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Here we report on angiosperm-like pollen and Afropollis from the Anisian (Middle Triassic,

247.2–242.0 Ma) of a mid-latitudinal site in Northern Switzerland. Small monosulcate pollen

grains with typical reticulate (semitectate) sculpture, columellate structure of the sexine

and thin nexine show close similarities to early angiosperm pollen known from the Early

Cretaceous. However, they differ in their extremely thin inner layer (nexine). Six different

pollen types (I–VI) are differentiated based on size, reticulation pattern, and exine structure.

The described pollen grains show all the essential features of angiosperm pollen. However,

considering the lack of a continuous record throughout the lower part of the Mesozoic and

the comparison with the oldest Cretaceous finds we suggest an affinity to an angiosperm

stem group. Together with the previously published records from the Middle Triassic of

the Barents Sea area the angiosperm-like pollen grains reflect a considerable diversity of

the parent plants during the Middle Triassic. Sedimentological evidence and associated

palynofloras also suggest a remarkable ecological range for these plants. Associated with

these grains we found pollen comparable to the genus Afropollis. Representatives of this

genus are commonly recorded in Lower Cretaceous sediments of low latitudes, but until

now had no record from the lower part of the Mesozoic.

Keywords: Middle Triassic, angiosperm-like pollen, angiosperm stem group, Afropollis, confocal laser scanning

microscopy

INTRODUCTION

In spite of extensive research the origin and temporal and spatial

distribution of early flowering plants are still a matter of debate.

Current research on the origin of angiosperms follows two lines

of evidence—the fossil record and molecular data. Molecular

data provide a framework for the origin of the crown group

of flowering plants as well as for the successive appearance and

relationships of the various clades. A wealth of molecular data

has been published over the last two decades (for references see

Frohlich and Chase, 2007; Soltis et al., 2010, 2011; Doyle, 2012).

However, so far no consensus about the first appearance of the

angiosperms has been reached. Different data as well as meth-

ods have resulted in significantly different ages ranging from the

Palaeozoic to the Cretaceous (e.g., Bell et al., 2010; Magallón,

2010; Smith et al., 2010; for a recent overview see Doyle, 2012

and Magallón et al., 2013).

In this paper we focus on fossil evidence, presenting the so

far oldest angiosperm-like pollen from the Middle Triassic (ca.

243 Ma), a record that predates the generally accepted first occur-

rence of angiosperm pollen by more than 100 Ma. The first known

fossil angiosperm pollen grains as well as those of the most basal

living species are described as columellate and monosulcate. That

means they have one distal slit-like aperture (sulcus) and a wall

structure including column like elements (columellae). The mul-

tilayer wall (exine), which is commonly preserved in the fossil

record, consists of the thin innermost endexine followed by an

adjacent thin layer, termed footlayer. The following columellate

layer, consisting of rod like elements, roots in the footlayer and

connects it to the outermost layer called tectum. Since endex-

ine and footlayer are commonly indistinguishable—especially in

light microscope studies—the term nexine has been introduced.

The term sexine is used to designate the outer layer consisting

of the columellate layer and the tectum. In the present study

the term nexine is consistently applied for the inner layer, since

with the presently used optical means endexine and footlayer

cannot be differentiated. The tectum of the above mentioned

pollen grains is commonly discontinuous or perforated, which

is described with the term semitectate. Thus, the complex mor-

phology of the exine of angiosperm pollen permits to distinguish

them from superficially similar palynomorphs, like gymnosperm

pollen, some spores, dinoflagellate cysts or other algal and fungal

remains.

In the present study we discuss finds of angiosperm-like,

monosulcate and columellate pollen grains in the context of

the earliest Cretaceous and other pre-Cretaceous records. Early

Cretaceous diversification and evolutionary success of flower-

ing plants is well documented by numerous finds of pollen and

megafossils—such as flowers, wood, seeds, and leaves. The ear-

liest accepted records are essentially based on dispersed pollen

grains, which due to their high numbers and their high preser-

vation potential represent the most appropriate tool to trace

the timing of early angiosperm evolution. The presence of
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angiosperm pollen in biostratigraphically dated marine sedi-

ments provides the possibility to precisely calibrate the essen-

tial steps in angiosperm evolution (Muller, 1981; Hughes, 1994;

Heimhofer et al., 2005; Doyle, 2012).

