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THE MOSS MACROMITRIUM RICHARDII (ORTHOTRICHACEAE) WITH
SPOROPHYTE AND CALYPTRA ENCLOSED IN HYMENAEA RESIN
FROM THE DOMINICAN REPUBLIC

JOCHEN HEINRICHS, DALE H. VITT, ALFONS SCHAFER-VERWIMP,
EUGENIO RAGAZZI, GIOVANNI MARZARO, DAVID A. GRIMALDI,
PAUL C. NASCIMBENE, KATHRIN FELDBERG & ALEXANDER R. SCHMIDT

Abstract. Dominican amber is an important source for Early Miocene bryophytes. We report the moss Macromitrium richardii
Schwigr., an extant representative of the Orthotrichaceae, from the Dominican amber collection of the American Museum of
Natural History. This species is currently a widespread Neotropical epiphyte. The specimen includes several gametophytes and
sporophytes, and represents the first fossil record of Orthotrichaceae. Alongside the Macromitrium shoots we observed several
fragments of the liverworts Cheilolejeunea antiqua and Frullania sp. The unusual thermal behavior of the resin sample initially
led to doubts about the Miocene age of the specimen, but chemical analyses of the Hymenaea resin provides evidence that the
specimen represents a highly oxidized sample of Miocene Dominican amber rather than an artificially thermally-treated subfossil
resin (copal). Our inclusion demonstrates the exceptional preservation potential of tree resin, but our observations also suggest that
provenance (including any possibility that a modern resin has been thermally treated to make it appear older) should be scrutinized
when single pieces with atypical thermal behavior and exceptionally well-preserved extant morphotypes come to light.
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INTRODUCTION

About 200 species of Cenozoic mosses have fossil tree resins that have been deposited in wet
been reported from the Eocene to Pliocene ep-  sediments of river deltas or lagoons (Grimaldi
ochs (Frahm 2000, 2010), of which a consider-  1996), and this natural polymer provides an ex-
able number are preserved in the form of amber  cellent medium for the preservation of small, soft-
inclusions. Amber derives from various types of  bodied bryophytes. Numerous mosses have been
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reported from Eocene Baltic and Ukrainian amber
(Frahm 2010; Ignatov & Perkovsky 2011), whereas
amber from the Dominican Republic is the most
significant source of Miocene moss fossils (Frahm
& Reese 1998; Frahm 2001, 2009).

Several mines in the northern, eastern and
western parts of the Dominican Republic yield
ambers with an estimated age of 15-20 million
years (Iturralde-Vinent & MacPhee 1996). Beside
these ambers, copal (up to 300-years-old) is exca-
vated from various Dominican localities (Poinar
2010). Both amber and copal were produced by
trees assigned to the Fabaceae genus Hymenaea L.
(Poinar 1991). Both the Miocene and more re-
cent trees comprised floral elements of diverse
tropical forests with open areas, and were rich in
epiphytes (Grimaldi 1996). Until now, 28 mosses
have been described from the Dominican Miocene
amber forest, of which the vast majority match the
morphology of extant genera or species (Frahm
& Newton 2005).

In the course of a study of plant inclusions in
the amber collection at the American Museum of
Natural History, we investigated a sample from
the northern mines of the Dominican Republic
that contains several inclusions of leafy liverworts,
as well as an acrocarpous moss with sporophytes.
This moss matches the morphology of the extant
genus Macromitrium of the family Orthotrichaceae,
which has not yet been previously recognized as
a fossil. The inclusions are described and illus-
trated, and taxonomic affiliations are discussed. As
a consequence of the unusual thermal behaviour
of the resin, we conducted chemical analyses and
determined its melting point.

MATERIAL AND METHODS

INVESTIGATION AND TAXONOMICAL TREATMENT
OF THE INCLUSIONS

The piece of resin studied here is part of the
Dominican amber collection of the American
Museum of Natural History (collection number
AMNH-DR-14-235). The resin specimen of 5 x
2 X 1 cm size has an orange to reddish color
and shows numerous inclusions of bubbles and

bryophytes. According to the accompanying label
it originated from the northern mines of the Do-
minican Republic.

The resin surface was polished manually with
a series of wet silicon carbide abrasive papers
[grit from FEPA P 600—4000 (25.8 um to 5 um
particle size), firm Struers] to minimize light
scattering during the investigation. The prepared
specimen was placed on a glass microscope slide
with a drop of water applied to the upper surface
of the amber, and covered with a glass coverslip.
The inclusions were studied using a Carl Zeiss
AxioScope Al compound microscope. In most
instances, incident and transmitted light were
used simultaneously. Oblique incident light was
obtained using a goose-neck light guide 200 of
a Carl Zeiss CL 1500 Eco cold light source. The
images of Figs 1 and 2 are digitally-stacked pho-
tomicrographic composites obtained from several
focal planes using the software package Heli-
conFocus 5.0.

