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Abstract

Two inclusions of leafy liverworts in Miocene Mexican amber are tentatively assigned to the extant genus Mastigolejeunea 
(Lejeuneaceae subfam. Ptychanthoideae). Both specimens share complicate bilobed leaves with a rounded lobe apex,  
a lobule with an oblique free margin continuing into the ventral margin of the leaf lobe, elongate leaf cells, a broad ventral 
merophyte, and undivided underleaves with a truncate to slightly emarginate, recurved apex. The lack of generative 
structures prevents a more thorough taxonomic treatment. Nevertheless, the inclusions represent the first ptychanthoid 
Lejeuneaceae from Mexican amber.

Introduction

Fossils are rarely as outstandingly preserved as in amber, fossilized tree resin. For this reason, amber fossils 
present an invaluable resource for reconstructing palaeoecosystems (Grimaldi 1996; Schmidt et al. 2006, 2010). 
As with other fossils, they can also be used to calibrate molecular clocks and can thus play an important role 
in dating evolutionary trees (Donoghue and Benton 2007; Heinrichs et al. 2007; Cooper et al. 2012; Feldberg 
et al. 2013, 2014; Laenen et al. 2014; Sun et al. 2014). Particularly small, delicate organisms such as arthropods 
are commonly preserved in amber. Bryophytes, however, despite their small size, are only sparsely represented 
in the amber fossil record. Indeed, bryophyte inclusions have been found only in nine of the hundreds of 
known amber deposits, specifically, in Miocene Dominican amber (Gradstein 1993; Frahm and Newton 2005; 
Heinrichs and Schmidt, 2010; Reiner-Drehwald et al. 2012), Miocene Mexican amber (Grolle 1984; Heinrichs 
et al. 2014a), Miocene Sicilian amber (Skalski and Veggiani, 1990), Oligocene Bitterfeld and Eocene Baltic 
amber (Grolle and Meister 2004; Frahm 2004, 2010), Eocene Rovno amber (Ignatov and Perkovsky 2011; 
Konstantinova et al. 2012), hitherto not precisely dated, presumably Miocene Australian Cape York amber 
(Hand et al. 2010), Cenomanian-Turonian Alaskan amber (Heinrichs et al. 2011), and Albian-Cenomanian 
Burmese amber (Heinrichs et al. 2012; Hedenäs et al. 2014; Heinrichs et al. 2014b). 
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Of the above deposits, Mexican amber has received relatively little attention from researchers, especially in respect 
to bryophytes, and only two liverworts from this deposit – Lejeunea palaeomexicana Grolle and Ceratolejeunea 
antiqua Heinrichs and Schäf.-Verw. (Lejeuneaceae subfam. Lejeuneoideae, Grolle 1984; Heinrichs et al. 2014a) 
– have been described, so far. To the best knowledge of the authors, no mosses have yet been recognized. Yet 
Mexican amber warrants study, particularly because it derives from the same angiospermous source trees as the 
coeval and more thoroughly investigated Dominican amber (early to middle Miocene, 15-20 Mya; Solórzano 
Kraemer, 2007, 2010; Iturralde-Vinent and MacPhee 1996). Amber from both deposits is attributed to the 
Fabaceae genus Hymenaea (Poinar 1991; Langenheim 1995; Poinar and Brown 2002) and not to coniferous 
trees like most other ambers. 

The fossils described here represent the first ptychanthoid Lejeuneaceae to be described from Mexican amber. 

Materials and methods

Both studied amber pieces are part of the Mexican amber collection of the Stuttgart State Museum of 
Natural History (coll. no. SMNS Mx 352 and SMNS Mx 357). They were ground and polished manually 
with a series of wet silicon carbide abrasive papers [grit from FEPA P 600–4000 (25.8 μm to 5 μm particle 
size), firm Struers] to minimize light scattering during the investigation. All inclusions were investigated using 
a compound microscope (Carl Zeiss AxioScope A1) equipped with a Canon 60D digital camera. In most 
cases, incident and transmitted light were used simultaneously. The images of Figures 1 and 2 are digitally 
stacked photomicrographic composites of 23 to 62 individual focal planes obtained using the software package 
HeliconFocus 5.0 for a better illustration of the three-dimensional inclusions.

