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Reassessing floral diversity at Rio Pichileufuq,
earliest middle Eocene of Rio Negro, Argentina

Gabriella Rossetto-Harris and Peter Wilf

ABSTRACT

The Rio Pichileufu (RP) fossil locality contains one of Patagonia’s only well-dated
middle Eocene floras, deposited ca. 47.7 Ma during the onset of global temperature
decline and South America's tectonic isolation. In 1938, Edward W. Berry described
135 species from RP based on compressed angiosperm leaves and rare reproductive
structures. The flora was considered highly diverse and to have predominantly Neo-
tropical affinities; however, many of Berry’s identifications were botanically incorrect,
confusing interpretations of composition, diversity, and biogeography. Only a fraction of
the flora has been studied since, and substantial new collections have remained une-
valuated. Here, we reassess the fossil leaves from RP, creating a stable platform for
systematic and ecological analyses. We use a morphotype approach to bypass the
numerous prior taxonomic errors, while preserving nomenclatural links to specimens.
We jointly consider the type and cohort (n = 696) and recent (n = 1286) collections. We
validate 82 leaf morphotypes in the type collections, much lower than Berry’s estimate
of 131, and consider 43 species as indeterminate. We find that 44 historical species
were improperly split, lumped, or misaligned to existing names. At least 12 plant fami-
lies and 30 plant genera initially reported from the site are unreliable, including Poa-
ceae, Cannabaceae, Ericaceae, Hydrangeaceae, and Rosaceae. However,
considering all the collections, we recognize 158 total leaf morphotypes. Reliable taxa
include ginkgophytes, Norfolk Island pines (Araucaria), legumes (Fabaceae), soapber-
ries (Sapindaceae), and laurels (Lauraceae). Although Berry's initial assessment of
diversity at RP was significantly overestimated, including new material re-establishes
the flora as exceptionally diverse.
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INTRODUCTION

How the Paleogene floras of southern South
America responded to climatic and tectonic
changes and their relationships to the extant
regional floras are topics of intense recent study
(e.g., Barreda et al., 2020; Barreda and Palazzesi,
2021; Fernandez et al., 2021; Vento et al., 2021).
The Eocene Rio Pichileufu fossil site, located east
of Bariloche, Rio Negro, Argentina (RP; Figure 1),
produced what is still considered the most diverse
published Cenozoic South American flora (Berry,
1935a, 1935b, 1935c, 1938). Dated at 47.74 £ 0.05
Ma from 40Ar/39Ar analyses of primary tuffs directly
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FIGURE 1. Paleogeographic map showing the location
of the middle Eocene Rio Pichileufu site. Locations of
the middle Eocene Rio Pichileufu site in Rio Negro
Province, Argentina, as well as the early Eocene Laguna
del Hunco site (Chubut Province) mentioned in the text,
shown relative to nearby cities Bariloche, Argentina, and
Trelew, Argentina. Map shows modern Argentina-Chile
border and coastlines in black on a paleoreconstruction
for the early Eocene (56 ma, C. R. Scotese, PALEOMAP
Project).

associated with the fossils (Wilf et al., 2005; Wilf,
2012), RP is the only known South American mac-
roflora representing the time interval following the
early Eocene climatic optimum and the initial isola-
tion of South America (Hollis et al., 2012; Bijl et al.,
2013; Korasidis et al., 2018; Westerhold et al.,
2020). The flora contains many significant taxa
(Table 1), including the first fossil Asteraceae
flower, the last ginkgophyte of South America, and
several conifers from groups that are mostly tropi-
cal today, as well as fossil helmeted frogs (Gémez
et al., 2011) and the first fossil records of several
insect families (Petrulevi€ius and Popov, 2014;
Ramirez et al., 2016; Petrulevi€ius, 2018).

Despite several recent papers on the locality
(Table 1), the Rio Pichileufu flora is poorly under-
stood and needs revision. Most current knowledge
stems from the early twentieth century works of
geologist Edward Wilber Berry, who described 135
fossil species and incorrectly considered the site to
be Miocene (Berry, 1934, 1935a, 1935b, 1935c,
1938). However, Berry’s work contained several
taxonomic inaccuracies that obscure understand-
ing of the diversity and biogeography of the flora
(i.e., Wilf et al., 2009, 2014; Wilf, 2012; Knight and
Wilf, 2013; Table 1). The convention of the time
was to place almost every fossil into a living genus,
comparing fossils first with the extant floras near
the fossil locality (Dilcher, 1971), and fragmentary
or poorly preserved fossils were often assigned to
new species without diagnostic characters. For
example, many of the genera that Berry identified
at RP correspond to living taxa with a range of
Neotropical, West Pacific, and Antarctic affinities,
contributing to the well-known “mixed paleoflora”
interpretation (Romero, 1978, 1986) for Eocene
Patagonia (see Floral Composition, below), and
Berry (1934) especially emphasized relationships
with South American living floras. Berry also incor-
rectly referred many fossils to existing botanical
names from other fossil floras, further confusing
the interpretation of floral diversity, composition,
and turnover through time.

