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Premise of research.  Abundant fossil records of Altingiaceae have been discovered from all Northern Hemisphere
continents and suggest its widespread occurrence during the Paleogene, shedding light on its evolutionary history.
However, records of unlobed Altingiaceae leaf fossils are rare and discovered only in East Asia to date.

Methodology. Plant fossils were collected from the lignite opencast mine Profen-Stid in central Germany from late
Eocene sediments of an alluvial coastal plain. From a total of 140 compressed leaves, cuticles were obtained from
52 specimens for studying epidermal characters. Leaf architecture and cuticle micromorphology were described
and compared with fossil and extant species sharing similar characteristics.

Pivotal results. The new material belongs to a rare and incompletely known fossil species from the same region
and age. For taxonomic reasons, a new fossil genus—Zlatkophyllum gen. nov.—associated with Altingiaceae is estab-
lished. Zlatkophyllum fischkandelii sp. nov. et comb. nov. is redescribed and reconsidered on the basis of the simple
dentate, almost circular leaves with semicraspedodromous secondary vein framework; Q-shaped anticlinal walls of
epidermal cells; and brachyparacytic stomata.

Conclusions. The new fossil genus is the first representative of Altingiaceae from the European Cenozoic
with exclusively unlobed leaves, thus providing important implications for the evolutionary history of the family.
In the fossil assemblage, Z. fischkandelii co-occurs with abundant Steinhauera subglobosa infructescences from
the same family, and thus the new fossil taxon is hypothetically the previously unknown foliage of the S.

subglobosa—producing fossil plant.

Keywords: leaf architectures, cuticle micromorphology, Steinhauera, Liquidambar, paleobiogeography.
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Introduction

Altingiaceae Horan. [nom. cons.] includes only one extant
genus, Liquidambar L., which contains 15 evergreen or deciduous
tree species. This genus is characterized by spherical pistillate and
staminate inflorescence and distributed from the Mediterranean
and East Asia to Malesia, Central America (Stevens 2001—;
Ickert-Bond and Wen 2013). Historically, Liquidambar, Altingia
Noronha, and Semiliquidambar H.T.Chang were distinguished
and comprised a subfamily within the Hamamelidaceae (s.l.),
namely, Liquidambaroideae or Altingioideae (Chang 1973,
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1979; Bogle 1986; Endress 1989). The three genera are remark-
ably similar in reproductive organs but differ from the other gen-
era of Hamamelidaceae by both morphological and molecular
characters (Li and Hickey 1988; Shi et al. 2001). In particular,
the marginal teeth of leaves of Altingiaceae are asymmetrical,
with glands at the apices, while teeth of Hamamelidaceae are
symmetrical and glandless (Li and Hickey 1988).

Molecular studies strongly supported recognizing Altingiaceae
and Hamamelidaceae (s.str.) as separate families within the order
Saxifragales (Stevens 2001-). While morphological phylogenies
suggest the existence of at least two genera, Altingia and Liquid-
ambar (e.g., Ickert-Bond et al. 2007), molecular phylogenies have
recognized only a single genus Liquidambar (e.g., Shi et al. 2001;
Ickert-Bond and Wen 2013).

In former classifications, Liquidambar (s.str.) comprised four to
five species with a disjunct distribution in Asia, the Mediterranean,
and in North to Central America (Wen 1999). Altingia included
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five to 15 species that are distributed in tropical and subtropical
Asia (Ickert-Bond et al. 2007). Semiliquidambar, encompassing
three to five species, is considered natural hybrid transient individ-
uals between Altingia and Liquidambar endemic to South and
eastern China (Chang 1962; Ickert-Bond and Wen 2006; Xu
et al. 2024). Ickert-Bond and Wen (2013) listed all taxa (15 spe-
cies) of Altingiaceae in Liquidambar in their monographic revision
of the family. The family’s crown group age is the Paleogene to the
early Neogene (between 54 and 19.5 Ma; Ickert-Bond and Wen
2006) and the divergence of the extant clades occurring during
the Paleocene to Eocene, which is important data for the interpre-
tation of fossil record.

The fossil records of Liquidambar (s.l.; herein we follow the
concept of the monotypic family) and the presumably extinct
relatives within Altingiaceae suggest a widespread occurrence in
the Northern Hemisphere during the Paleogene and Neogene. In-
deed, abundant fossil records of Altingiaceae have been discov-
ered across the Northern Hemisphere (e.g., Mai 1968; Mai and
Walther 1978, 1991; Wolfe and Tanai 1980; Maslova 1995,
2003; Pigg et al. 2004; Collinson et al. 2012; Lai et al. 2018,
2021; Scharfstein et al. 2020). One of the earliest records is from
the mid-Cretaceous of the Russian Far East, Anadyricarpa
altingiosimila N.Maslova & Herman, which was described from
the Anadyr River Basin in Siberia (Maslova and Herman 2004).
From Late Cretaceous deposits, three fossil genera of Altingiaceae—
namely, Microaltingia Z.K.Zhou, Protoaltingia Scharfstein,
Stockey & Rothwell, and Paleoaltingia Y.].Lai—were described,
and an inflorescence similar to those of Altingiaceae was reported
from North America (Herendeen et al. 1999; Zhou et al. 2001;
Scharfstein et al. 2020; Lai et al. 2021). Liquidambar fontanella
Brown, a fossil species considered belonging to the extant genus,
was reported from the Late Cretaceous of North America too
(Brown 1933) but is in need of revision.

