ones—larger diameter; for triangular ones—a valve.
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Valve size varied greatly in triangular-shaped A. antiqua in the upper part (48—44.5 m)
of the core. In the middle part of the core, this valve size was less than in the upper one but
slightly more than in the lower part. The sizes of ovoid and oval valves decreased upward
in the core.

Thus, by valve size and shape, all samples can be divided into three groups. The
first one is the depth range of 61 to 55 m, and it includes round, oval and ovoid valves.
The second one is transitional, in the range of 54 to 53 m, and it includes oval, ovoid and
triangular valves of medium size. The third group is the range of 48 to 44.5 m, and it
includes oval, ovoid and triangular valves with a wide range of valve size.

Using SEM, we studied the valve morphology and ultrastructure from these three
ranges (61-55, 54-53 and 48-44.5 M).

In the depth range of 61 to 55 m, we found round (Figure 7A,B,D,E K), ovoid
(Figure 7C,F-J,L,N-P) and oval (Figure 7H,I, M,Q,R) valves of A. antiqua.

Figure 7. Alveolophora antiqua in the depth interval of 61-55 m from core 517 of the Barguzin Valley:
(A-T)—external views, valve face; (J-R)—internal views showing a ringleist (R), variability of valves
and aperture of ringleist in their shape. SEM. Scale bar: 10 um.
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The outer face of the valve is smooth in the center (Figure 7C,E,G-I), or it is covered
with small granules (Figure 7A,B,D,F). The areolae along the edge of valve face are situated
in 1-4 rows (Figure 7A-FH) or are not available (Figure 7G,I). Ringleist varies from narrow
(Figure 7]-L,R) to medium-size (Figure 7N,O,Q,P) to wide (Figure 7M,P,R). Round areolae
are located on the mantle in straight rows (Figure 8A-F). Areolae have 5-6 volae running
to the center, from the inside—a bell-like plate with radial perforations attaches to them
(Figure 8C,E,G-I). Linking spines are spatulated (Figure 8A,B,D,F). No separating spines
were found at the valves in this horizon. Well-developed alveolae interzones are seen from
the inner part of the valve (Figure 8L]). Rimoportulae are sessile and occur at the base of the
alveola interzone (Figure 8L]). Their external opening are associated with the first areola of
the row (Figure 8C,E,G).

Figure 8. Alveolophora antiqua in the depth range of 61 to 55 m from core 517 of the Barguzin Valley:
(A,B,D,F)—external views, showing variability of valves; (C,E,G)—fragments of valves, showing
areolae and external opening of rimoportulae; H—areolae on the valve face; (I,J)—internal views
showing a ringleist (R), areolae, rimoportulae (arrows) and alveolae. SEM. Scale bar: 10 pm (A,B,D)
and 1 um (C,E-]).



Diversity 2022, 14, 1075 8of 17

In the depth range of 54 to 53 m, we found triangular-shaped valves with widely
rounded corners, round-triangular (Figure 9A-D), triangular (Figure 9B in the upper part,
E-H), ovoid (Figure 91-K) and oval (Figure 9L,M) valves of A. antiqua. The outer face of the
valve is covered in the center with small granules (Figure 9C). The areolae along the edge
of the valve face are situated in 1-4 rows (Figure 9C) or are not present (Figure 9I).

Figure 9. Alveolophora antiqua in the depth range of 54 to 53 m from core 517 of the Barguzin Valley:
(A,B,D-M)—internal views showing a ringleist (R), variability of valves and aperture of ringleist in
their shape; (C)—external view of the valve face. SEM. Scale bar: 10 pm.
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The ringleist varies from narrow (Figure 10A,B,D,E,G) to medium width (Figure 10F]I)
and wide (Figure 10H,J]-M). Round areolae are located on the mantle in straight rows
(Figure 10A-F). Areolae have 5-6 volae running to the center from the inside—a bell-
like plate with radial perforations attached to them (Figure 10G,H). Linking spines are
spathulate (Figure 10D,E). Separating spines are elongated and petaloid (Figure 10E,F).
Well-developed alveola interzones are seen inside the valve (Figure 10H-J). Rimoportulae
are sessile and occur at the base of the alveola interzone (Figure 10L]). Their external
opening are associated with the first alveola in the row (Figure 10E).