The first broadly accepted records of angiospermous pollen

grains are known from the earlier part of the Early Cretaceous

(Valanginian—early Hauterivian) (Gübeli et al., 1984; Trevisan,

1988; Brenner, 1996). However, within this interval they are

extremely rare; continuous records exist only from the Barremian

onwards, and this only for low and mid-latitudes (Hickey and

Doyle, 1977; Crane and Lidgard, 1989; Hughes, 1994; Schrank

and Mahmoud, 2002). Based on their subsequent increase in

abundance and diversity it has been assumed that angiosperms

originated in the Early Cretaceous (e.g., Hughes, 1994; Brenner,

1996; Friis et al., 2011). However, some authors suggest that the

“sudden appearance” on most continents as well as the rapid

radiation of numerous clades during the latter part of the Early

Cretaceous point to an earlier origin of the group, probably

going back to the Jurassic (e.g., Stuessy, 2004; Doyle, 2012),

to the Triassic or even to the Palaeozoic (Zavada, 2007; Clarke

et al., 2011). Cornet (1977, 1989b) was the first who reported

on occurrences of pollen grains with angiospermous features

from Triassic sediments. However, these records are commonly

regarded as inadequate evidence for an earlier origin of the group

(e.g., Friis et al., 2011). But so far the search for unequivocal

evidence (fossil flowers and carpels) from pre-Cretaceous sedi-

ments was unsuccessful. Either the age of the sediment containing

larger plant remains was erroneous (Sun et al., 1998; He et al.,

2004, 2006) or the plant fossils were not sufficiently well pre-

served to allow for unambiguous interpretation (Wang et al.,

2007; Wang, 2009, 2010; Zheng and Wang, 2010; Friis et al.,

2011; Doyle, 2012). From the same area as the angiosperm-

like pollen grains we report on the oldest occurrence of the

genus Afropollis. This group, considered by some authors as of

angiospermous affinity, is so far known to be restricted to the

Cretaceous (Barremian–Cenomanian). Its presence in Middle

Triassic sediments opens another observation gap of over 100 Ma.

LOCATION AND STRATIGRAPHIC CONTEXT

The illustrated pollen grains have been observed in sam-

ples from two core holes in Northern Switzerland (Weiach

and Leuggern, Figure 1). During the Middle Triassic the site

in Northern Switzerland was located at a palaeolatitude of

about 20◦N. A continuous Middle Triassic section was recov-

ered from the Weiach core hole (Matter et al., 1988, and

Figure 2). The studied interval includes the uppermost part

of the Buntsandstein (Plattensandstein), the lower part of the

Muschelkalk (Wellenkalk/Wellenmergel) and the middle part of

the Muschelkalk (Sulfatschichten) representing a typical succes-

sion for the southern part of the Germanic Basin (for geological

details see Figure 2 as well as Matter et al., 1988; Peters et al.,

1989).

The described pollen grains have been observed at two dis-

tinct levels of the Weiach core hole (Figure 2). The sample

containing Afropollis comes from the Wellenkalk unit (Lower

Muschelkalk), which consists essentially of gray siltstones. The

associated palynological assemblage consists of typical elements

FIGURE 1 | Location of the Weiach and Leuggern core holes.

of the early Anisian (Aegean) including Stellapollenites thiergartii,

Tsugaepollenites oriens, Densoisporites nejburgii, and Platysaccus

leschikii (see Kürschner and Herngreen, 2010; Hochuli et al.,

2012). Another record of Afropollis (Afropollis sp. II) has been

found in the same unit of the neighboring Leuggern core hole.

The occurrence of the angiosperm-like pollen is restricted

to the upper part of the Sulfatschichten (Middle Muschelkalk),

which is dominated by evaporites. The associated paly-

noflora consists also of typical Anisian taxa including

Stellapollenites thiergartii, Tsugaepollenites oriens, Podosporites

amicus, Institisporites spp., as well as frequent occurrence of

Protodiploxypinus and a few representatives of the Circumpolles

group (e.g., Duplicisporites tenebrosus and Paracirculina spp.)

(Hochuli et al., 2012). Dominating elements are conifer pollen of

the Triadispora group whereas spores are rare. This assemblage

is interpreted to be of middle to late Anisian (Pelsonian/Illyrian)

age (see Kürschner and Herngreen, 2010; Hochuli et al., 2012).

MATERIALS AND METHODS

Afropollis has been found in the fine-grained dominantly silici-

clastic Wellenkalk unit (Lower Muschelkalk) of the Weiach core

hole (950.82 m) and in the same unit of the nearby Leuggern core

hole (171.63 m). The angiosperm-like pollen grains have been

found in a short interval (901.91–905.99 m) of the Sulfatschichten

of the Weiach core hole. The samples originate from interbed-

ded gray silty layers in this evaporite dominated interval. The

described angiosperm-like pollen grains are very rare, repre-

senting <1% of the pollen counts. In the studied sections

palynomorphs are well preserved and show no sign of ther-

mal alteration (Thermal Alteration Index <2; Staplin, 1982);

however, they are strongly compressed. Contamination of the

samples can be excluded since recent pollen grains would be

three-dimensionally preserved and the described pollen types dif-

fer from superficially similar grains from Cretaceous and younger

sediments.

The samples were processed according to standard palyno-

logical procedures (Traverse, 2007). The slides were produced

by embedding the organic residues in epoxy resin. They were
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FIGURE 2 | Lithostratigraphic column of the Middle Triassic section of

the Weiach core hole. 1, position of Afropollis; 2, range of angiosperm-like

pollen grains.

studied first using a standard microscope with transmitted light

(Olympus BX51). Light microscope images were taken with

an Olympus digital camera (Olympus DP12). Subsequently

the described pollen grains were analyzed using confocal laser

scanning microscopy (CLSM). CLSM is an optical imaging

technique allowing for the capture of high resolution, blur-

free fluorescence images and image stacks of optical sections

through an embedded specimen. It enables the reconstruction

of three-dimensional structures from the obtained image stacks.