Over the past 20 years, several systematic
studies of fossil plants initiated the reassessment
of Berry’s taxonomic identifications at Rio Pich-



TABLE 1. Recent systematic studies of macrofloral taxa from Rio Pichileufu.
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Group: Nearest living relative Citation of
Order or Family Current name Berry 1938 identification (NLR) and NLR range recent work
Gymnosperms: Agathis zamunerae Wilf “Zamia tertiaria” Agathis: Malesia to New Wilf et al., 2014
Araucariaceae Engelhardt Zealand
Araucaria pichileufensis E.W.  Araucaria pichileufensis  Araucaria Sec. Rossetto-Harris
Berry E.W. Berry Eutacta: New Guinea, etal., 2020
Australia, New
Caledonia
Cupressaceae Papuacedrus prechilensis “Libocedrus” prechilensis  Papuacedrus: New Wilf et al., 2009
(E.W. Berry) Wilf, Little, E.W. Berry Guinea, the Moluccas
Iglesias, Zamaloa, Gandolfo,
Cuneo et Johnson
Podocarpaceae Dacrycarpus engelhardti Wilf  “Fitzroya tertiaria” Berry Dacrycarpus: New Wilf 2012;
et Colombo “Podocarpus” engelhardti Zealand, Burma to Fiji Andruchow-
Berry* Colombo et al.,
2023
Retrophyllum oxyphyllum none Retrophyllum: Colombia, Wilfetal. 2017a;
(Freng. & Parodi) Wilf Venezuela, Brazil, Wilf 2020
Malesia, New Caledonia
Ginkgoales Ginkgoites patagonicus (E.W. Ginkgo patagonica Berry  Extinct/none Villar de Seoane

Berry) Villar de Seoane,
Cuneo, Escapa, Wilf et
Gandolfo

Angiosperms: Raiguenrayun cura Barreda,

Asteraceae Katinas, Passalia et Palazzesi

Atherospermataceae  Atherospermophyllum
guinazui (E.W. Berry) C.L.
Knight

Proteaceae Lomatia preferruginea Berry

none

“Laurelia” guinazui Berry

Lomatia preferruginea
Berry

et al. 2015

Barreda et al.
2010, 2012

Mutisioideae—
Carduoideae: South
America and Africa

Daphnandra: Australia Knight and Wilf

2013

Lomatia: Argentina, Gonzélez et al.,
Chile, Peru, Ecuador, and 2007
Australia

* Florin (1940) identified this as Acmopyle engelhardti

ileufu. These efforts have significantly enhanced
understanding of the flora’s extensive biogeo-
graphic connections to Australasia and Southeast
Asia, challenging previous assumptions about its
connections to South America and the Neotropics
(Table 1). Significant taxa now recognized include
the conifers Agathis, Papuacedrus, Dacrycarpus,
and Retrophyllum (Wilf et al., 2009, 2014, 2017),
all native today to the West Pacific region, although
Retrophyllum is also extant in the Neotropics.
Notably, the discovery of the first known Astera-
ceae fossil flower at the site showed biogeographic
connections to South America and Africa, poten-
tially representing a dry-tolerant subtropical lineage
(Barreda et al., 2010, 2012). In addition, several
vertebrates (Gomez et al., 2011), insects (Dlussky
and Perfilieva, 2003; PetruleviCius and Popov,
2014; Ramirez et al., 2016; Petrulevicius, 2018),
and ichnotaxa for insect folivory (Sarzetti et al.,

2008, 2009; Donovan et al.,, 2020) have been
described from the Rio Pichileufu locality in recent
years.

Some discrepancies in Berry’s work on the RP
flora have been detailed in earlier papers, illustrat-
ing the complex legacy of nomenclatural problems
and the biogeographic and paleoclimatic implica-
tions of incorrect identifications. For example, two
species that Berry reported from the site, “Fitzroya
tertiaria” Berry (Berry, 1938) and Acmopyle (Podo-
carpus) engelhardti (Berry) Florin (Florin, 1940),
putatively representing two conifer families
(Cupressaceae and Podocarpaceae, respectively),
actually represent a single species (Table 2, cate-
gory 3; over-splitting) now attributable to the podo-
carp Dacrycarpus engelhardti (Berry) P. Wilf et A.
Andruchow-Colombo (Andruchow-Colombo et al.,
2023). Fitzroya is endemic to the Valdivian temper-
ate rainforests of the southern Andes, but Wilf
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TABLE 2. Categorization of issues encountered with Berry 1938 identifications.