Figure 10. Alveolophora antiqua in the depth interval of 54-53 m from core 517 of the Barguzin Valley:
(A-D)—external views, showing variability of valves; (E)}—fragment of valve D, showing areolae,
separating and linking spines, external opening of rimoportulae; (F)—separating spines; (G)-areolae
on the valve face; (H)—internal views showing, areolae and costae; (I,J)—internal view, showing
alveolae and rimoportulae (arrows). SEM. Scale bar: 10 um (A-E,I) and 1 um (F-H,J).
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In the depth range of 48 to 44.5 m, we found triangular (Figure 11A-C,G-K), ovoid
(Figure 11L-N) and oval (Figure 11D,0) valves A. antiqua. The outer face of the valve is
smooth in the center (Figure 11A). The areolae along the edge of face valve are in 1-4 rows
(Figure 11A) or are not available (Figure 11D).

Figure 11. Alveolophora antiqua in the depth interval of 48-44.5 m from core 517 of the Barguzin
Valley: (A-D)—external views, valve face; (E-O)—internal views showing a ringleist (R), variability
of valves and aperture of ringleist in their shape. SEM. Scale bar: 10 um.

The ringleist varies from narrow (Figure 11]) to medium (Figure 11E-I) to wide
(Figure 11K-O). Round areolae are located on the mantle in straight rows (Figure 12A-F).
Linking spines are spathulate (Figure 12A-E). Separating spines were not found on the
valves in this horizon. Well-developed alveola interzones are seen inside the valve
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(Figure 12F-]). Rimoportulae are sessile and located at the base of alveola interzone
(Figure 12G-J).

Figure 12. Alveolophora antiqua in the depth range of 48 to 44.5 m from core 517 of the Barguzin Valley:
(A-D)—external views, showing variability of valves; (E)—linking spines; (F-J)—internal views,
showing, alveolae and rimoportulae (arrows). SEM. Scale bar: 10 um (A-E,I) and 1 um (F-H,J).

A detailed study of A. antiqua morphological variability from different core horizons
allowed us to establish an extended diagnosis for this species.

Alveolophora antiqua (Moisseeva) Moisseeva emend Usoltseva et Titova

Homotypic synonymes:

Melosira antiqua Moisseeva [10] (Figure 12, 7a-1), [11] (Table 1,1, 2; 2, 1, 2)

Aulacosira antiqua (Moisseeva) Moisseeva [12] (p. 71).
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Miosira antiqua (Moisseeva) Khursevich [13] (Table 150, 1, p. 112)

Diagnosis: The shape of the valves can be round, oval, ovoid or triangular. The valve
diameter along the apical axis is 549 um, and, along the transapical axis, it is 4-48 pm.
The side length of triangular valves is 11-53 um. The outer face of the valve in the center is
smooth or covered with small granules. Areolae along the edge of valve face are located in
1-4 rows or are not present. The mantle height is 1.8-3.8 pm. Round areolae are located on
the mantle in straight rows. The number of areola rows on the mantle is 11-15 in 10 pm, and
areolae number 7-12 in 10 pm within a row. The areolae number in a row is 2—4. Linking
spines are spathulate. Separating spines are elongated and petaloid. The ringleist varies
from narrow to wide. The ringleist aperture can be round, ovoid, oval or triangular and
varies in diameter from 2.6 to 16 um along the apical axis and from 2 to 12 um along the
transapical axis. Well-developed alveolae interzones divided by costae are distinct in the
valve interior. Costae number 3-6 in 10 um. Rimoportulae are sessile, located at the base of
alveolae, every 2—4 costae. Their external opening are associated with the first areola in
a row.

Locality and age sediments: Russia: Early Miocene: Transbaikalia: Barguzinskaya
Valley and Vitim Plateau; Late Miocene Baikal Lake.