The technique is non-destructive and particularly suited to the

analysis of palynomorphs. Because of the autofluorescence of

most organic-walled microfossils standard palynological slides

can be analyzed without any further preparation. Its application

to fossil organic-walled dinoflagellate cysts was first described in

detail by Feist-Burkhardt and Pross (1999). Hochuli and Feist-

Burkhardt (2004) used CLSM in the morphological analysis of

Triassic angiosperm-like pollen grains. In this paper we show

some associated gymnospermous pollen grains for comparison.

The confocal laser scanning images show the distinct differ-

ences in the structure of the pollen grains. Confocal images were

taken on a Leica TCS SP confocal microscope using 40x or 100x

objectives under oil immersion at an excitation wavelength of

488 nm and detection of emitted fluorescence light at 500 nm

and longer. Optical sections were captured with an image res-

olution of 1024 × 1024 pixels and a distance between sections

of less than 400 nm. The resulting image stacks were then fur-

ther processed using the Open Source image processing package

FIJI on a Mac OSX computer (http://fiji.sc/Fiji, Schindelin et al.,

2012).

RESULTS/DESCRIPTIONS

Below we describe six distinct monosulcate, semitectate pollen

grains (type I–VI). They are all characterized by reticulate sculp-

ture and columellate connections to an extremely thin nexine.

The applied CLSM technique provides detailed images of the

surface of the pollen grains and evidence for the structuring of

the exine (see Plates I–IV). However, with the applied method

it is impossible to differentiate endexine and footlayer. The six

pollen types are differentiated based on their size, the develop-

ment of the reticulum and the shape of the sulcus. So far only a

few grains or single specimens are available for each type; for this

reason we refrain from describing formal species. Additionally, we

describe two pollen grains that we attribute to the genus Afropollis

(Afropollis sp. I and II, see Plate IV). They show the charac-

teristic reticulum of this genus, but—as in many Cretaceous

forms—the inner wall (nexine) is missing or extremely

shrunken.

For comparison and to demonstrate the distinct differences in

the optical characteristics we document two pollen grains com-

parable to the gymnosperm pollen genus Eucommiidites from the

same sections (Plate IV, 7, 8, 11, 12, 14, 15). The resolution of the

CLSM images shows their homogeneous or slightly granular wall

structure, representing a distinct contrast to the exine structure of

the columellate, angiosperm-like grains.

Positions on the slides are indicated in England-Finder

coordinates.

TYPE I

Material: 2 specimens; specimen A: Weiach 903.02 m, N38; spec-

imen B: Weiach 901.91 m, T59

Specimen A: Plate I, (1–3, 5, 6); specimen B: Plate I, (4, 7–9)

Description: Monosulcate, columellate, semitectate, densely

reticulate pollen grains

Size: specimen A: 31.5 × 41.5 µm; specimen B: 33.0 × 32.0 µm

Shape: oval to nearly spherical, compressed

Sulcus: broad open (folded in specimen A)
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PLATE I | Scale bars: 10 µm. (1), Pollen Type I, specimen A, LM image (high

focus); (2), Pollen Type I, specimen A, CLSM image, total stack

image/projection, anaglyph; (3), Pollen Type I, specimen A, CLSM partial

stack image, proximal side; (4), Pollen Type I, specimen B, LM image (median

focus); (5), Pollen Type I, specimen A, CLSM partial stack image, distal side;

(6), Pollen Type I, specimen A, CLSM single image, optical section; (7), Pollen

Type I, specimen B, CLSM total stack image/projection, anaglyph; (8), Pollen

Type I, specimen B, CLSM partial stack image, lateral view (high focus); (9),

Pollen Type I, specimen B, CLSM partial stack image, lateral view (low focus);

(10), Pollen Type II, specimen A, LM image, high focus; (11), Pollen Type II,

specimen A, LM image, low focus; (12), Pollen Type II, specimen A, CLSM

total stack image/projection, anaglyph; (13), Pollen Type II, specimen A,

CLSM partial stack image, lateral view on distal side (high focus); (14), Pollen

Type II, specimen A, CLSM partial stack image, lateral view on proximal side

(low focus); (15), Pollen Type II, specimen B, LM image, high focus; (16),

Pollen Type II, specimen B, CLSM total stack image/projection.
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PLATE II | Continued
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PLATE II | Scale bars: 10 µm. (1), Pollen Type III, specimen A, LM image,

median focus; (2), Pollen Type III, specimen A, LM image, (high focus); (3),

Pollen Type III, specimen A, CLSM total stack image/projection, anaglyph; (4),

Pollen Type III, specimen A, CLSM partial stack image, distal side (low focus);

(5), Pollen Type III, specimen A, CLSM partial stack image, proximal side (high

focus); (6), Pollen Type III, specimen B, LM image (high focus); (7), Pollen

Type III, specimen B, LM image (low focus); (8), Pollen Type IV, specimen A,

LM image (high focus); (9), Pollen Type III, specimen B, CLSM partial stack

image, distal side (low focus); (10) Pollen Type III, specimen B, CLSM total

stack image/projection, anaglyph; (11), Pollen Type IV, specimen A, CLSM

total stack image/projection; (12), Pollen Type IV, specimen A, CLSM total

stack image/projection, anaglyph; (13), Pollen Type IV, specimen B, LM image

(median focus); (14) Pollen Type IV, specimen B, CLSM total stack

image/projection, anaglyph; (15) Pollen Type IV, specimen B, CLSM total

stack image/projection; (16) Pollen Type IV, specimen B, CLSM partial stack

image, distal side (median focus).