The bryophyte inclusions were reconciled with
herbarium material of extant species and relevant
literature. We used a morphological-typological
species concept to assign the inclusions to three
taxa of bryophytes.

RESIN ANALYSES

The tip of the goose-neck light guide was initially
arranged in such a way that the light was emitted
at a distance of just 3—4 mm from the lateral sur-
face of the amber piece. After investigation of the
amber specimen for a couple of minutes, a resinous
odor appeared and blistering occurred in an area
of about 5 mm diameter, along with a darkening
and development of circular fissures in the resin
around this area (Fig. 1C). This thermal behavior
was unexpected, since appreciable weight loss of
heated mature Dominican amber starts at about
200°C (Ragazzi et al. 2003), and ‘melting points’
of amber have generally been reported between
200 and 380°C (Poinar 1992). The 15V/150W hal-
ogen bulb lamp of the cold light source, however,
produced only about 80°C at the tip of the goose-
neck light guide. Blistering of resin under the heat
of a cold-light source is typical for solidified extant
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Fig. 1. A & B — Piece of Miocene Dominican amber with inclusions of Macromitrium richardii Schwégr. (AMNH-DR-14-235).
Arrowheads point to sporophytes. C — Decomposed surface of the amber piece after exposure to a cold light source. Scale
bars = 1 mm.
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resin and for some subfossil resin (copal), but not
for mature amber.

As a consequence of our observations, we per-
formed Fourier Transform Infrared Spectroscopy
(FTIR) analyses on a separated fragment of the
specimen to further elucidate whether the spec-
imen represents Miocene amber or a more recent
resin. FTIR is a standard procedure for a general
characterization of extant and fossil resins (Beck
et al. 1964; Langenheim & Beck 1965). FTIR
analysis was performed on the freshly powdered
specimen, dispersed in a potassium bromide pellet
using a Perkin Elmer 1600 Series FTIR Spectro-
photometer (Perkin Elmer, Monza, Italy) with
a wavelength range of 2-15 pm (5000670 cm™)
(transmittance mode). Solubility of the resin in
organic solvents was determined by exposing the
specimen to a small drop of solvent (acetone) for
30 s, and looking for any dissolution of the sur-
face (Roghi et al. 2006). The melting point of
a small amount of the pulverized resin was de-
termined using a Gallenkamp MFB-595-010M
open capillary tube apparatus (Weiss Gallenkamp,
London, UK), operating from room temperature
to 300°C.

RESULTS

THE MOSS INCLUSIONS — MACROMITRIUM
RICHARDII

The most dominant inclusions are several leafy
shoots of an acrocarpous moss with 10 sporophytes
and over 20 further remains of setae. Young sporo-
phytes are still covered by calyptrae (Fig. 2A, B)
whereas old, degraded ones allowed for insights
into capsule wall and peristome structure (Fig.
2C-E). As a result of an initial grinding in the
context of the jewelry making process, several
near-surface leaves had been partially abscised,
allowing for an inspection of the leaf cross sec-
tion (Fig. 2J).

The moss inclusions are described as follows:
Gametophyte — Plants slender, forming a rusty-
brown mat with creeping stems producing nu-
merous ascending to erect, simple or forked,
3—6 mm tall branches. Leaves partly crisped and

enrolled, partly spreading, ca 1.0-1.7 x 0.20—
0.26 mm, keeled, lanceolate, obtusely mucronate;
margins entire to indistinctly crenulate due to pro-
jecting cells, plane or lower % slightly reflexed;
costa simple, narrow, ending in apex, dorsally
consisting of elongate, smooth cells, in transverse
section ca 2 cells thick; lamina in transverse sec-
tion 1-layered, upper cells irregularly hexagonal
to rounded-elliptic or slightly elongate, with thick
walls, ca 7-12 pm wide, bulging, unipapillose,
single ones pluripapillose, cells towards leaf center
and base often somewhat elongate, basal cells
+ smooth. Perigonia not observed. Perichaetial
leaves not greatly differentiated. Sporophyte —
Setae (3—)5—7 mm long, smooth. Capsules ovoid,
becoming narrowly ovoid to ovoid-oblong when
old (and dry?), 600—1400 x 350—450 um, + 8-pli-
cate, consisting of rather thin-walled, hexagonal
to shortly elongate cells; stomata possibly present
in basal third; peristome single, badly preserved
or degraded, possibly consisting of 16 teeth. Ca-
lyptrae covering the entire capsule, with many
smooth hairs consisting of ca 10-14 cells.