4. Discussion

The description of the taxon Alveolophora antiqua was as follows. Shapes are triangular-
oval and triangular with widely rounded corners, and the side length is 8.0-40.0 um. Along
the edge of the face part, pore valves are in short radial rows, 7-9 in 10 um, alternated
with short rib-like direct or slightly curved thickenings at each 2—4 pores rows. The center
is structureless and torulose. Mantle is 4.0-8.0 um high, with lengthwise direct pores in
rows, 7-9 in 10 pm, with rib-like thickenings like on the valve face. The collum is low and
structureless. The ringleist varies from narrow to rather wide (mainly in small specimens),
with thin costae of different lengths along the external edge. Linking spines are very
small [4] (pp. 542, Table I, 11-16).

In this work, we documented for the first time the valve morphology in this species
using SEM. Specimens from different core horizons were observed, and based on our
observations, we extended the diagnosis for this species with data on spine shape, alveolae
structure, rimoportulae and the aperture of rimoportula.

It is revealed that this species has different valve types (round, oval, ovoid and
triangular) and that their proportion varies with the core depth. Morphological parameters
for each valve type are presented in Table 1.

Table 1. Morphological characters of relative Alveolophora species.

Taxon A.jouseana  A.baicalensis A. antiqua A. antiqua A. antiqua A. antiqua A. antiqua
triangular- triangular
oval and and
triangular triangular .
Valve form round round with widely with widely ovoid oval round
rounded rounded
corners corners
Height of 2.0-7.0 1.0-5.0 4.0-8.0 2.3-3.0 23-27 32-38 2.5-3.0
valves
Diameter of 9.0-27.0a.a 5.0-22.0 a.a
valve (um) 8.0-31.0 6.0-25.0 B B 65240ta  40-160ta 120330
Length of
one side of - - 8.0-40.0 8.0-53.0 - - -

the valve
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Table 1. Cont.

Taxon A.jouseana  A.baicalensis A. antiqgua A. antiqua A. antiqua A. antiqua A. antiqgua
] q q q q q
8-12 10-14 7-9 11-15 12-14 12-14
straight rows, straight rows, straight rows, straight rows, straight rows, straight rows,
Number of each each each each each each
areolar rows 2-4 rows of 2-4 rows of 2-4 rows of 2-4 rows of 2-4 rows of 12-14 1-3 rows of
in 10 um areolae areolae areolae areolae areolae areolae
alternate alternate alternate alternate alternate alternate
with costae with costae with costae with costae with costae with costae
Number of
areolae in 3-5 2-5 24 2-4 3 2-4
arow
over the without without
entire surface, areolae or areolae or
zrlfn}?eihem areolae in the onil); o}rretrhe without only on the
p1—3pareo}1]ae submarginal without I:l) —4I:r)owsy areolae or without peripheral
zone of the areolae or ) areolae or 1-4 rows.
TOWS Or . Valve surface  only on the
Areolae on valve face in only on the . only on the Valve surface
completely . . smooth or periphery .
the valve short radial periphery. - periphery smooth or
absent. . with 1-4 rows. .
face . rows Sometimes 1-4 rows. with
Sometimes . granules. Valve surface
alternating has granules . Valve surface granules.
has granules th rib-lik h Sometimes, smooth or h S .
at the center with rib-like at the center. one ring o f with granules smoot ometimes,
) thickenings one ring of
or one ring of granules at ranules at
granules at the t}%e eripher
the periphery. periphery. periphery
g short,
Linking
spines spathulate- spathulate small spathulate spathulate spathulate spathulate
P widened
Separating . elongated
spines pointed petaloid
Ringleist narrow narrow narrow-wide narrow-wide narrow-wide narrow-wide narrow-wide
triangular
Shape and with widely .
diameter . . . ovoid or oval, oval,
biground or  biground or  triangular or rounded round,
(um) of . . 2.3-16.0 a.a 3.5-8.0 a.a
X . medium medium oval corners 6.0-9.0
ringleist 5.0-6.0 a.a 2.0-12.0ta 2.7-5.0t.a
aperture 47ta
small, sessile, sessile, sessile, sessile,
located at the sessile, located at the located at the located at the
Rimovortulae base of the located at the B base of base of base of B
p costae or base of pseu- alveolae, alveolae, alveolae,
pseudoalveo- doalveolae every every every
lae 2-4 costae 2—4 costae 2—4 costae
Alveolar pseudoalveolae
character and micro- pseudoalveolae - alveolae alveolae alveolae alveolae
pseudoalveolae
ci;‘:i‘; e1r0°:m 3-10 4-8(12) - 3-6 3-8 46 3-8
Far East, a1 Barguzin Barguzin Barguzin Barguzin
Location Primorye, Lake Baikal, ;Flgf:;;b;lﬁaegi Valley, Valley, Valley, Valley,
Lake Tony core 517 core 517 core 517 core 517
. Late Early Early Early Early Early
Age Miocene Miocene Miocene Miocene Miocene Miocene Miocene
References [14] [15] [4] present data present data present data present data
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Valves differing by shape had a different range of the morphological variability of
morphometric parameters, such as valve height and diameter. For example, the oval
valve height was a slightly greater (3.2-3.8 pum) than the heights in valves with triangular
(2.3-3.0 um), ovoid (2.5-3.0 um) or round (2.3-2.7 um) outlines. We measured diameter
of round, oval and ovoid valves. Round valves had a maximum diameter of 33.0 um.
The diameters of oval and ovoid valves varied but were similar in size. As for triangular
valves, we measured the length of the valve side, which varied from 8.0 to 53.0 pm. Other
parameters for the valve types were all similar to one another (Table 1).