Wall/structure: ca. 0.7–1.0 µm thick; columellae: 0.5–1.5 µm

(globular); nexine very thin.

Sculpture: reticulate, slightly heterobrochate, smallest meshes

near the sulcus and towards the end of the sulcal area. Shape of

meshes irregular; mesh size: 0.5–2.0 µm. Muri: winding, beaded,

width 0.5–1.5 µm (−2.0 µm, columellae head), thickened at the

vertices of the reticulum, surface with flat verrucae resulting from

the slightly protruding heads of columellae.

TYPE II

Material: 2 specimens; specimen A: Weiach 903.02 m, G63/3;

specimen B: Weiach 901.91 m, T58/3

Specimen A: Plate I, (10–14); specimen B: Plate I, (15, 16)

Description: Monosulcate, columellate, semitectate, reticulate

pollen grains

Size: specimen A: 30.0 × 32.0 µm/specimen B: 30.0 × 35.0 µm

Shape: spherical, compressed

Sulcus: short open slit (see Type I)

Wall/structure: 0.5–1.0 µm thick (−1.5 µm, head of columellae),

columellate. Columellae club-shaped to almost spherical

(0.6–1.5 µm) arranged in a reticulate pattern, reduced in size

toward the sulcus (Plate I, 11, 12); nexine very thin.

Sculpture: irregularly reticulate, heterobrochate, meshes with

irregular shape and size; size: 0.5–3.5µm. Muri: consisting of

columellae arranged in a reticulate pattern; width 0.5–2.5 µm

(head of columellae); slightly beaded, surface with flat verrucae

(protruding heads of columellae).

TYPE III

Material: 2 specimens; specimen A: Weiach 901.91 m, Q37/4;

specimen B: Weiach 901.91 m, U64/2

Specimen A: Plate II, (1–5); specimen B: Plate II, (6, 7, 9, 10)

Description: Monosulcate, columellate, semitectate, reticulate

pollen grains

Size: 28.0 × 32.0 µm/26 × 35.0 µm

Shape: spherical to ellipsoidal, compressed

Sulcus: slit-like or broad, open

Wall/structure: 0.5–2.0 µm thick, columellate; columellae club-

shaped to nearly globular, most pronounced at the vertices of the

muri; nexine very thin.

Sculpture: reticulate, heterobrochate; reticulum finer towards sul-

cus; meshes mostly roundish, mesh size 0.8–3.2 µm. Muri: coarse,

width: (0.5 –) 1.0–1.5 µm; surface verrucate as a result of protrud-

ing heads of columellae.

TYPE IV

Material: 2 specimens; specimen A: Weiach 901.91 m, J40/3; spec-

imen B: Weiach 950.82 m, V55/1

Specimen A: Plate II, (8, 11, 12); specimen B, Plate II, (13–16)

Description: Monosulcate, columellate, semitectate, reticulate,

heterobrochate pollen grains

Size: specimen A: 40 × 47.0 µm/specimen B: 32.0 × 46.0 µm

Shape: spherical–ellipsoidal, compressed

Sulcus: slit-like, elongate, narrow

Wall/structure: 2.0 µm thick, columellate, columellae: ca. 2.0 µm,

nearly spherical, head diameter: 1.0–2.2 µm; nexine very thin.

Sculpture: reticulate, heterobrochate, reduced lumina near the

sulcus; lumina mostly roundish; mesh size: 1.0–3.0 µm. Muri:

width 0.5–1.5 µm (max. 2.2 µm, head of columellae), vertices

slightly thickened; surface: verrucate resulting from protruding

heads of columellae at the vertices of the reticulum.

TYPE V

Material: 3 specimens; specimen A: Weiach 901.91 m, G53; spec-

imen B: Weiach 903.02 m, M52/1; specimen C: Weiach 901.91 m,

H40/1

Plate III, (1–5) (specimen A); Plate III, (6–9, 11) (specimen B);

Plate III, (10, 12, 13) (specimen C)

Description: Monosulcate, columellate, semitectate, finely retic-

ulate to perforate pollen grains

Size: specimen A: 34.0 × 41.0 µm, specimen B: 29 × 36 µm, spec-

imen C: 27.0 × 42.0 µm

Shape: nearly spherical–ellipsoidal (boat shaped), compressed

Sulcus: round–broad elongate, open

Wall/structure: 0.5–1.0 µm (−1.3 µm including columellae); col-

umellate, columellae nearly spherical–club-shaped: 0.5–1.3 µm

high, head diameter: 0.5–1.5, 0.2 µm near sulcus; nexine very

thin.

Sculpture: reticulate, heterobrochate, mesh size reduced to perfo-

rate toward sulcus; mesh size: 1.2–2.4 µm (proximal); 0.2–1.9 µm

(distal). Muri forming a reticulate pattern; width: 0.5–1.0 µm (0.3

um distally and 1.5 µm at max. head diameter); surface verrucate

formed by prominent columellae heads.