The distinguishable morphological character
states of the moss inclusions are in accordance
with the current concept of the extant Neotropical
species Macromitrium richardii Schwagt.

SYNINCLUSIONS — LIVERWORTS CHEILOLEJEUNEA
ANTIQUA AND FRULLANIA SP.

Between the Macromitrium gametophytes we rec-
ognized a few, partly degraded branches of a ho-
lostipous Lejeuneaceae with a 3-cell wide stem
and large, rotundate underleaves. The incubously
inserted, entire-margined leaves had rounded lobes
and large lobules with strongly arched keels and
a short tooth on the free margin. Morphologi-
cally, the gametophytes resemble the extinct Do-
minican amber species Cheilolejeunea antiqua
(Grolle) W. Ye & R. L. Zhu. We also observed
a few branched, strongly degraded shoot fragments
of a Frullania species with bifid underleaves and
leaves whose slender lobules were inserted in some
distance to the shoots, corresponding to the current
concept of Frullania subg. Diastaloba (Spruce)
Kamim.
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Fig. 2. Macromitrium richardii Schwigr. in a piece of Dominican amber (AMNH-DR-14-235). A — Young sporophyte with
capsule covered by calyptra (left) and old capsule (right). B — Young capsule covered by calyptra. C—-E — Old capsules.
F-1 — Leaves, surface view. J — Leaves, cross section. Scale bars = 100 um.
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FEATURES OF THE RESIN SAMPLE

The main features of the FTIR spectrum obtained
from the separated resin piece (Fig. 3) are sum-
marized in Table 1. They corresponded to reference
spectra of Dominican amber. The acetone test (ap-
plied to the surface for 30 s) did not produce any
appreciable dissolution of the resin. The resin did

3 4 5 6 7 8 9 10 11 12 13 14 15
um

Fig. 3. Solid-state FTIR spectrum of the amber specimen
AMNH-DR-14-235.

not become tacky, nor did it show any alteration
of the surface. Under UV light (365 nm), the resin
exhibited a slight yellowish-green fluorescence.
Below 250°C, no appreciable melting of the pul-
verized resin was detectable; however, starting

Table 1. Main FTIR spectrum features of the specimen.

at 250°C, an evident browning phenomenon oc-
curred, with transition of the baseline yellow color
of the pulverized resin to light reddish (250°C) and
ultimately dark brown (300°C, see Fig. 4).

DISCUSSION

AMBER OR COPAL?

The blistering at the surface of the amber piece
during inspection under a ‘cold’ light source was
surprising considering the typically higher melting
point of amber, and this suggested the possible
presence of a piece of subfossil copal rather than
of fossil amber. Dominican copal is much younger
than the ambers from this region and has an age of
at best a few hundred years (Poinar 2010).

The age of the studied resin is crucial for the
interpretation of the bryophyte inclusions and the
reconstruction of their evolutionary history (Hein-
richs et al. 2009b).

The negative ‘acetone test’ strongly argues for
a mature rather than a young resin, which would
have been dissolved very easily by the solvent.
However, copal is sometimes cooked to clarify it,
or to give it an older ‘amber-like’ appearance. To
exclude the possibility of an artifically thermally
treated resin, we conducted additional analyses.

Functional Band, wave Band, wave Intensit Assignment
group length [pm] number [cm™] Y g
-O-H 2.90 3448 strong O-H stretching
-CH, -CH; 3.50 2857 strong Stretching of C-H bonds
6.90 1449 medium Scissoring and bending of C-H bonds
7.30 1370 medium Bending of C-H bonds
11.30 885 weak C=CH,: exocyclic methylene out-of-plane defor-
mation (bending)
-C=0 5.85 1709 medium Stretching of C=0 double bonds
-C-0- 8.10 1235 weak Absorption of C-O single bonds (acids)
8.60 1163 weak Absorption of C-O single bonds
9.50 1053 weak Absorption of C-O single bonds (alcohol)
14.60 685 medium/weak  Possibly OH out-of-plane bending, alcohol
C=C 6.10 1639 weak C=C stretching
-C-H aromatic 12.00 833 weak Out-of-plane bending of aromatic C-H
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Fig. 4. Appearance of the powdered sample inside a thin glass
tube in the melting point apparatus (A). For a direct com-
parison of the color after exposure to different temperatures,
the two rightmost images show the aspect of the powdered
sample at room temperature (B), and after heating at 250°C
(C), respectively.