Steinhauera Presl, an extinct genus of Altingiaceae, is known
from only the European Paleogene (Mai 1968; Knobloch et al.
1996; Collinson et al. 2012). It is based on the isolated infruc-
tescences (fruiting heads). Other organs of this fossil plant are
not found to date. Mai (1968) synonymized the Eocene Euro-
pean fossil genera Eoliquidambar E.Reid & M.Chandler and
Protaltingia E.Reid & M.Chandler with Steinhauera, which
was accepted in all later publications (e.g., Collinson etal. 2012).

Macrofossils (leaves, inflorescences, wood) and pollen recog-
nized as Altingiaceae were recovered from the Paleocene and
younger deposits of North America, Europe, and Asia (e.g., Chan-
dler 1961; Mai and Walther 1978, 1991; Wolfe and Tanai 1980;
Muller 1981; Maslova 1995; Maslova and Krassilov 1997;
Huang and Song 2002; Pigg et al. 2004). In North America and
Asia, the fossil history dates back to the Cretaceous (Maslova
and Herman 2004; Lai et al. 2021), while the family did not ap-
pear in Europe before the Paleocene (Chandler 1961). Fossils as-
cribed to modern Liquidambar appeared during the early Oligo-
cene (Mai 19935). The stratigraphic range of the European fossil
record extends to the Pleistocene (Martinetto 1998), but the genus
has persisted in the eastern Mediterranean bioprovince until to-
day, namely, Ligquidambar orientalis Mill. in western Turkey
and Rhodes (Endress 1993; Palamarev et al. 2005; Ickert-Bond
and Wen 2006).

Although fossil and phylogenetic evidences support that
unlobed leaves were not present in the earliest diverging clades
of Liquidambar (Ickert-Bond et al. 2007; Lai et al. 2018), both

palmately lobed and unlobed leaves have been reported from Lig-
uidambar maomingensis from the late Eocene of south China.
The European fossil leaf record encompasses only lobed leaves
of Liquidambar and is recorded from only the early Oligocene
and younger deposits to date (Mai 1995).

In this paper, rich new leaf material of the rare Priabonian fos-
sil species Laurophyllum fischkandelii L. Kunzmann & Walther
2002—sampled from a new Eocene locality in Profen-Siid, fed-
eral state of Sachsen-Anhalt, Germany—has been investigated.
In reconsideration of the unique Q-shaped anticlinal walls of
the cuticles of the simple and dentate leaves, a new fossil genus
and a new combination—Zlatkophyllum fischkandelii gen. nov.
et comb. nov.—were established. It is the first fossil representa-
tive of Altingiaceae from the European Cenozoic, which has ex-
clusively unlobed leaves.

Material and Methods

Material

The new specimens were collected from the opencast mine
Profen-Siid near Zeitz in the federal state of Sachsen-Anhalt,
Germany (site Universal Transverse Mercator coordinates: 33U
56.68875 N, 30.12500 E; 108-110 m asl). The fossil site is situ-
ated in the Weifelster lignite mining area south of the city of
Leipzig (fig. 1A, 1B). The depositional area is known as Leipzig
Embayment, which was a marginal part of the Northwest German-
Polish Basin in the Cenozoic. During the Paleogene, central
Germany was situated in close proximity to the coast of the
Paleo-North Sea because of the global sea level highstand (Standke
2008; Standke et al. 2010). Regional middle Eocene to lower Ol-
igocene sedimentary sequences in the southern part of the Leipzig
Embayment are characterized by siliciclastic unconsolidated ter-
restrial and marginal marine sediments intercalated by lignite seam
complexes. The fossil-bearing Luckenau Clay complex (LC; fig. 1C),
which represents sediments of an alluvial-lacustrine braid plain in a
coastal lowland, is the uppermost part of the Zeitz Member of the
Borna Formation on the basis of modern regional lithostratigraphic
concepts (fig. 1D; Standke et al. 2010). According to the regional
spore-pollen-paleogene (SPP) zonation, LC can be placed into the
regional SPP zone 17/18 (latest Bartonian) or could even belong
to the basalmost SPP zone 18 (Krutzsch 2011). Therefore, an upper
Bartonian to lower Priabonian age of the fossils can be assumed
(Krutzsch 2011). The fossils are preserved as compressions, that
is, coalified organic matter with preserved cuticles.

The type material of Laurophyllum fischkandelii, which is
reconsidered here, came from the upper Priabonian Domsen
Member of the Borna Formation of the Leipzig Embayment,
placed into SPP zone 19 by Krutzsch (2011). The type locality is
the opencast mine Vereinigtes Schleenhain in Saxony, Germany,
from the same lignite mining area (fig. 1B, 1D; Kunzmann and
Walther 2002). The macroflora was described by Kunzmann
and Walther (2002) and reconsidered by Kunzmann et al. (2016).