TYPE VI

Material: 1 specimen: Weiach 905.99 m, Y49/1

Plate IV, (1–4)

Description: Monosulcate, columellate, finely irregularly reticu-

late pollen grain

Size: 22.0 × 34.0 µm

Shape: ellipsoidal, boat shaped, compressed

Sulcus: narrow slit?

Wall/structure: 0.5 µm thick, semi-intectate, columellate.

Tectum is reduced to few connections between the columellae.

Columellae roundish to club-shaped, 0.5–0.8 µm high; nexine

very thin.
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PLATE III | Scale bars: 10 µm. (1), Pollen Type V, specimen A, LM image

(median focus); (2), Pollen Type V, specimen A, LM image (high focus); (3)

Pollen Type V, specimen A, CLSM total stack image/projection, anaglyph; (4)

Pollen Type V, specimen A, CLSM partial stack image, distal side (high focus);

(5) Pollen Type V, specimen A, CLSM partial stack image, proximal side (low

focus); (6) Pollen Type V, specimen B, LM image (high focus); (7) Pollen Type

V, specimen B, CLSM total stack image/projection; (8) Pollen Type V,

specimen B, CLSM partial stack image, lateral view on distal side (low focus);

(9) Pollen Type V, specimen B, CLSM total stack image/projection, anaglyph;

(10) Pollen Type V, specimen C, CLSM total stack image/projection, anaglyph,

lateral view; (11), Pollen Type V, specimen B, CLSM single image, optical

section; (12), Pollen Type V, specimen C, CLSM total stack image/projection,

lateral view; (13), Pollen Type V, specimen C, LM image, lateral view (high

focus).
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PLATE IV | Scale bars: 10 µm, except (8) and (15) (20 µm); (1) Pollen

Type VI, LM image (high focus); (2) Pollen Type VI, CLSM total stack

image/projection, anaglyph; (3), Pollen Type VI, CLSM total stack

image/projection; (4), Pollen Type VI, CLSM single image, optical

section; (5), Afropollis sp. I, LM image (median focus); (6) Afropollis

sp. I, CLSM total stack image/projection, anaglyph; (7) Eucommiidites

sp. 1, CLSM total stack image/projection, anaglyph; (8), Eucommiidites

sp. 1, LM image (median focus); (9) Afropollis sp. II, LM image, high

focus; (10), Afropollis sp. II, CLSM total stack image/projection,

anaglyph; (11), Eucommiidites sp. 1, CLSM single image, optical

section; (12), Eucommiidites sp. 2, CLSM total stack image/projection,

anaglyph; (13), Afropollis sp. II, CLSM total stack image/projection; (14),

Eucommiidites sp. 2, CLSM single image, optical section; (15),

Eucommiidites sp. 2, LM image (median focus).
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Sculpture: fine, irregularly reticulate pattern. Mesh size

0.5–1.8 µm. Muri: 0.3–0.6 µm wide (columellae heads −0.8 µm);

surface finely verrucate resulting from the protruding ends of

columellae.

Afropollis sp. I

Material: 1 specimen: Weiach 950.82 m, U53/4

Plate IV, (5, 6)

Description: Monosulcate/inaperturate, coarsely reticulate

pollen grain.

Size: 44.0 × 30.0 µm

Shape: ellipsoidal, compressed, probably in lateral view

Sulcus: not observed

Wall/structure: only sexine recognizable, nexine—if present—

thin and detached;

Sculpture: Reticulum heterobrochate, lumina roundish to

polygonal, mesh size: 1.0–3.5 µm; columellae not visible. Muri

higher than wide, width ca. 0.5 µm, ca. 1.0 µm high, with radial

elements; surface echinate to verrucate as a result of radially

protruding elements. Afropollis sp. I differs from Afropollis sp. II

and from most of the species described from the Cretaceous in

having more regular (not sinuous) muri.

Afropollis sp. II

Material: 1 specimen: Leuggern 171.63 m, R55

Plate IV, (9, 10, 13)

Description: Inaperturate, reticulate pollen grain

Shape: spherical, compressed, slightly folded and partly broken.

Size: 37.0 × 32.0 µm

Sulcus: not observed

Wall/structure: only sexine recognizable, nexine—if present—

thin and detached.

Reticulum: homobrochate, lumina polygonal– roundish, and

slightly protruding elements at the vertices of the reticulum,

mesh size: 2.0–4.5 µm. Muri: partly sinuous, ca. 0.5 µm wide,

0.5–1.5 µm high, with dispersed radial elements, some of them

few protruding.

This pollen grain resembles those reported as type G by

Hochuli and Feist-Burkhardt (2004). However, on pollen Type G

the radial elements are poorly expressed; for this reason it was not

assigned to Afropollis.

GYMNOSPERM POLLEN

Eucommiidites sp. 1

Material: Weiach 980.57 m, O59/1

Plate IV, (7–8, 11)

Eucommiidites sp. 1 has a granulate surface. The wall is densely

granulate.