Category Description
1 Botanical name insufficiently supported: poorly preserved material or lack of characters
2 Incorrect referral to a species previously described from another fossil flora
3 Over-splitting
4 Over-lumping

(2012) revised the “Fitzroya tertiaria” specimen to
the bifacial foliage of Dacrycarpus puertae Wilf,
showing Australasian rather than South American
affinity. In addition, although the bilaterally flattened
leaves of Dacrycarpus appeared to be rare in the
RP collections (Wilf, 2012), Andruchow-Colombo
et al. (2023) realized that Berry (1938) and Florin
(1940) had incorrectly placed them into Acmopyle
(Podocarpus) engelhardti and revised both the
bifacial and bilateral foliage to Dacrycarpus engel-
hardfti.

The taxonomic studies required to revise the
flora fully will take decades to complete because of
the complex issues arising from Berry’s (1938) ini-
tial monograph and the large number of species
making a comprehensive single-paper revision
infeasible. There is also an urgent need to identify
and stabilize potential species concepts in the
flora, to provide a foundation for modern era paleo-
ecological analyses and comparisons with other
sites. We have found it challenging to perform even
basic analyses, other than single-taxon revisions,
of the RP flora using Berry’s framework, especially
because he often incorrectly gave the same name
to multiple entities within the RP assemblage and
across fossil sites (Table 2). Instead, in this contri-
bution, we thoroughly examined the entire floral
sample (including historical and recent collections)
as if Berry’s names did not exist, taking a morpho-
typing approach (Johnson and Hickey, 1990; Ellis
et al., 2009). While maintaining all individual speci-
mens’ links to their original nomenclature (lglesias
et al., 2021), we established 158 leaf morphotypes
and described their distinguishing features. From
this first comprehensive analysis of the RP flora in
85 years, we confirm high floral diversity during the
middle Eocene in Patagonia. To provide context for
our findings, we begin with a review of the RP fossil
site, including an overview of its complex and little-
known history and the status of investigations.

HISTORY OF THE RiO PICHILEUFU
FOSSIL SITE

Discovery

The Rio Pichileufu (Mapuche: “Little River”)
flora was discovered in the austral summer of
1929-30, near the eponymous local stream, by
Argentine geologist José Roman Guifiazu (1897-
1991), who worked for the Direcciéon de Minas,
Geologia e Hidrogeologia, Argentina. Guifiazu
found the locality during a field expedition to study
the geology and geochronology of Patagonia that
was commissioned by Dr. Carl Caldenius of the
University of Uppsala and the Geochronological
Institute of Stockholm, Sweden (Guifiazu, 1940;
Pérez Gutiérrez de Sanchez Vacca, 2013).
Guifiaza was known for his contributions to study-
ing the hydrology and soils of Argentina (e.g.,
Guifiazu, 1934; Guifazu and Arena, 1940), but he
was also a naturalist. For example, he discovered
dinosaurs in San Luis Province, leading to the
founding of Parque Nacional Sierra de las Quija-
das, and described medicinal plants (Pérez Gutiér-
rez de Sanchez Vacca, 2013; Codorniu et al.,
2022).

The RP locality is located about 40 km east of
Bariloche, western Rio Negro, Argentina (Figures
1, 2; see Methods for coordinates). The original
collection of about 1,000 fossil plants, one of the
largest from any site in Argentina by that time, was
made during a month and a half of continuous work
(Guifiazu, 1940). Guifazu’s photographs of the
original localities are reproduced here and com-
pared with photographs of more recently quarried
layers to confirm that all collections originate from
the same exposures (Figure 2). According to
Guifazu’s niece, Nilda del Carmen Guifazu, he
hypothesized that the area had a tropical climate
based on the fossil species he collected that
appeared, to him, like those currently found in the
southern United States and Mexico (Pérez Gutiér-
rez de Sadnchez Vacca, 2013).

In 1932, Edward Wilber Berry received the
collection from Guifiazu at Johns Hopkins Univer-
sity in Baltimore, Maryland, United States
(Guifazu, 1940). Despite never attending college,
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FIGURE 2. The Rio Pichileufu locality, then and now. Views are to the southeast. A, the valley with the fossiliferous
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exposures, as shown by Guifiazu (1940: fig. 29) and reproduced under Argentine public domain. Labels 1, 2, and 3,
placed by Guifiazu, indicate his fossil sites. B, recent photos (by GRH) of the same area, showing exposed fossilifer-
ous outcrops and quarries RP1—4. Historical location 1 roughly corresponds to our quarries RP1 and RP2, and loca-
tion 2 corresponds to our RP3. Guifiazu did not collect at our RP4 quarry, although it is very close to our RP3, and we

did not collect his location 3.