Macrofloras from the Borna Formation belong to the late
Eocene Zeitz floristic complex, and those from LC are the
most typical ones (Mai and Walther 1985, 2000; Kunzmann
et al. 2019). The Profen-Siid LC flora was preliminarily de-
scribed by Kunzmann et al. (2019) as a fossil assemblage de-
rived from an evergreen broad-leaved forest growing under sub-
tropical humid paleoclimate conditions. The fossil assemblage,
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Fig. 1

Kunzmann et al. (2017).

Location of fossil site Profen-Siid and outcrop details. A, Map of Germany. Box indicates location of map section in B. Data are from
OpenStreetMap.de (http://opendatacommons.org). B, Map with area south of city Leipzig. Dashed lines indicate WeifSelster lignite mining area. Pf =
Profen-Siid opencast mine, federal state of Sachsen-Anhalt, Germany; SchleMO = Vereinigtes Schleenhain opencast mine, federal state of Sachsen,
Germany. C, High wall in Profen-Siid opencast mine. L = lignite; C = thin-bedded silty clay, fossil-bearing horizon (Luckenau Clay complex, Zeitz
Member, Borna Formation). Image was taken in September 1999 by Lutz Kunzmann. For occupational safety and health standards, the high wall was
not directly accessible for sampling; fossiliferous sediment blocks were removed by a shovel excavator. D, Litho- and chronostratigraphic age of
fossils: general lithostratigraphic section of Paleogene sediments in southern part of Leipzig Embayment, central Germany. Lithostratigraphie: Standke
et al. (2010); palynostratigraphy: Krutzsch (2011); correlation to global scale according to Standke et al. (2010); International Chronostratigraphic
Chart (ICC), version 2023/09: International Commission on Stratigraphy (https://www.stratigraphy.org). Modified after Standke et al. (2010) and
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as far as known, mainly represents azonal communities and is
characterized by a Rhodomyrtophyllum-Steinhauera riparian
association typical for the middle to late Eocene in this region
(Kunzmann et al. 2019).

Methods

The morphological studies were undertaken using a stereomicro-
scope Leica MZ APO equipped with a camera lucida for line draw-
ings. Photos were taken with a Canon PowerShot G1 X Mark 1T
camera. The preparation of leaf cuticles for light microscopy (LM)
and scanning electron microscopy (SEM) followed common
procedures; that is, samples of coalified fossil leaves were treated
with Schulze solution (for more details, see, e.g., Kunzmann et al.
2009). For LM preparations, clean cuticles were stained with
safranin and mounted on glass slides with glycerol jelly; for SEM
preparations, clean cuticles were mounted on stubs, coated with
an approximately 4-um-thick Au/Pd covering on a Polaron SC7640
sputter-coater. Preparations were examined with a Leica DM
5500B light microscope equipped with a Leica DFC 480 digital
camera and with a Zeiss EVO 50 SEM at 20 kV. For measurements
of the micromorphological features, a Keyence VHX 7000 digital
microscope was additionally used. Digital images were adjusted
(contrast, brightness) with Adobe Photoshop CC 2019.

For the description of leaf morphology, the Manual of Leaf Ar-
chitecture (Ellis et al. 2009) was used. The terminology of cuticular
micromorphology followed Dilcher (1974) and Schneider (2004).
Specimen data of extant species of Liguidambar used for compar-
ison were obtained from JSTOR (https:/plants.jstor.org), National
Cleared Leaf Collection (NCLC; https://collections.peabody.yale
.edu/pb/ncle/), Chinese Virtual Herbarium Data Portal (http://
www.cvh.ac.cn/), and herbarium at the Kunming Institute of Bot-
any (China). Multiple images of the same cuticular area taken un-
der the same magnification at different focal levels were merged
into stacked images using Adobe Photoshop CC 2019. The di-
mensions of stomatal complexes and epidermal cells were mea-
sured and their frequencies were counted using Image] 1.54d. Sto-
matal frequencies, including stomatal index (proportion of stoma
to all epidemical cells) and stomatal density (number of stomata
per unit leaf area), were calculated. An undulation index was calcu-
lated on the basis of Kiirschner (1997) to describe the pattern of an-
ticlinal walls of epidermal cells.

Systematic Description

Family—Altingiaceae Horan. 1841

Fossil genus—Zlatkophyllum M.XiaoWu &
L.Kunzmann gen. nov.

Etymology. The name Zlatkophyllum is a combination of
the first name of the late Czech paleobotanist Zlatko Kvacek
(1934-2020) and the Latin word “phyllum,” derived from the
ancient Greek word @OAXov (phullon), meaning leaf. The name
Zlatko is chosen in honor of the former doyen of Cenozoic paleo-
botany and the specialist in leaf architecture and leaf cuticle
micromorphology.

Type species—Zlatkophyllum fischkandelii (L.Kunzmann &
Walther 2002) M.XiaoWu & L.Kunzmann sp. nov
et comb. nov.