Size: 92 × 47 µm

Eucommiidites sp. 2

Material: Weiach 978.47 m; J52/2

Plate IV, (12, 14–15)

Size: 90 × 50 µm

DISCUSSION—CRETACEOUS AND PRE-CRETACEOUS

RECORDS

Pollen grains are easily dispersed over wide areas due to their

relatively small size and the high numbers produced. They can

be found in various depositional environments (marine, coastal,

and terrestrial). For this reason records of fossil pollen are most

complete if compared to other plant organs such as seeds or

leaves. Generally accepted first records of angiosperm pollen

are mentioned from the early part of the Early Cretaceous

(Valanginian—early Hauterivian), corresponding to an age range

of approximately 139–133 Ma. However, within this interval they

are extremely rare and poorly documented. Most palynological

records from the basal Cretaceous (Berriasian–Valanginian) lack

angiosperm pollen (e.g., Norris, 1969; Dörhöfer, 1977; Dörhöfer

and Norris, 1977; Doyle, 1983; Regali and Viana, 1989; Hughes,

1994; El Albani et al., 2004; Kujau et al., 2013).

Most angiosperm pollen grains recorded from the earlier

part of the Early Cretaceous (Valanginian/Hauterivian) are small,

monosulcate or sometimes trichotomosulcate, finely reticulate

to perforate, and show a distinct columellate structure. The

genus Clavatipollenites and the species C. hughesii are among the

most frequently mentioned taxa from this interval (e.g., Doyle,

1969; Gübeli et al., 1984; Burger, 1990, 1996; Trincão, 1990).

One of the commonly cited records apparently includes sev-

eral well-preserved angiosperm pollen grains reported from the

Valanginian/Hauterivian of Italy. However, this record is docu-

mented only in an abstract without illustrations (Trevisan, 1988).

Brenner (1996) published several finds from the Helez Formation

of Israel of a probable Valanginian to Hauterivian age. However,

the preservation of the figured specimens (Brenner, 1996, Figures

5.4 A–D) is too poor to support an angiosperm affinity; hence,

Brenner’s statement that the first angiosperms were represented

by inaperturate grains cannot be corroborated. Some of the

early records of angiosperm pollen are limited to the genus

Clavatipollenites. A stratigraphically well constrained record exists

for C. hughesii for the Valanginian of Morocco, where this form

co-occurs with age-diagnostic dinoflagellate cysts, e.g., Biorbifera

johnewingii and Druggidium spp. (Gübeli et al., 1984).

Based on the distribution of angiosperm pollen Hughes

(1994) defined five phases for the palynological record of the

Wealden of Southern England. The oldest phase (phase 0,

Hauterivian) contains few angiosperm pollen grains; one of them

might be assigned to the genus Clavatipollenites [Palaeotaxon

Hauterivian-microtect of Hughes (1994)], another represents a

tectate form with verrucate surface [Palaeotaxon Hauterivian-

cactisulc of Hughes (1994)] and a third one is coarsely reticulate

[Palaeotaxon—lacebee of Hughes (1994)]. Phase 1, probably of

late Hauterivian age, includes a considerable number of monosul-

cate, reticulate morphotypes. Most of these grains [Retisulc group

of Hughes (1994)] seem to fall in the morphological range of the

Retimonocolpites complex or could be assigned to Clavatipollenites

or Tucanopollis morphotypes [Palaeotaxon Barremian-ring of

Hughes (1994)]. The increase in diversity of the angiosperm

pollen between phase 0 and phase 1—taking place during the

Hauterivian—is remarkable; it implies a considerable diversifi-

cation within approximately 3.5 Ma or else it represents a wave

of immigration from other areas. Additionally, Barremian pollen

records suggest an already wide distribution of the angiosperms,

including Gondwana with Africa (e.g., Doyle et al., 1977; Schrank

and Mahmoud, 2002), South America (e.g., Regali and Viana,

1989) and Australia (e.g., Burger, 1990, 1996); Laurasia with

North America (Burden, 1984), Europe (e.g., Hughes, 1994;
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Heimhofer et al., 2007), Eastern Russia (Markevitch, 1994) and

China (e.g., Wang, 2000; Zhou et al., 2009); and show a consider-

able diversity and abundance in some areas (e.g., Egypt, Schrank

and Mahmoud, 2002), (for additional references see also Eklund

et al., 2004)

Based on close morphological similarities Clavatipollenites

has been associated with the family of Chloranthaceae—namely

with Ascarina (Couper, 1960; Doyle, 1969; Walker and Walker,

1984; Endress, 1987; Eklund et al., 2004). However, based

on the detailed study of Hughes (1994) it seems that pollen

grains determined as Clavatipollenites have to be regarded

as a heterogeneous entity, probably including several groups

of various affinity, e.g., Chloranthaceae, and probably related

extinct groups (Pedersen et al., 1991) as well as Austrobaileyales

(Endress and Honegger, 1980) thus including some repre-

sentatives of the most basal families of the ANITA grade

(including Amborella, Nymphaeales, Illiciales, Trimenia, and

Austrobaileyales). However, Clavatipollenites represents the most

commonly recorded pollen from the earlier part of the Early

Cretaceous (Valanginian—early Hauterivian). Doyle (2012) sug-

gested that these pollen grains represent the first angiosperm

crown group fossils. So far the basal angiosperms of the ANITA

grade are poorly represented in the early angiosperm pollen

records. Most of these plants produce columellate and tectate

pollen (Doyle, 2012). One possible early record from the early

Hauterivian is represented by the tectate angiosperm pollen

reported as Palaeotaxon Hauterivian-cactisulc (Hughes, 1994),

which shows some resemblance with the pollen of Amborella.