Some questions arise while comparing our data with the diagnosis [4]. First, valve
height in the diagnosis is 4.0-8.0 pm; however, according to Table 1, Figures 5 and 11 in [4],
with attention to the scale (10 um), we can see that the valve height does not exceed 5.0 pm.
Probably, the authors presented the size of the frustule comprising two valves. Therefore,
we cannot consider these parameters as differing ones.

Second, the authors indicate, in the diagnosis, that there are 7-9 areolar rows with
10 pm, and according to our data, there are 11-15 with 10 um. This is probably due to light
microscopy studies done by the original authors. It is difficult to estimate their number in
the figures 5 and 11 presented in the publication [4].

It is interesting that all figures in [4] are similar to the population which we studied
in the depth range of 54 to 53 m from core 517. In the original description of valve
shape, the authors noticed that valves were triangular-oval and triangular with widely
rounded corners, and in their figures, there were also oval and ovoid valves as well (Table 1,
Figures 14 and 15 in [4]).

To compare the species in question with taxa that are in our opinion morphologically
similar, we used the species A. jouseana and A. baicalensis (Table 1). Although by valve
size (height, diameter), these species are close to Alveolophora antiqua, they differ by the
internal structure of the valve (having pseudoalveolae rather than alveolae). Differences
from Alveolophora antiqua include that A. jouseana can have areolae on the whole surface of
the face valve, separating spines are pointed and the rimoportulae are located at the base
of costae.

According to our earlier studies of fossil deposits in the Baikal Region [1-3,16], the
dominance of one species along the entire core can be observed rarely. In this work we
have shown that the valve shape of the same species, A. antiqua, varies in the core with
depth. Other authors noticed valve shape variation in the core of fossil deposits as well.
For example, it is shown in [14] how valve shape varied in Melosira aff. jouseana Moisseeva.
The authors distinguish perfect trilobate, sub-rectangular, triangular, bilobate and almost
circular forms. These modifications are restricted to the shape of the frustules in valve view,
and they do not affect the other morphological features of the valve. According to [17], the
shape of the valves is a minor character that cannot be sufficient for specific separation. We
agree with this statement of the authors.