Generic diagnosis. Leaves distinguished by unlobed, ob-
ovate, or broadly elliptic shapes; semicraspedodromous simply
toothed margin, rarely with spherulate tooth apices; anticlinal
epidermal walls with regular Q-shaped undulations with deep
amplitude.

Taxonomic and nomenclatural remarks. Our material is
identical to Laurophyllum fischkandelii L. Kunzmann & Walther
2002. This fossil species was erected because of the unique Q-
shaped undulations of the anticlinal cell walls. Provisional accom-
modation into Laurophyllum was based on insufficiently pre-
served leaf margins of the two type specimens in combination
with the brachyparacytic type of the stomatal complexes. Here,
we demonstrate that only basal portions of leaf margin may be
entire, while the major parts of the margins are dentate. Thus, af-
filiation with Laurophyllum cannot be maintained. Instead, in or-
der for us to highlight the unique combination of morphological
and micromorphological characters, a new fossil genus is estab-
lished and L. fischkandelii is recombined with it. For inclusion
of the leaf margin character into the specific diagnosis, an epitype
is selected from the Profen-Siid LC material.

Fossil species—Zlatkophyllum fischkandelii (L.Kunzmann &
Walther 2002) M.XiaoWu & L. Kunzmann comb. nov.

Basionym. Laurophyllum fischkandelii L.Kunzmann &
Walther 2002. Palaeontol Z 76(2), 268-272, figs. 4k, v, 6,
7a—c, 8a—d; holotype: MMG PB SchleMO 146:2a; paratype:
MMG PB SchleMO 145:1a.

Epitype, selected herein. MMG PB Pf 0409 (fig. 2F); open-
cast mine Profen-Stid, federal state of Sachsen-Anhalt, Germany;
Luckenau Clay Complex, Zeitz Member, Borna Formation, Leipzig
Embayment; upper Bartonian to lower Priabonian, Eocene.

Emended specific diagnosis.  Leaf bases truncate or rounded,
apices obtuse to rounded or acuminate to shortly acuminate.
Epimedial tertiaries anastomose, forming a net; exterior tertia-
ries looped. Epidermises glabrous; anticlinal walls of epidermal
cells strongly undulate with knobbed ornamentation on undu-
lations; periclinal walls nearly smooth; stomatal complexes
brachyparacytic.

Occurrences. Opencast mines Vereinigtes Schleenhain near
Borna, federal state of Sachsen (Kunzmann and Walther 2002),
and Profen-Stid near Zeitz, federal state of Sachsen-Anhalt (this
paper), Germany.

Litho- and chronostratigraphic ranges. Southern Leipzig
Embayment, Borna Formation, upper Bartonian to upper Pria-
bonian, Eocene (Kunzmann et al. 2019; Kunzmann and Wal-
ther 2002).

Material. Opencast mine Vereinigtes Schleenhain: MMG
PB SchleMO 145:1a (paratype) with slide 175/94, SchleMO
146:2a (holotype) with slides 176/94, 1/00-3/00 (Kunzmann
and Walther 2002).

Opencast mine Profen-Siid. For specimen numbers, see ta-
ble S1 (tables S1 and S2 are available online).

Description. Leaves simple, marginally attached, unlobed,
symmetric, obovate or broadly elliptic, rarely elliptic (fig. 2A).
Leaf sizes notophyll, rarely mesophyll, preserved laminae
parts 4.71-9.25 cm in length and 3.12-8.98 cm in width, length
to width ratio varies between 1.27 and 1.56. Bases truncate or
rounded, apices obtuse to rounded or acuminate (fig. 2A) to
shortly acuminate (fig. 2G). Primary vein framework pinnate,
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Fig. 2 Leaf fossils of Zlatkophyllum fischkandelii gen. nov. et comb. nov. A-C, F-H, Gross morphology. A, MMG PB Pf 1466. B, MMG PB Pf
1379. C, MMG PB Pf 1727. F, MMG PB Pf 0735. G, MMG PB Pf 0405. H, MMG PB Pf 0400. D, E, Details of C, showing secondary and higher-
order venation (2°, 3° 4°); E shows spherulate tooth apex. I, J, Details of G and H, respectively, showing serrations. Scale bars = 1 cm (A-C, F-H,

K-N), 2 mm (D, J), 1 mm (E), 4 mm (J).

major secondary vein framework semicraspedodromous, five to
eight pairs of secondaries, spacing regular, angles of major sec-
ondary to midvein uniform, 32°-60°, decurrently or excurrently
attached to the midvein. Intercoastal tertiary vein fabric anasto-
mosing with other tertiary veins or secondary veins, forming an
irregular reticulate pattern (fig. 2A). Epimedial tertiaries anasto-
mose with other tertiary veins to form a net. Exterior tertiaries
looped. Quaternary veins anastomose with other veins, forming
an irregular reticulate pattern (fig. 2D). Areolation well devel-
oped. Margins toothed, except for the basal parts in some leaves
(e.g.,Pf405a,408a,409a,411:1a; fig. 3B, 3C), one order of teeth,
tooth space regular, two to four teeth per centimeter. Sinus
rounded. Tooth shape CC/CV or CC/RT (figs. 21, 2], 3A). Teeth
principal vein present, terminating in the apex of tooth (fig. 3A ),
rarely with spherulate tooth apex (fig. 2E).