Results and Discussion

Description. Upper parts of two sterile, unbranched, dark brownish gametophytes, 2.3 and 2.7 mm long 
respectively and 0.70–0.95 mm wide. Stem straight, 75–110 µm in diameter; ventral merophyte c. 5 cells 
wide. Leaves imbricate, incubously inserted, convex, lobes ovate, 0.6–0.9 × 0.3–0.4 mm, apex rounded, plane, 
margins entire, ventral margin recurved; median cells elongate-hexagonal, 15–25(–35) × 10–15(–20) µm, 
trigones subnodulose, intermediate thickenings occasionally present on long cell walls, partly subconfluent; 
lamina cells often collapsed, leaves thus may be broader in natural state; oil bodies not observed. Lobules 
ovate-rectangular, 0.3–0.4 × 0.1 mm, 2/5–1/2 times the leaf lobe length, free margin incurved, apical margin 
not visible, apex continuing into the ventral leaf margin. Underleaves imbricate, undivided, slightly squarrose,  
c. 0.2–0.3 mm long × 0.23–0.36 mm wide, 2–3× stem width, margins entire, apex truncate to slightly emarginate, 
recurved, insertion line slightly curved, base slightly auriculate, cells similar to leaf cells, marginal cells often ± 
isodiametric, 8–15 × 5–12 µm, median cells elongate, 20–25 × 5–12(–18) µm.

Systematic position

The specimens were assigned to the subfamily Ptychanthoideae of the Lejeuneaceae. The assignment to 
Lejeuneaceae was based on the complicate bilobed leaves (the leaves are divided into lobe and lobule, with 
the ventral lobule folded against the dorsal lobe), the incubous insertion of the leaves, and the presence 
of underleaves. The assignment to the Ptychanthoideae was possible due to two further characters, the 
broad ventral merophytes consisting of approximately five cell rows and the entire, undivided, emarginate 
underleaves. Extant Lejeuneaceae are common tropical epiphytes. Representatives of this family also dominate 
the liverwort floras of the Miocene Dominican and Mexican amber forests (Gradstein 1993; Reiner-Drehwald 
et al. 2012; Heinrichs et al. 2014a). 

The two investigated specimens lack generative structures such as perianths and female bracts. Furthermore 
the structure of the lobule is unclear. Without these characters, conclusive assignment to a specific genus is not 
possible. However, the specimens share the same vegetative morphology and likely represent a single species 
of the pantropical genus Mastigolejeunea. The main characters that support this hypothesis are the rounded 
lobe apex, the oblique free lobule margin continuing into the ventral margin of the leaf lobe, and the elongate 
leaf cells. The shape of the leaf cells is difficult to discern because the majority of leaf cells appear collapsed. 
Nevertheless, several clearly uncollapsed leaf cells are elongate (Figs 1c, d; 2c, d). Moreover, the majority of 
underleaf cells are not collapsed and clearly elongate (Figs 1e; 2c). 

Alternative genera to which the fossils could be assigned are a less likely match than Mastigolejeunea. 
Thysananthus, the sister genus of Mastigolejeunea, can only be separated by characters of the perianth 
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(Sukkharak and Gradstein, 2014). However, Thysananthus has its centre of diversity in Southeast Asia and 
the extant Neotropical species Thysananthus amazonicus (Spruce) Schiffn. is provided with acute leaf lobes 
(Gradstein 1994). Schiffneriolejeunea can also not be excluded based on the observed character states but has 
its centre of diversity in the Palaeotropics. Caudalejeunea is not known to have recurved underleaves. Finally, 
the fossils also share some characters with Omphalanthus (Lejeuneoideae), but this genus is characterized 
by its green to yellowish-brown colour, more or less adpressed, rounded to elongate rather than emarginate 
underleaves and (sub)isodiametric leaf cells (Gradstein et al. 2001). The fossils on the other hand are dark 
brown with somewhat spreading, emarginate underleaves and elongate leaf cells. Thus, based on the incomplete 
morphological evidence available, we hypothesize that the fossils belong to the genus Mastigolejeunea.