Berry was a self-taught academic who rose to
become a professor, dean, and provost of Johns
Hopkins University. He also served as the Presi-
dent of the Paleontological Society and Geological
Society of America, and he made significant contri-
butions to the field with over 500 publications
(Cloos, 1974). Prior to his work on the RP flora,
Berry described other fossil floras from Argentina,
Peru, Bolivia, and Chile and became known as an
expert in South American paleobotany (Berry,
1922, 1924, 1925, 1928, 1937a, 1937b). Berry’s
reputation presumably influenced his selection to
describe the RP flora. Although Guifiazu played a
crucial role in leading the collection of fossils and
studying the site’s geology (Guifiazu, 1940), there
was limited ongoing discussion with Berry and a
lack of international collaboration after the speci-
mens were sent to the United States.

Geological Context

Guifiazu and Berry had differing points of view
regarding the age and depositional setting of the
Rio Pichileufu flora. In 1935, Guihazu wrote to
Berry to share his interpretation of the flora, which
he thought (correctly) to be “Eogene” (Paleogene;
Guifazu, 1940: 17). Guifazu interpreted the strata
as freshwater lake deposits of a coastal swamp
(Guifazu, 1940: 54), adjacent to an epicontinental
sea that was part of an inferred Pacific marine
transgression from the early Eocene through the
late Oligocene. He also thought that RP was con-
temporaneous with the Arauco and Concepcion
floras from coal-bearing deposits of southern Chile
(now known as Eocene). However, middle-late
Eocene marine transgressions in Patagonia only
occurred much further south, in the Austral Basin

(Malumian and Nanez, 2011; Griffin et al., 2021),
and the freshwater lake was of volcanic origin
(Aragon and Romero, 1984). Still, Guifiaza did
achieve a much closer approximation of the age of
the flora than Berry.

Berry agreed with Guifiazu that the fossil
deposit was lacustrine, based on his communica-
tions with Clarence S. Ross of the US Geological
Survey, who found freshwater sponge spicules and
diatoms from RP (Berry, 1938). However, Berry
was adamant that the RP site was early Miocene
based on perceived megafloral correlations. He
cited 17 shared species with the Laguna del Hunco
(called by him “Mirhoja”) flora from Chubut, Argen-
tina (Berry, 1925) and 23 species in common with
the Chilean Concepcién-Arauco fossil flora, both of
which he had earlier considered to be Miocene
(Berry, 1922, 1925). In fact, all three of these local-
ities are now known to be Eocene and not pre-
cisely contemporaneous (Collao et al., 1987; Wilf
et al., 2005). In addition, as found here and else-
where (Wilf et al., 2005, 2014), very few of the
putative shared species are truly equivalent among
the three sites.

For decades, the volcanic rocks associated
with the RP flora were considered part of the
Paleogene “Andesitic Series,” later defined as the
Ventana Formation (Gonzalez Bonorino and
Gonzalez Bonorino, 1978; Arguijo and Romero,
1981). Early radiometric dating of what was then
considered the Ventana Formation in the Lago
Nahuel Huapi area utilized whole-rock K-Ar isotope
analyses, yielding an age range of 55 + 3 Ma to 42
+ 1 Ma (early to late Eocene), which was consis-
tent with palynology and biostratigraphy (Gonzalez
Diaz, 1979). However, the Andesitic Series was

5
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later recognized as comprising two distinct mag-
matic arcs, one being the extra-Andean Pilcaniyeu
Belt, now associated with the Eocene Huitrera For-
mation, and the Oligocene - early Miocene
Andean Maitén Belt, related to the Ventana Forma-
tion (Rapela et al., 1988; Cazau et al., 1989, 2005;
Melendi et al., 2003; lannelli et al., 2017). After
being incorrectly referred to the Ventana Formation
for many years, the RP locality is considered to
belong to the Eocene Huitrera Formation (Cazau et
al., 2005; Wilf et al., 2013).

In 2005, tuffs from the RP fossiliferous lake
beds were dated for the first time, demonstrating
that the RP flora is indeed Eocene in age and
about 4.5 million years younger than Laguna del
Hunco (52.2 Ma; Wilf et al., 2005, 2017). Radioiso-
topic analyses by M. Smith (in Wilf et al., 2005) of
sanidines in three primary ashfall tuffs located
immediately above the fossiliferous strata at RP
produced concordant 40Ar-39Ar ages, resulting in a
combined analytical age of 47.74 + 0.05 Ma,
adjusted for updated constants (Wilf et al., 2005;
Wilf, 2012). The age of the RP flora is thus most
likely earliest middle Eocene (Lutetian; Ypresian/
Lutetian boundary is 47.8 Ma per Gradstein et al.,
2012, as updated at www.stratigraphy.org).