Leaf cuticles thin but abaxial cuticle more delicate than the ad-
axial; sometimes cuticles obtainable only in smaller fragments.
Cuticles of both sides show segmentation into coastal and inter-
coastal areas. Leaves hypostomatic and glabrous (fig. 4A).
Adaxially, ordinary epidermal cells polygonal and isodiametric
(fig. 4C, 4E), cells of coastal areas (above veins) are four sided
and rectangular, 50-56 pum in length, 30-37 pum in width, anticli-
nal walls strongly undulate, Q-shaped undulation with deep am-

plitude, undulation index 2.2-2.6, knobbed ornamentation
on undulations. Periclinal wall nearly smooth. Shape of abaxial
epidermal cell similar to that of adaxial epidermal cell (fig. 4C,
4E), 30-58 um in length, 16-31 um in width, undulation index
2.2-2.9. Abaxial anticlinal walls of intercoastal areas often very
flat (fig. 4A) and sometimes only faintly visible. Stomatal com-
plexes brachyparacytic; stomata elliptic or suborbicular in out-
line, narrow elliptic pori randomly oriented. Guard cells 11—
17 pmin length, 4-8 um in width. Pori 810 um in length, around
1 um in width, two marked stomatal ledges (fig. 5F). Two wing-
shaped, often asymmetrically developed subsidiary cells of vari-
able polygonal outlines, 17-23 pm in length, 8-12 pm in width.
Anticlinal walls of subsidiaries vary from simply curved to wavy
and undulated. Stomatal density around 400/mm?, stomatal in-
dex around 17.4.

Discussion

Comparisons and Justification of Taxonomic Concept

This fossil leaf type is remarkably distinct from others in the re-
gional fossil floras in central Germany (e.g., Kunzmann et al.
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Fig. 3 Camera lucida drawings of selected specimens of Zlatkophyllum fischkandelii gen. nov. et comb. nov. exhibiting gross morphological
characters. Arrows indicate entire-margined leaf bases. For clarity, not all visible higher-order veins are shown. A, MMG PB Pf 400:1a. Higher-
order veins are shown only in selected loops of secondary veins. A,, Close-up of a tooth and venation; venation order indicated by 2°, 3°, 4°.
B, MMG PB Pf 405a. C, Epitype MMG PB Pf 409a with partly preserved petiole. Scale bars = 10 mm (A-C), 5 mm (A)).

2016, 2019; Kunzmann and Walther 2002) and in the adjacent
northern part of the Czech Republic (Knobloch et al. 1996; per-
sonal communication with the late Zlatko Kvacek) both in leaf ar-
chitecture and in cuticle micromorphology. A survey of the liter-
ature dealing with Paleogene fossil floras from other parts of
midlatitudinal Europe also revealed no similar leaf type described
so far. Simple dentate, more of less circular leaves with a semi-
craspedodromous secondary vein framework are quite rare in
the predominantly evergreen subtropical paleovegetation in mid-
latitudinal Europe during the Eocene.

However, similar leaf architectures are not very rare in living
species. Ericales, Celastrales, and Saxifragales include several gen-
era with similar elliptic leaf shapes, looped secondary venation,
and one order of teeth. We compared Zlatkophyllum fischkandelii
with representatives of these families sharing similar charac-
teristics (table S2). Celastraceae, Pentaphylacaceae, and Theaceae
are different from Z. fischkandelii in stoma type and framework of
secondary and intersecondary veins. Salicaceae and Styracaceae
share the same vein characters with Z. fischkandelii but can be dis-
tinguished by tooth type, stoma type, and other epidermal char-
acters. Ericaceae has subparallel oriented stomata and a festooned
semicraspedodromous secondary vein framework that is different
from that of Z. fischkandelii. On the basis of the combination of
main characteristics, Z. fischkandelii has almost the same char-
acteristics as living Altingiaceae except for the micromorphology
of anticlinal cell walls and position of the teeth (table S2). Regard-
less of whether the leaf lamina is lobed, brachyparacytic stomata,
the structures of the secondary, tertiary, and quaternary veins are

consistent within the Altingiaceae (fig. 6C, 6D, 6H, 61) and present
within our leaf fossils (fig. 2D).