However, we can state that non-circular valve shape is an indicator of ancient Miocene
deposits because, in all modern species of Aulacoseiraceae Crawford, the frustule is cir-
cular in valve view. Besides Alveolophora antiqua, non-circular shapes occurred in the
Miocene genera Miosira Krammer, Lange-Bertalot et Schiller, Alveolophora Moisseeva et
Nevretdinova and Aulacoseira Thwaites. Among them, Miosira rhoenana Krammer, Lange-
Bertalot et Schiller have trilobate, triangular and almost circular forms [18]. In addition,
six taxa of elliptical (oval) Aulacoseira have been described, including: A. ovata Usoltseva
et Tsoy and A. elliptica Tsoy et Usoltseva [19], A. hachiyaensis Tanaka [20], A. iwakiensis
Tanaka et Nagumo [21], Melosira distans var. ovata and Iwahashi [22] A. capitalina Titova et
Usoltseva [23].

A triangular valve shape is sometimes observed in other genera as well. Shrader [24]
considered the triangular valves of Stephanodiscus carconensis Grunow to be abnormal
forms and interpreted them as ecological modifications produced by restricted environ-
mental conditions during the cold season. Similar valves forms have been recorded in
Stephanodiscus pontica Jousé [25] and Cyclotella sp. [17].
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It is curious that the triangular cells have higher volume than all other morphotypes;
further, they immediately form the majority of the population as soon as they appear.
One possible explanation is that their appearance was caused by the polyploidization of a
previously existing morphotype. It is known that the increase in the amount of DNA per
cell, either by polyploidization or through multiple smaller-scale events, leads to an increase
in cell volume in diatoms [26] and that polyploidizations are abundant in ancient diatom
evolution [27]. If such an event took place within the A. antigua population, it would have
separated it into two isolated subpopulations not unlike modern Ditylum brightwellii (West)
Grunow [28]. These populations would then compete with each other, and a polyploid
triangular form could gain an adaptive advantage through the neofunctionalization of
newly formed paralogs and the general rearrangement of transcriptional regulation that
usually follows a change in karyotype. Although this hypothesis is highly speculative, it
does fit all of the available evidence.

5. Conclusions

The morphology of Alveolophora antiqua (Moisseeva) Moisseeva from the freshwater
Early Miocene paleolake in the Barguzin Valley was studied by scanning electron mi-
croscopy. We extended the species diagnosis and show a wide morphological variability
with regard to valve shape (round, oval, ovoid and triangular). We have to notice that, in
our samples, not only shape- but also size-varied. In lower horizons, valves were smaller
than in upper ones. How can we explain the decrease or increase of planktonic diatoms
sizes in a population? There may be several explanations for these observations. First,
differences may be explained by the fact that cell size in diatoms can depend on their life
cycle [29,30]. Diatoms can respond to the same condition by progressively reducing their
cell size (asexual reproduction) or can restore their size by auxospore formation. Second, ac-
cording to Winder et al. [31], the size of planktonic diatoms decreases with climate warming
because of the reduced nutrient redistribution and the increasing sinking velocities. Their
results show that, within the diverse group of diatoms, small-sized species with a high
surface-area-to-volume ratio were able to adapt to a decrease in mixing intensity, support-
ing the hypotheses that abiotic drivers affect the size structure of planktonic communities
and that a warmer climate favors small-sized diatom cells [31]. Other studies revealed that
larger Rhizosolenia Brightwell specimens occur in sites with lower temperatures [32]. Size
variations at the level of species have also been recorded for other aquatic and terrestrial
organisms [33]. For example, in anurans, it is known that low temperatures may influence
growth and development rates in larval and juvenile stages, which have follow-on effects
on maturity and growth, and consequently high-latitude and -altitude individuals should
be generally larger than low-latitude and tropical specimens [34,35]. Lower temperatures
trigger a similar effect in marine invertebrates [36,37], fish [38,39], arthropods [40,41] and
other amphibians [42,43].

Currently we cannot tell exactly which climatic or tectonic events could affect the
variation in valve shape in the A. antiqua population studied herein. According to lithologi-
cal and palynological data [6], no particular changes occurred in the interval of transition
from oval valves to triangular ones. However, data on diatom shape and sizes can suggest
changes in habitat conditions towards cooling during the Early Miocene.
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