So far, two fossil species of Mastigolejeunea have been described, Mastigolejeunea bidentula Gradst. from 
Miocene Dominican amber and Mastigolejeunea contorta (Göpp. and Berendt) Gradst. & Grolle from Eocene 
Baltic amber (Grolle et al. 2004). Both taxa differ from the Mexican inclusions by the less emarginate and 

Fig. 1. Ptychanthoid Lejeuneaceae in Miocene Mexican amber (SMNS Mx 357), ventral view. a, sterile shoot; b, ibid., 
close-up; c,d leaf lobes showing elongate leaf cells; e, underleaf. Scale bars 200 µm (a), 100 µm (b, c); 50 µm (d, e).
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Fig. 2. Ptychanthoid Lejeuneaceae in Miocene Mexican amber (SMNS Mx 352), ventral view. a, sterile shoot; b, ibid., 
close-up; c, underleaves; d, leaf lobe showing elongate leaf cells. Scale bars 200 µm (a), 100 µm (b); 50 µm (c,d).
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at best weakly recurved underleaves. Further Dominican amber fossils have been assigned to the extant 
Mastigolejeunea auriculata (Wils. & Hook.) Steph. (Gradstein, 1993), and we cannot reject relationships of 
the incompletely preserved Mexican amber fossils to this taxon. However, more recent research has shown 
homoplastic characters and polyphyly within the Ptychanthoideae, and Mastigolejeunea auriculata was shown 
to include two independent entities (Sukkharak et al. 2011). Indeed, species of epiphytic liverworts may in fact 
represent recently emerged complexes of morphologically cryptic or semicryptic local endemics (Ramaiya 
et al. 2010). Therefore, until a comprehensive dated phylogeny of Mastigolejeunea is available, assignments 
within the genus may be tenuous. The Mexican specimens thus cannot be assigned a systematic position 
within Mastigolejeunea.

Perspectives

The insect fauna found in Mexican amber resembles that in Dominican amber (Solórzano Kraemer 2007), and 
we can expect this pattern to hold true for the bryoflora. The four liverwort fossils available at present suggest 
this similarity at generic level and confirm the frequent presence of Lejeuneaceae in the Miocene Hymenaea 
forests of the Caribbean and adjacent areas. The Mexican and Dominican amber inclusions are currently the 
only available tropical Cenozoic bryophyte fossils (Frahm and Newton 2005). The scarcity of bryophyte fossils, 
however, makes a more accurate reconstruction of the bryoflora of the Miocene Mexican amber forest difficult.

It is probable that the lack of bryophytes identified from amber deposits is either due to the low fossilization 
rate of these delicate organisms or due to the fact that most amber collectors focus on arthropods rather than 
on inclusions of plants. The latter scenario seems more likely. For example, no bryophytes have been described 
from the entomologically rich amber deposit of Oise discovered in 1996 (Nel et al. 1999), despite the apparent 
abundance of botanical inclusions (Nel et al. 2013). Moreover, the relatively newly discovered Eocene Indian 
amber deposits from the Cambay basin (Mukherjee et al. 2005) have provided a vast arthropod fauna with 
some connections to Mexican and Dominican amber (Rust et al. 2010) but have yet to yield any descriptions of 
bryological fossils. This is also true for better established amber deposits such as those in Spain (Peñalver et al. 
2010). In summary, there is likely a plethora of undiscovered botanical diversity in the known amber deposits. 

We thus hope that this study will encourage researchers to direct their attention to botanical inclusions, 
particularly in Mexican amber. Further fossils will shed light on evolutionary rates and phylogeography. 
Finally, with a more complete Mexican amber fossil record, we expect a deeper understanding of the Mexican 
and Dominican Miocene palaeoecosystems. 
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