Undulated anticlinal epidermal cell walls are known from
several fossil and extant species, but the quite regular uniform
outline on both leaf surfaces and the conspicuous @ shape are
unique among known fossils (Kunzmann and Walter 2002).
The undulation index of epidermal cell walls in extant leaves
of Liguidambar ranges from 1.1 to 1.6, and the index of shade
leaves is higher than that of sun leaves (Xiao et al. 2011;
Maslova et al. 2018). On the basis of the undulation index of
the leaves, we cannot recognize a micromorphological variabil-
ity in this undulation pattern as usually known from sun and
shade leaves of the same species, that is, shade leaves with pro-
nounced undulation and sun leaves with less pronounced to ab-
sent undulation. Taphonomic processes tend to preserve the com-
monly more robust sun leaves, and thus fossil leaf assemblages
are usually characterized by a higher abundance of sun leaves
(Kiirschner 1997; Wang et al. 2018). However, all cuticles ob-
tained in this study (52 fossil leaves) showed pronounced undu-
lated anticlinal cell walls. Simultaneously, a marked variation in
leaf size is documented. Thus, we are convinced to conclude that
the Q-shaped undulation of the epidermal cell walls is the consistent
character of the fossil species independent from the potential in-
fluence of exposition to the sun. It is the most distinctive charac-
ter of Zlatkophyllum gen. nov.

Hence, the uniform anticlinal cell wall undulation is a diagnos-
tic character of the fossil taxon, as already stated by Kunzmann
and Walther (2002) in their diagnosis. However, the type material
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Fig. 4  Transmitted light microscopic images of Zlatkophyllum fischkandelii gen. nov. et comb. nov. A, Cuticular membranes. B, D, Slide Pf 22/
22 from specimen MMG PB Pf 934l. C, E, Slide Pf 419/12 from specimen MMG PB Pf 315r. A, Part of abaxial cuticle (ab; with stomata) and part
of adaxial cuticle (ad; without stomata) near leaf margin. B, Enlargement of abaxial cuticle. Arrows refer to stomatal complexes. C, Drawing of
outlines of ordinary epidermal cells and stomatal complexes on abaxial cuticle. Periclinal areas of guard cells are colored in yellow and subsidiary
cells in purple. D, Enlargement of adaxial cuticle. Arrow refers to epidermal cell. E, Drawing of outlines of ordinary epidermal cells on adaxial cuti-

cle. Scale bars = 100 pm (A), 50 um (B-E).

encompassed only two specimens; that is, the holotype is an
incomplete leaf specimen represented by the basal-middle frag-
ment of the lamina, and the paratype is a small basal fragment
of the lamina (Kunzmann and Walther 2002, figs. 7a, 7¢). Only
the holotype shows a part of the leaf margin that s entire. Further-
more, the cuticles of the type material are a bit more robust than
in the Profen-Siid material, and the outlines of the stomatal com-
plexes are predominantly broad-elliptic and less asymmetrical
compared with the Profen-Stid material. A single micromorpho-
logical feature from the type material is not recognized from the
Profen-Stid material, which is the rare occurrence of gland-like
apertures on the adaxial cuticle. These gland-like apertures con-
sist of an almost circular cell with central roundish opening
surrounded by four to five distinct, small epidermal cells. The ab-
sence of such micromorphological structures from the Profen-
Siid material could be explained by its rareness in combination
with the fact that the rather thin cuticles can be obtained only
in smaller portions. The latter prevent an overview of the com-
plete leaf surfaces and their micromorphological patterns.

The following characters—(1) supposed entire leaf margin,
(2) pinnate-camptodromous venation pattern, (3) broadly ellip-
tic outline of brachyparacytic stomatal complexes, and (4) rare
gland-like elements in the adaxial cuticle—led Kunzmann and
Walther (2002) to the definition of a new fossil species that
could be provisionally accommodated into the broadly defined
fossil genus Laurophyllum Gopp. They assumed that Lauro-
phyllum fischkandelii has micromorphological similarities to
extant species of Laurus L. but refrained from affiliation with
Laurus because in Laurus the overall outline of the stomatal
complexes is rhomboidal (diamond shaped).

Herein, we can state that our material is nearly identical to the
type material in cuticle micromorphology but shows better preser-
vation of leaf architectural elements. The leaf margin is entire in only
the basal leaf portions but regular dentate for most of the leaf
(figs. 2A-2C, 2F-2H, 2K-2M, 3). Thus, the secondary vein frame-
work is not camptodromous as described in the original diagnosis
but semicraspedodromous. It has to be mentioned that only the
holotype exhibits a complete secondary vein course seemingly
intermediate between camptodromous and brochidodromous.
Consequently, the fossil species cannot be longer affiliated
with Laurophyllum but needs to be recombined to another
(fossil-)genus. An emended diagnosis is needed to clarify dis-
tinguishing characters.

Putative Relationship to Steinhauera Pres!

During the Paleocene and Eocene, the extinct genus Steinhauera
was present in European fossil floras. According to Mai (1968),
who revised this fossil and related fossil genera, Steinhauera was
monotypic and endemic to Europe. In his analysis, he stated that
whether Steinhauera subglobosa should be accommodated within
an extant genus or kept separate was a matter of taxonomic
philosophy, but in his opinion Steinhauera was more closely related
to Altingia and could potentially be affiliated as fossil subgenus
within Altingia (Mai 1995). Nevertheless, Mai (1968) main-
tained the generic concept for Steinhauera because not all im-
portant structural characters for infructescences of Altingiaceae
were preserved in the fossil material available at that time. Fur-
thermore, Mai (1968) placed the two monotypic Eocene fossil
genera Eoliquidambar E.Reid et M.Chandler and Protoaltingia
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Fig. 5 SEM images of Zlatkophyllum fischkandelii gen. nov. et comb. nov. cuticles. A, D, Stub S 43/11 from specimen MMG PB Pf 406a. B, C,
E, F, Stub S 37/11 from specimen MMG PB Pf 405a. A, Inner side of abaxial cuticle. B, Inner side of abaxial cuticle. C, Enlargement of B, showing
anticlinal cell walls. D, Outer side of adaxial cuticle, showing stomatal complex. E, Outer side of abaxial cuticle, showing closed stomatal aperture.