There has been no modern sedimentological
analysis in the area, other than the stratigraphic
section and lithologic descriptions of Aragén and
Romero (1984). However, the current paleoenvi-
ronmental interpretation is that the RP fossil
deposit preserves a volcanic caldera-lake bed,
based on the interbedded, laminated mudstones
and tuffs and the presence of fossil frogs (Aragén
and Romero, 1984; Baez, 1986, 2000; Gomez et
al., 2011). The depositional environment was prob-
ably similar to the well-studied early Eocene
Laguna del Hunco flora, which is also part of the
Huitrera Formation (Aragon and Romero, 1984;
Wilf et al., 2005; Gosses et al., 2021). However, in
contrast to the Laguna del Hunco flora, which is
preserved throughout the ~30 km diameter Piedra
Parada caldera and is accessible through 170 m of
a single fossiliferous stratigraphic section at
Laguna del Hunco (Wilf et al., 2003), the RP flora
comes from strata with limited exposure, consisting
of a single fossiliferous horizon that crops out spo-
radically around a single drainage over a few hun-
dred meters laterally (Figure 2; Aragon and
Romero, 1984; Wilf et al., 2005).

The Need to Re-Assess Floral Composition and
Diversity

Berry described 131 leaf and four reproduc-
tive species that he assigned to 99 genera from
Rio Pichileufu (Berry, 1935a, 1935b, 1935c, 1938).
Families such as Sapindaceae, Lauraceae, Myrta-
ceae, Rubiaceae, Anacardiaceae, and others were
included among a total of 57 families (Berry, 1938).
Berry (1938) published the extant range maps of
the various genera he described from RP, some of
which have disjunct distributions between the
Americas, the West Pacific, and SE Asia. He grap-
pled with the idea of Antarctica as a center of dis-
persal to explain the paleobotanical record
because he disagreed with the then-controversial
theory of continental drift (now plate tectonics). The
presence of supposed Fitzroya, Libocedrus, Podo-
carpus, Myrcia, Lomatia, and Laurelia fit the
description of a subantarctic flora composed of ele-
ments present in the southern Andean region
today, although several of those genera are also
found in Australasia. Overall, Berry (1934: 282)
considered the floristic composition to be “typically
American.” Fossils that he assigned to several
genera, including Cochlospermum, Annona,
Nectandra, and Cupania, are still considered to be
related to living American subtropical or tropical
species (Markgraf et al., 1996; Hinojosa and Villa-
gran, 1997), although several also have ranges
elsewhere.

Much later, Romero (1978, 1986) incorpo-
rated the RP assemblage into his concept of a
“mixed paleoflora” (Paleoflora Mixta), character-
ized by the coexistence of tropical-subtropical and
cold-temperate species under unique ecological
conditions. The mixed paleoflora was based on the
idea that a Cretaceous South American Neotropi-
cal flora extended southward into Patagonia,
where it mixed with Antarctic elements that either
evolved in situ or migrated northward during the
late Paleocene to middle Eocene. Then, according
to this model, by the late Eocene, the cold-temper-
ate flora became the dominant vegetation in Pata-
gonia, while the Neotropical component retreated
northward (Romero, 1978, 1986). Thus, southern
South American floral evolution was explained pri-
marily by a tropical, American origin and progres-
sive climatic changes.

The mixed paleoflora concept remained the
predominant interpretation of the evolution of
Paleogene South American floras for some time,
but there has been a recent shift in perspective.
The Gondwanan connection is now understood to
have influenced the origins of Patagonian floras



significantly, whereas few of the putative Neotropi-
cal genera have withstood modern taxonomic revi-
sions. Some of the many examples of Gondwanic
taxa now known at RP (Table 1) were known to
Berry, including Lomatia (Berry, 1938; Gonzélez et
al., 2007) and Araucaria Section Eutacta (Berry,
1938; Rossetto-Harris et al., 2020). The ongoing
discovery of diverse tropical to subtropical Asian
and Australian elements in the Patagonian paleo-
floras increasingly supports the idea of a trans-Ant-
arctic rainforest that persisted through the early
and early-middle Eocene (Wilf et al., 2013, 2023).
Tectonic isolation from Antarctica and cooling
eventually resulted in the survival of the Antarctic
cold-temperate remnants of the Gondwanan paleo-
flora in Patagonia, supporting one component of
the “mixed floras” concept (Wilf et al., 2009;
Barreda et al., 2020). However, there is little or
possibly no evidence remaining for Neotropical
influence in Paleogene Patagonian floras (Jara-
millo and Cardenas, 2013).

Renewed investigations of LH and RP by
Argentine-US collaborative teams began during
the late 1990s, leading to extensive new field-cen-
sus collections and a small but growing number of
taxonomic revisions of the RP flora (see Methods).
Nine taxa from RP have been recently studied,
some of which were not known to Berry (Table 1).
Most of the taxonomic work has focused on the
gymnosperms, which are crucial for paleoclimate
interpretations based on the functional ecology of
several nearest living relatives. For example, sev-
eral podocarp conifers, like Retrophyllum, have
single-veined, broad leaves with lateral transfusion
tissues that are susceptible to embolism from
water stress during drought (e.g., Brodribb and Hill,
2004; Brodribb, 2011; Wilf, 2012; Wilf et al., 2017).
In addition, the last known ginkgophyte from South
America is from RP (Berry, 1935¢; Villar de Seoane
et al., 2015).