FOURIER TRANSFORM INFRARED SPECTROSCOPY

FTIR absorption bands arise through stretching
and bending vibrations of functional groups. The
absorption bands in the region 2.5-8 pm (4000—
1250 ¢cm™) (Fig. 3) commonly occur in fossil
resins and are of little interest for proofs of origin
(Langenheim & Beck 1965). However, at higher
wavelengths, especially in the region 8-10 pm
(1250-1000 cm™), the skeletal vibrations point to
the chemical nature of main resin constituents and
thus have a high diagnostic value. The small ab-
sorption bands at 8.1 and 8.6 pm correspond well
to FTIR reference spectra of Dominican amber
(Langenheim & Beck 1968; Villanueva-Garcia
et al. 2005). The low amplitude of the absorption
band close to 11.3 um resembles the so-called
Type II Dominican Republic amber (Langenheim
& Beck 1965), referred to as coming from Palo
Quemado, Cordillera Septentrional. Type I Domin-
ican amber originates from Palo Alto de la Cumbre
and has a stronger band at 11.3 pm (Langenheim
& Beck 1968; Henwood 1992).

Despite the extensive similarity of the FTIR
spectra between our specimen and Type II Do-
minican amber, the FTIR analyses do not reject
the alternative hypothesis of a piece of Dominican

Cotui copal that was artificially thermally treated.
Theoretically, heating of copal can produce changes
in the composition of the resin, and it may cause al-
terations such as the loss of some absorption bands,
e.g., that around 11 pm. Given that the original
resin piece possessed a pronounced 11 pm band, but
lost that feature through accelerated oxidation, the
FTIR spectrum will not differ from those derived
from genuine amber. Hence, a non-natural process
of ‘maturation’ through heating cannot be distin-
guished from the natural amberization process using
FTIR spectra. However, our additional analyses (see
following sections) cast doubt on the hypothesis of
a thermally treated piece of copal and support the
presence of genuine Dominican amber.

ABIOTIC INCLUSIONS OF THE RESIN,
FLUORESCENCE AND MELTING POINT ANALYSES

Fossil or subfossil resins are sometimes heated to
make them more transparent. This procedure com-
monly leads to the disappearance of embedded water
and air bubbles, making the classical aspect of fine
radial cracks, also named ‘sun-spangles’ (Grimaldi
1996, p. 133). In the present sample, such artifacts
are lacking, but several embedded bubbles are vis-
ible (Fig. 1). Another point to be considered in favor
of this being a piece of genuine amber is its fluo-
rescence under UV light, that most probably would
have disappeared in a case of artificial heating.
The melting point analyses demonstrated that
the resin did not melt during heating to 300°C.
Instead the resin decomposed in accordance with
the classical curve of thermal gravimetric analysis
and differential thermal gravimetric analysis of
amber (Ragazzi ef al. 2003). This behavior can
be ascribed to the polymeric complex composition
of the amber, whose molecular structure does not
permit it to melt, but does allow it to succumb to
degradative processes such as formation of qui-
nones (dark colored) and decarboxylative reactions
with carbon dioxide release. Decomposition of
amber may take place not only by means of heat
application, but also as a consequence of a pho-
tochemical decarboxylation reaction, following
the absorption of light energy by the molecules.
This hypothesis can explain both the blistering
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phenomenon and the browning of the amber sur-
face seen after cold light application for micros-
copy observation (Fig. 1C).

COLOR AND PUTATIVE ORIGIN

Another relevant clue for the identity of the resin
is the ‘North mines’ provenance indicated on the
specimen’s label. Both Palo Quemado and Palo Alto
amber mines are located in the Cordillera Septen-
trional in the north of the Dominican Republic;
however, the Palo Quemado area is farther north
than Palo Alto. Cotui copal comes from a valley
between the Cordillera Septentrional and the Cor-
dillera Central (Poinar 1992). The amber from Palo
Quemado is generally more oxidized than the amber
from Palo Alto (Poinar 1992) and appears as a red to
yellow, occasionally blue amber; amber from Palo
Alto is generally clear, with a yellow to red color.
The orange-red, rather dark resin piece under study
fits well within the color spectrum exhibited by
amber from the northern mines. In contrast, Cotui
copal is whitish in color to pale yellow, and when
it ages the surface deeply crazes but darkens only
slightly to a deeper shade of yellow.