However, the majority of the pollen grains from the earlier part

of the Lower Cretaceous (pre-Aptian) are semitectate and com-

monly show a well-developed reticulum. According to Doyle

(2012) semitectate conditions with a distinctly reticulate sex-

ine arose at the node connecting Austrobaileyales and mesan-

giosperms.

Evidence for pre-Cretaceous presence of angiosperms is dif-

ficult to assess. Some finds from the Jurassic announced with

much public attention proved to be based on wrong ages (Sun

et al., 1998; He et al., 2004, 2006) and the interpretations of other

remains from the Jurassic (e.g., Schmeissneria) are controversial

(Wang et al., 2007; van Konijnenburg-van Cittert et al., 2010;

Wang, 2010; Friis et al., 2011; Doyle, 2012). Angiosperm-like

pollen finds from this period are rare or questionable; the pollen

reported from the Oxfordian of France (Cornet and Habib, 1992)

are regarded here as contamination (see also Friis et al., 2011).

Clavatipollenites has been repeatedly reported from the Jurassic

(e.g., Pocock, 1962, 1970; Schulz, 1967; Vigran and Thusu, 1975;

Abbink, 1998). For at least some of these grains Doyle et al.

(1975) and Batten and Dutta (1997) proved a clear gymnosper-

mous affinity. However, in routine palynological studies it might

be difficult to distinguish small monosulcate grains with distinct

angiospermous columellate structure from those with a clearly

gymnospermous spongy alveolar structure.

Triassic records of angiosperms or angiosperm-like plants

are discussed since the discovery of the famous leaf remains

described as Sanmiguelia (Brown, 1956). Subsequent discoveries

of reproductive structures of this plant and of angiosperm-like

pollen in Late Triassic sediments nourished the debate about a

Triassic origin of the group (Cornet, 1977, 1986, 1989a,b). Despite

considerable attention the interpretation and attribution of the

leaves and the reproductive structures (Axelrodia) of Sanmiguelia

remain ambiguous (Friis et al., 2011; Doyle, 2012). Whereas some

authors considered it as an angiosperm (Brown, 1956; Cornet,

1986, 1989a) others suggested an attribution to Ginkgophytes and

rejected a possible relation to angiosperms (Crane, 1987; Doyle

and Donoghue, 1993). Pollen grains associated with male organs

show clear gymnospermous features. Recently, Doyle (2012) pro-

posed that Sanmiguelia might represent a plant attached to the

stem lineage of the angiosperms or a gymnosperm without closer

relationship to angiosperms.

The affinity of the pollen group described as Crinopolles

(including the genera Tricrinopollis, Monocrinopollis,

Dicrinopollis, and Zonacrinopollis) from the Late Triassic

(Carnian) of Virginia (Cornet, 1989b) continues to be a subject

of controversy (e.g., Zavada, 2007; Friis et al., 2011; Doyle, 2012).

These pollen grains show some clear angiospermous features

(Cornet, 1989b); they are monosulcate and have a semitectate

(reticulate) outer wall, which is connected by columellae to the

inner wall (nexine). Other features, like the uniformly thick

endexine, are more gymnosperm-like (Doyle and Hotton, 1991).

Recently, it has been suggested that the Crinopolles group may

represent plants on the angiosperm stem lineage (Doyle and

Hotton, 1991; Doyle and Donoghue, 1993; Doyle, 2012). Since

its original description this pollen group has been reported

only sporadically (e.g., Litwin and Ash, 1993); it seems that its

parent plants had an either temporally or regionally restricted

distribution. Cornetipollis reticulata is another interesting pollen

type from the Late Triassic that shows all the essential charac-

teristics of angiosperm pollen (Pocock and Vasanthy, 1988). It

is characterized by numerous exinal bands that are semitectate

(reticulate and perforate) and are connected to the very thin

inner layer (nexine) by columellae.

Middle Triassic angiosperm-like pollen grains have been pub-

lished from drill cores from the Norwegian Barents Sea (Hochuli

and Feist-Burkhardt, 2004). Previously these forms were repeat-

edly reported as Retisulcites sp. 1 and sp. 2 from Anisian and

Ladinian sediments of exploration wells and well-calibrated cores

(Hochuli et al., 1989; Vigran et al., 1998). Hochuli and Feist-

Burkhardt (2004) attributed these pollen grains to angiosperms

or to a new, unknown group of gymnosperms. These findings

have received rather mixed attention. Despite distinct morpho-

logical differences (e.g., very thin nexine) Doyle (2012) associ-

ated them with the Crinopolles group. Other authors accepted

them as clear evidence for angiosperms (Zavada, 2007; Clarke

et al., 2011), or as interesting evidence to consider (Taylor

et al., 2009), whereas others questioned the attribution to

angiosperms (Maheshwari, 2007) or simply ignored them (Friis

et al., 2011).