Fewer angiosperm taxa have been recently
studied, but the discoveries are significant. Knight
and Wilf (2013) revised Laurelia guinazui (Berry
1935) to a fossil genus of Atherospermataceae
similar to Daphnandra, an Australian rainforest
understory component. Notably, Barreda et al.
(2010, 2012) described an extinct taxon of Astera-
ceae flower with characters of extant South Ameri-
can and African subfamilies, using a collection
separate from those studied here, suggesting an
earlier divergence of the family than previously
thought and providing the earliest evidence for
possible bird pollination by 47.7 Ma (Barreda et al.,
2010, 2012).

PALAEO-ELECTRONICA.ORG

Wilf et al. (2005) completed an initial evalua-
tion of species diversity at RP using the field-cen-
sused collections mentioned above. From a
preliminary sample (n = 341 specimens), they iden-
tified 39 dicot species using a morphotype
approach. Wilf et al. (2005) listed several species
apparently shared between RP and LH, but they
noted the need to address incorrect identifications
and nomenclatural issues in the original (Berry,
1938) taxonomy.

Although most of the RP flora has yet to be
revised, Berry’s species concepts continue to be
used to assess compositions of other Paleogene
floras in Patagonia (Gay¢ et al., 2005; Vento and
Pramparo, 2018) and the origins of the extant
South American flora (Hinojosa and Villagran,
1997, 2005; Pérez-Escobar et al., 2022). Addition-
ally, fossils misaligned to botanical names can lead
to erroneous divergence times if used to calibrate
molecular phylogenies (Sauquet et al., 2012).
Thus, there is a significant need to further clarify
the species composition of the RP flora.

The goal of the species reassessment is to
establish a stable framework for further taxonomic,
diversity, abundance, and insect-damage studies
on the RP flora. Our research is necessary to
improve understanding of the flora’s ecological,
biogeographic, and evolutionary significance.
Here, the type and cohort collections, as well as
additional collections made at RP in 2002 (amount-
ing to ~500 specimens) and 2005 (~650 speci-
mens) as part of a larger collaboration between
institutions in Argentina and the USA (see Materi-
als and Methods), are studied together in a whole-
flora context for the first time to reassess floral
diversity at RP.

MATERIALS AND METHODS
Specimens and Repositories

The specimens analyzed in this study include
the original gathering from RP collected by
Guifazu (Berry, 1938) and newer (mostly 2002 and
2005) collections, each made with standard bench
quarrying methods and either selective (biased) or
field-census (unbiased) collection strategies (Table
3 and discussion below). Among the historical Rio
Pichileufu collections that supported Berry’s work
(n =700 specimens), there is a combination of type
and figured specimens (243 specimens; Berry,
1935a, 1935b, 1935c, 1938) and unillustrated
specimens from the original gathering, referred to
here as the cohort collection (457 specimens).
Fossils in the cohort collection are housed with
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TABLE 3. Summary of fossil collections analyzed from Rio Pichileufu.

Leaf species previously Leaf species

Collection Name Census Repository Locality Specimens* recognized recognized here
Guifazu no USNM several 696 131 (Berry 1938) 81
2002 yes BAR RP1 159 - 30
no BAR RP2 48 - 13
yes BAR RP3 336 50 (Wilf et. al, 2005) 58
2005 yes BAR RP3 666 - 82
2017 no BAR RP1 2 - 1
RP2 32 - 1
RP3 5 - 1
RP4 13 - 1
Unknown no BAR unknown 25 -
TOTALS - - - 1982 - 158

(accounting for
shared species)

*Specimen totals include indeterminate fossils.

notes in Berry’s handwriting and were presumably
used in his formation of species concepts (Ros-
setto-Harris et al., 2020). The type and cohort col-
lections are housed in the Paleobotanical Division
of the National Museum of Natural History, Smith-
sonian Institution (repository acronym USNM;
Washington, District of Columbia, USA).

The recent collections from RP examined
here amount to 1,272 specimens (Table 3). Exca-
vations included four quarries (RP1: S41.15737°
W70.83218°; RP2: S41.15735° W70.83245°; RP3:
S41.15576° W70.83451°; and RP4: S41.15536°
W70.83423°) within the single fossiliferous horizon,
the most productive being RP3. The quarried strata
are, beyond a reasonable doubt, the same as
where Guinazu collected. Correlating his localities
as shown in the original photographs (Figure 2),
location 1 roughly corresponds to our quarries RP1
and RP2, location 2 corresponds to our RP3, and
location 3 was not collected by us. Guifiazu did not
collect at the location of RP4, which is nevertheless
very close to RP3.