F, Inner side of abaxial cuticle, showing open stomatal aperture. Scale bars

E.Reid &M.Chandler into synonymy with Steinhauera. Al-
though several authors had excluded Steinbhauera from Altingia-
ceae (Brown 1962; Wehr 1995), Steinhauera is septicidally and
loculicidally identical with fruits of Altingiaceae (Pigg et al.
2004; Ickert-Bond et al. 2005, 2007). The genus concept was
reconfirmed by Knobloch et al. (1996) and Collinson et al.
(2012). During their investigation of early Eocene material from
Messel in Germany, Collinson et al. (2012) referred again to
morphological similarities of Steinhauera infructescences to
Liquidambar and Altingia but stated the following differences:
(1) lack of persistent styles compared with Liquidambar and
(2) presence of both loculicidal and septicidal dehiscences in
Altingia. However, the Messel material seems to be more similar
to extant Liquidambar—that is, Liquidambar orientalis—than
to Altingia because of surface ornamentation features (Col-
linson et al. 2012). All in all, it has to be noted that both Mai
(1968) and Collinson et al. (2012) used the concept of two
(three) genera within Altingiaceae. All their arguments should
be reconsidered under the concept of the monotypic extant
Altingiaceae, testing whether Steinbauera is evidently distinct
from Liquidambar (s.l.). Recent micro—computed tomography
scanning results additionally confirmed that these fossils belong
to Altingiaceae but still lack sufficiently detailed information on
the seeds (Strullu-Derrien et al. 2022).

Steinhauera is known from more than 25 localities in Europe
(see lists in Mai 1968; Mai and Walther 1985, 2000; Kunzmann
et al. 2016). In none of these fossil assemblages were S. sub-
globosa fruiting heads associated with leaf types whose architec-
ture points to Altingiaceae. We have rechecked this conclusion
with available literature. The Profen-Stid LC assemblage is the
first fossil flora in which an altingiacean leaf type, Z. fischkandelii
gen. nov. et comb. nov., co-occurs with abundant S. subglobosa
infructescences (preliminary counting: >100 specimens). Thus,

= 10 pm (A), 20 pm (B), 5 pm (C), 2 pm (D-F).

the leaves are the first candidate for being the foliage of a fossil
plant that produces S. subglobosa infructescences. However, S.
subglobosa was not found in the assemblage of the type locality
of Z. fischkandelii gen. nov. et comb. nov. (Kunzmann and
Walther 2002). Moreover, a reevaluation of the compositions
of macrofloras from the late Eocene of the Leipzig Embayment
led to the assumption that the regionally stratigraphically impor-
tant elements Rhodomyrtophyllum reticulosum (Myrtaceae) and
S. subglobosa were already extirpated in the late Priabonian
assemblages, such as the Schleenhain Domsen Complex flora,
the type assemblages of Z. fischkandelii gen. nov. et comb. nov.
In short, it remains an open question whether S. subglobosa
and Z. fischkandelii belonged to the same fossil plant, although
assembling appears very plausible.

Lobed versus Unlobed Leaves within Modern Altingiaceae

Although our study material consists of only unlobed leaves,
being one of the diagnostic characters of the new fossil genus, it
needs to be stated that leaf lobation is not a consistent feature
of all members of Altingiaceae. In former classifications within
the family, the predominantly lobed leaf type of Liquidambar
was distinguished from the predominantly unlobed leaves of
Altingia (e.g., Endress 1993); the hybrid genus Semiliquidambar
is not taken into account in the present discussion. However,
neither the lobed leaf laminae nor the unlobed leaf laminae are
autapomorphies of the genera. Liquidambar chingii (Metcalf)
Ickert-Bond & J.Wen can develop three- and two-lobed leaves
as well as simple leaves on the same branch (Ickert-Bond and
Wen 2013). In the eastern Mediterranean species L. orientalis
Mill., two varieties—L. orientalis var. orientalis and L. orientalis
var. integriloba Fiori—are distinguished by the presence of lobed
and unlobed leaves, respectively. But Yiizer et al. (2024) could
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Fig. 6  Leaflet architecture and cuticles of living Altingiaceae. A, Cleared leaf of Liquidambar excelsa (specimens NCLC-USNH1332767). B, C,
Close-up of teeth and venation in A. D, E, Abaxial cuticle and adaxial cuticle of L. excelsa (specimens HJ-1L.00351). Arrow in D refers to subsidiary
cell of brachyparacytic stomatal complex. F, Liquidambar formosana (specimens NCLC-USNH1700185). G, H, Close-up of teeth and venation in
F. I, ], Abaxial cuticle and adaxial cuticle of L. formosana (specimens HJ-L00521). Arrow in I refers to subsidiary cell of brachyparacytic stomatal
complex. Scale bars = 1 ecm (A, F), 1 mm (B, C, G, H), 50 pm (D, E, L, ]).

demonstrate that a separation into two varieties is not supported
by molecular data.