LIVERWORT INCLUSIONS

The syninclusions of Macromitrium richardii are
suboptimally preserved; however, the visible fea-
tures are in good accordance with two taxa that
have previously been reported from Dominican
amber. The extinct species Cheilolejeunea antiqua
is known only from inclusions in Dominican amber
(Grolle 1983, as Leucolejeunea antiqua Grolle),
and provides further support that the resin is
a piece of genuine Dominican amber. Frullania
subg. Diastaloba morphotypes (gametophytes
whose leaf lobules are inserted in some distance
to the stem) have likewise been reported from Do-
minican amber (Heinrichs & Schmidt 2010), but
also occur in the modern Dominican Republic.

CONCLUSION ON THE IDENTITY OF THE
INVESTIGATED RESIN AND PROPOSALS
FOR FURTHER INVESTIGATION

We present several lines of evidence for the pres-
ence of genuine Dominican amber despite the

unexpected blistering of the specimen when ex-
posed to a cold-light source. The chemical analysis
of this resin piece, as well as its behavior after
heating to 300°C, indicate typical characters of
Dominican amber and support its being a sample
of amber from Palo Quemado that has some outlier
properties. Besides substantiating the presence of
genuine amber, our findings may also lead to a very
practical suggestion: that in some cases, the applica-
tion of even a cold light source to an amber sample
may produce appreciable damage (see Fig. 1C),
possibly compromising or destroying an inclusion
that lies just beneath the amber surface. Thus the
common practice of embedding precious amber
samples in a high-grade epoxy resin for safer and
long-term conservation (Nascimbene & Silverstein
2001) may also offer an effective shield against
the observed photodegradation event.

ASSIGNMENT OF THE MOSS INCLUSION
TO AN EXTANT SPECIES

Using a morphological-typological species concept
and considering evidence both from gametophytes
and sporophytes, the moss inclusions fit the extant
species Macromitrium richardii, a widespread Neo-
tropical representative of Orthotrichaceae that also
occurs in the Gulf Coastal Plain of eastern United
States (Vitt 1994). Considering the epiphytic na-
ture of many Orthotrichaceae, their sparse fossil
record is surprising. Finding an amber inclusion
that is morphologically indistinguishable from an
extant species raises questions about the longevity
of species and the reliability of the taxonomic treat-
ment. Even when exceptionally well-preserved
amber inclusions become available, they hardly
show all characters of putative extant relatives.
In the present study we were not able to inves-
tigate details of the capsule, including peristome
structure, spores and distribution of stomata, or
cross sections of the stem. We also need to point
out that morphological and phylogenetical species
concepts are not necessarily congruent, especially
since molecular studies point to extensive morpho-
logical homoplasy in bryophyte lineages and the
presence of numerous morphologically cryptic or
near-cryptic species (Hedends & Eldends 2007,



J. HEINRICHS ET AL.: MACROMITRIUM IN DOMINICAN REPUBLIC AMBER

229

Wachowiak et al. 2007; Heinrichs et al. 2010,
2011; Carter 2012). Currently a wide morpho-
logical species concept is adopted for Macromi-
trium richardii, and morphotypes with sparsely to
densely pilose calyptrae are included in this taxon.
Medina et al. (2012) demonstrated that the inclu-
sion of molecular data in revisionary studies may
lead to the adoption of narrow species concepts in
the Orthotrichaceae; however, such data are not yet
available for M. richardii. A comprehensive molec-
ular dataset of Macromitrium species and related
lineages would enable us to estimate divergence
times for Orthotrichaceae; the circumscription and
position of M. richardii would be crucial for this
study. Amber fossils of bryophytes are increas-
ingly used to calibrate molecular trees (Hartmann
et al. 2006; Heinrichs et al. 2007, 2009b; Wilson
et al. 2007; Cooper et al. 2012); however, Feldberg
et al. (2013) demonstrated the potential impact of
fossil constraints while highlighting the need to
carefully assess the assignment of fossils to pre-
vent misleading results. A reciprocal illumination
approach comparing the age estimates obtained
by analyses with and without the Macromitrium
constraint under question may allow us to weigh
the pros and contras of our actual assignment of
the moss inclusions to an extant species.

CONCLUDING REMARKS

Our inclusions demonstrate the exceptional preser-
vational properties of tree resin, but our observa-
tions also suggest that provenance (including any
possibility that a modern resin has been thermally
treated to make it appear older) should be scru-
tinized when single pieces with atypical thermal
behavior and exceptionally well-preserved extant
morphotypes come to light. We also need to stress
that morphology-based assignments of fossils to
extant species have a certain probability of error
which can be reduced by considering evidence
from DNA sequence variation of related species.
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