Most of the recent collections were made in
December 2002 and March 2005, where 1,208
specimens were collected on expeditions based
out of the Museo Paleontoldgico Egidio Feruglio
(MEF, Trelew, Chubut, Argentina). Those collec-
tions were made using a census system, where all
material deemed potentially identifiable was col-
lected, following quantitative bench-quarrying
methods described in many other papers (Wilf,
2000; Johnson, 2002). The 2002 census collection
from the RP3 quarry was the basis for the prelimi-

nary analyses in Wilf et al. (2005). We also include
some small additional collections (18 specimens,
collected in unknown years) from the Museo Pale-
ontoldgico de Bariloche. In 2017, we made addi-
tional, taxonomically selective collections (see
Table 3) with the Universidad Nacional del Coma-
hue (San Carlos de Bariloche, Rio Negro, Argen-
tina) that were largely used to revise the conifer
Araucaria pichileufensis (Rossetto-Harris et al.,
2020). Thus, the 2002 and 2005 census collections
are considered unbiased compared with the histor-
ical and other collections in Table 3, where the col-
lection method is either unknown or known to be
selective. Fossils collected on these field trips are
housed at the Museo Paleontoldgico de Bariloche
(repository acronym BAR; San Carlos de Bari-
loche, Rio Negro, Argentina) and were studied on
loan at the Museo Paleontolégico Egidio Feruglio
(MEF; Trelew, Argentina). Several fossils from the
new collections have also been examined in previ-
ous systematic studies (Table 1).

When possible, specimens are cited through
the text (i.e., in Figures, Appendices) using the
repository acronym and collection number—for
example, “USNM 40483” or “BAR 4487.” In most of
the 2005 collections, official museum specimen
numbers have yet to be assigned. Those fossils
are cited here using the repository acronym plus
the field number as the unique identifier. The field-
number format is: (BAR) RP quarry_year collect-
ed_field tally number. For example, “(BAR)
RP3_2005_610" is a BAR specimen collected from
RP3 in 2005 with the unique field number “610.”



The fossils from RP are primarily preserved
as compressions, and approximately 94% of all
collections consist of angiosperm and gymno-
sperm leaves. For convenience, we refer to both
leaves and leaflets of compound leaves as
“‘leaves.” Although in situ cuticle has been studied
in some gymnosperms (Villar de Seoane et al.,
2015; Rossetto-Harris et al., 2020), it has not yet
been found in angiosperms from the site. Rare
reproductive structures (~5% of the census collec-
tion) are generally poorly preserved, but this frac-
tion includes described gymnosperm cone scales
and pollen cones (Wilf et al., 2014; Rossetto-Harris
et al., 2020), and an exquisite Asteraceae capitu-
lum was described from a different collection
(Barreda et al., 2010, 2012). Due to their poor
preservation and limited sample sizes, we do not
include the reproductive structures in the morpho-
type schema or describe them, but we illustrate
them here for completeness.

Imaging and Digital Image Library

The USNM collections and most BAR collec-
tions (on loan at MEF) were imaged on-site in sev-
eral sessions using a Nikon D90 camera with a 60
mm macro lens (Nikon, Melville, New York, USA),
a polarizing filter, and low-angle, unidirectional
light. The small additional collection at BAR (Table
3, “unknown”) was photographed by P. Wilf and Ari
Iglesias in 2010 using a D90 with a tripod and
remote flashes.

An image library containing all specimens was
consolidated digitally and keyworded for leaf archi-
tecture characters using Adobe Bridge (version
11.1.1; Adobe Inc., San Jose, California, USA), a
visual file browser that can be used to manage
metadata and aid in the digital morphotyping pro-
cess, as described by Rossetto-Harris et al.
(2022). To help sort specimens into species-like
entities (morphotypes; see Morphotype Approach;
Appendix 1), we utilized keywording in Bridge fol-
lowing the hierarchical characters in the Manual of
Leaf Architecture (Ellis et al., 2009) for leaf shape,
venation, and tooth features (Rossetto-Harris et al.,
2022; Wilf et al., 2022). By embedding detailed,
searchable character metadata into the images,
our method enabled simultaneous virtual process-
ing of collections housed in the U.S. and Argentina,
complemented by several in-person comparisons.

TABLE 4. Figshare data archive URLs.
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The resulting leaf-architecture character data for
each dicot morphotype were exported and format-
ted as a matrix (Appendix 2) suitable for analyses.
In addition to the illustrations provided here, a full-
resolution image of all collections examined is pro-
vided in an accompanying Figshare item (Table 4).
Appendix 3 provides identifications of every speci-
men and serves as a look up table for the Figshare
archive, while Appendix 4 reports abundances.
Additional specimen information and images for
USNM material are available at https://collec-
tions.nmnh.si.edu/search/paleo.