It can only be speculated whether unlobed leaves are a con-
sistent character of Zlatkophyllum gen. nov. The presence of
unlobed leaves could hypothetically support separation of ex-
tinct Steinhauera from Liquidambar (s.l.). However, any evi-
dence can only come from new and well-preserved fossil ma-
terial that needs to be utilized in a phylogenetic analysis.

Paleobiogeographic Aspects

The lobed-leaved lineages of extant Altingiaceae are found in
North America to Central America, the Mediterranean, and East
Asia, whereas the unlobed-leaved lineages are almost limited to
tropical and subtropical Asia (Lai et al. 2018), except for the Med-
iterranean L. orientalis var. integriloba (see above). Fossils with
palmately lobed leaves—such as elements of Acer, Gossypium,

Platanus, Sterculia, Vitis, and others—were sometimes erroneously
misidentified as Liquidambar (Lesquereux 1878; Berry 1937), and
Liquidambar was sometimes misidentified and determined as rep-
resentative of another genus with lobed leaf architecture (Tanai
1983).

In Europe, Liquidambar europaea A .Braun—which has three
to five, sometimes two additional minor lobes—is a common
fossil species in the Oligocene and Neogene temperate forests
(Mai 1995; Mai and Walther 1978, 1991; Kohlman-Adamska
et al. 2004; Kova-Eder et al. 2004; Martinetto et al. 2020). More-
over, the fossil species Liquidambar formosana Hance and Liquid-
ambar protensa Ung. are mentioned from the Miocene localities,
but they should be synonymized with L. europaea, according to
Mai (1995). Interestingly, Mai (1995) refers to a predominance
of three-lobed leaves in fossil Liquidambar during the Oligocene
and Early Miocene and a predominance of five-lobed leaves during
the Late Miocene and Pliocene. Paleobiogeographically, L. euro-
paea is present only in midlatitudinal Europe during the Oligocene
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to Early Miocene but absent in the Tethyan and Parathetyan re-
gions (Handtke 1966; Mai 19935). It is also not evidenced from hin-
terland floras in volcanic-shaped regions during this time interval,
likely because of paleoecological limitations (Akhmetiev et al.
2009). Later, Liquidambar extended its distribution area toward
the Mediterranean, where it was present, for example, in the Plio-
cene and Pleistocene of Italy (e.g., Sadori et al. 2010).

Records of unlobed Altingiaceae leaf fossils are rare and discov-
ered only in East Asia to date. The first unlobed leaf assigned to Al-
tingiaceae appeared in the late Paleocene to the early Eocene strata
in western Kamchatka, Russia—namely, Evacarpa polysperma N.
Maslova et Krassilov (Maslova and Krassilov 1997). The major
secondaries of this species are craspedodromous and thus different
from the semicraspedodromous ones of our fossils. Remarkably,
in several fossil species of Liquidambar in Asia, both lobed and
unlobed leaf types are identified. Liquidambar maomingensis N.
Maslova, Kodrul, Song & Jin—which includes three-lobed, un-
lobed, and intermediate leaf types with semicraspedodromous ma-
jor secondaries—was reported from the late Eocene of China
(Maslova et al. 2015). It was considered the ancestor of modern
East Asian endemic lineages, which are characterized by unlobed
leaves and pinnate venation framework (Lai et al. 2018). In the
same basin, Liquidambar bella N.Maslova & Kodrul was re-
ported, whose characters were interpreted as evidence for the merg-
ing of the three extant genera into one (Maslova et al. 2019). In
the Miocene, another fossil species—Liquidambar fujianensis
J.L.Dong & B.N.Sun, with three-lobed and unlobed leaves—was
reported from China (Dong et al. 2018). The leaf shape and major
secondaries of unlobed types of L. fujianensis are similar to our
fossils, and spherulate tooth apices could be observed in several
teeth. Similar to extant Mediterranean L. orientalis (see above), ex-

tant Asian L. formosana also exhibits morphological variations
from lobed to unlobed leaves, and major secondaries could be also
craspedodromous. All in all, it seems that in fossil Liquidambar
(s.str.), the occurrence of both lobed and unlobed leaves in the
same species is a common feature in Asian clades. This is in con-
trast to the European record of L. europaea, whose leaves seem
to be exclusively lobed, according to our literature survey.

The European record of unlobed Altingiaceae leaves is cur-
rently restricted to Z. fischkandelii gen. nov. et comb. nov. If
this fossil species really belongs to the same fossil plant as S.
subglobosa, its stratigraphic range could encompass the Paleo-
cene and Eocene, putatively coinciding with the appearances
of unlobed altingiacean leaves in Asia.
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