The pollen grains here described add to the considerable diver-

sity already documented from the Middle Triassic of the Barents

Sea (Hochuli and Feist-Burkhardt, 2004). In the Barents Sea they

were found in palynological assemblages with high representa-

tion of spores reflecting rather humid environments (Hochuli and

Vigran, 2010). During the Anisian the sections from Northern

Switzerland were located about 20◦N. The angiosperm-like
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pollen grains come from an interval consisting of evaporites

with intercalated thin layers of sand and siltstones. Here, the

lithology as well as the associated palynofloras, characterized by

pronounced dominance of the Triadispora group, known to rep-

resent xerophytic elements (Kürschner and Herngreen, 2010),

as well as the scarcity of spores, suggest a dry climate for this

interval.

Representatives of the Afropollis group are common ele-

ments of Cretaceous low latitudinal spore-pollen assemblages.

Originally described by Doyle et al. (1982) as early angiosperm

pollen and showing some angiospermous features, they are still

considered as such by many authors (e.g., Krassilov and Schrank,

2011; Coiffard et al., 2012). Their attribution to angiosperms was

called into question by the discovery of an (unpaired) pollen sac

containing in situ Afropollis (Friis et al., 2011). Consequently,

we consider them here as representatives of a so far unknown

group of gymnosperms with singular pollen morphology. The

known stratigraphic range of the Afropollis group covers the

interval between the Barremian (e.g., Penny, 1989; Schrank and

Mahmoud, 2002) and the middle Cenomanian (e.g., Schrank

and Ibrahim, 1995). Its main distribution lies between the late

Barremian or early Aptian and the lower Cenomanian (Doyle

et al., 1982; Doyle, 1992). Thus, similar to the angiosperms, our

record of this group from the Middle Triassic opens another

observation gap of over 100 Ma.

CONCLUSIONS

Assessing the appearance of the angiosperms by fossil pollen

grains is a rather difficult issue. However, according to Zavada

(1984a) the combined characteristics of the described pollen

(small, monosulcate, columellate, semitectate–reticulate) grains

exhibit a full inventory of angiosperm pollen synapomorphies

and probably also express the corresponding function, e.g., self-

incompatibility (Zavada, 1984b). However, according to Doyle

(2012) the early appearance of columellate reticulate pollen poses

a problem for connecting them with the stem lineage or the most

basal crown lineages. Based on molecular data the basal groups

of angiosperms produce pollen grains with a continuous tectum

and the semitectate, reticulate conditions developed at the node

connecting Austrobaileyales and mesangiosperms.

Interpretation of the molecular evidence for the origin of

flowering plants is controversial depending on the data and

the calculation methods. Estimates for the origin of flowering

plants range from the late Early Permian (275 Ma) to the Late

Triassic (221.5 Ma) or Early Jurassic (193.8 Ma) (Magallón, 2010;

Magallón et al., 2013). Other authors suggest a Late Triassic age

(228–217 Ma) (Smith et al., 2010) or give a Jurassic age range

(183–147 Ma) (Bell et al., 2010). Thus there are some calculations

that would corroborate the first fossil evidence from the Middle

Triassic.

If we accepted the monosulcate pollen from the Middle

and Late Triassic as evidence for a pre-Cretaceous origin of

crown group angiosperms the lack of fossil records through-

out the Jurassic would remain difficult to explain. Some

authors gave ecological reasons for this gap, such as that the

early angiosperms evolved in upland environments, far from

the potential sedimentary basins (Axelrod, 1952, 1970). From

the present distribution and the physiology of extant basal

angiosperms Feild et al. (2004, 2009) concluded that their ances-

tors must have lived in dark, wet and disturbed understory

habitats. The possibly rare occurrences of such habitats in the

Jurassic were used to explain the lack of fossil records. However,

if the Triassic angiosperm-like pollen grains would represent an

angiosperm crown group our evidence that they lived in a wide

range of habitats, including arid environments, would contra-

dict the hypothesis that early crown group angiosperms were

restricted to wet understory habitats (Feild et al., 2004, 2009) and

would make it still more difficult to explain the Jurassic gap in

their record.

Compared to the early records in the Cretaceous

(Valanginian—early Hauterivian) the diversity of the pollen

grains described from the Triassic is rather high and their

occurrence in different environments also suggests a high adapt-

ability. Additionally, their morphology appears to be closer to

the Cretaceous morphotypes of Retimonocolpites, thus to the

phases 1–4 of the morphological succession of Hughes (1994),

implying that there is no evident relationship between the pollen

grains known from the Middle Triassic and the oldest Cretaceous

angiosperm pollen (phase 0 of Hughes, 1994). Considering the

hundred million year gap in the record as well as morphological

differences to the earliest Cretaceous we suggest that these pollen

grains most likely represent stem relatives of the angiosperms.

Thus, the monosulcate, columellate conditions of the pollen

might represent an ancestral feature, expressed at different stages

in the evolution of the flowering plants, or alternatively, these

features would represent analogues and were independently

developed by an unrelated, and so far unknown, group of gym-

nosperms. However, since this group produced a wide variety

of monosulcate and reticulate—thus angiosperm-like—pollen

grains and could adapt to various environments, we expect that

they may be found in other areas and in other stratigraphic and

environmental contexts. As for the Afropollis group we have to

await discoveries of the corresponding megafossils to learn more

about the morphology and relationship of the parent plants of

the pollen grains here described.
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