Morphotype Approach

To assess the extensive collection and bypass
the numerous issues in Berry’s (1938) taxonomy of
the RP flora (summarized in Table 2), we adopted
a conservative morphotype approach. Leaf mor-
photypes are species-like entities based on leaf
architectural characters (see Rossetto-Harris et al.,
2022: appendix 2). We assigned morphotypes to
the material from all collections as if prior names
did not exist, noting all references to original
nomenclature associated with the morphotype
(Appendix 1). Therefore, instead of full taxonomic
descriptions, we list the distinguishing features of
each morphotype (Appendix 1) and provide a full
leaf-architecture character matrix for all dicots
(Appendix 2). This approach allows us to estimate
the number of species present to more accurately
represent the floral diversity and leaf traits at Rio
Pichileufu.

A new morphotype was only distinguished,
regardless of any prior nomenclature, if sufficient
characters were present to reliably distinguish it
from others. For example, to recognize a morpho-
type, a leaf should be mostly complete and include
a base and/or the margin, and higher-order vena-
tion should be preserved. Otherwise, the specimen
was marked indeterminate (these included many
type specimens). When choosing the most repre-
sentative leaf to illustrate for each morphotype, we
selected a fossil that demonstrates many of the
distinguishing characters, to facilitate comparison
with morphotypes that may appear similar at first
glance. However, in the space available here, not
all characters may be easily visible in the illustrated
exemplars at the sizes shown, and we refer read-
ers to the supplemental Figshare image libraries to

USNM specimens images and data
https://doi.org/10.6084/m9.figshare.25136207

BAR specimens images and data
https://doi.org/10.6084/m9.figshare.25136948
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view full-resolution images and many additional
specimens (Table 4). In Appendix 1, we also
describe the differences between similar morpho-
types. The morphotype prefix used here is “GZ,”
after the discoverer and initial collector of the Rio
Pichileufu locality, José Roman Guifazu. Morpho-
types are listed numerically (Appendix 1), indepen-
dent of systematic inferences but grouped
according to general morphologic similarity to facil-
itate comparisons.

Because most of Berry’s unrevised botanical
identifications are doubtful, we use quotes on all
generic names except those confirmed by subse-
quent studies (i.e., Table 1). In Appendix 5, we list
for convenience the updated family placement of
the extant genera that Berry listed (using World
Flora Online Plant List, https://wfoplantlist.org/
plant-list/, accessed 18 September 2023). In the
cases where Berry incorrectly referred RP material
to species established earlier in other fossil floras,
our comparisons of type specimens and illustra-
tions usually showed that the specimens with the
same names are clearly dissimilar among floras
(see Discussion; also Wilf, 2012; Wilf et al., 2014,
2019). In this case, the entire taxonomic name is
placed in quotes to designate that the name from a
previous fossil flora is not congruent with the RP
fossil sensu Berry (1938). Finally, Berry oversplit
many taxa that we more conservatively lump, par-
ticularly for groups notorious for having variable
leaf morphology such as the Sapindales, Faba-
ceae, and Myrtaceae. Also, certain families, such
as Lauraceae, require cuticular characters to differ-
entiate leaves into species under modern stan-
dards (Carpenter et al., 2010). Our approach is to
more conservatively lump rather than split laura-
ceous leaves without fossilized cuticles preserved,
as seems to be the case for all RP specimens.

Statistical Analysis

We used RStudio (version 2021.9.2.382;
RStudio Team, 2022) to run a Kolmogorov-Smirnov
non-parametric test comparing abundance distribu-
tions on the historic and census datasets.

RESULTS

We recognize a total of 158 angiosperm, coni-
fer, and fern leaf morphotypes from 1,092 speci-
mens of the 1,982 total examined (Table 3); the
remaining 892 specimens (44%) are considered
indeterminate. A representative of each leaf mor-
photype is illustrated in Figures 3—-13, and distin-
guishing features of the morphotypes are detailed
in Appendix 1. Appendix 2 contains a leaf-architec-
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ture character matrix for all dicot leaf morphotypes,
and Appendix 3 includes the morphotype identifica-
tion of every specimen with repository and field
numbers (if any) and serves as a lookup table for
the Figshare image archives, which contain full-
resolution images (see Materials and Methods).
Finally, Appendix 4 summarizes the abundance of
each morphotype in non-census, census, and com-
bined collections. Examples of distinctive repro-
ductive structures, including fertile fern foliage,
gymnosperm pollen cones and cone scales, and
dicot seeds, flowers, and fruits, are not included in
the totals or further described (see Methods) but
are illustrated for reference in Figure 14.

Among the 158 leaf morphotypes are four
ferns, eight gymnosperms, four monocots, and 142
dicots (non-monocot angiosperms). From the type
and cohort collection (Berry, 1938), we recognize
82 leaf morphotypes compared with the 131 total
leaf species described in that work. We find that 43
species listed in Berry (1938) are based on speci-
mens that are too poorly preserved to diagnose,
which we consider indeterminate (313 of 696 spec-
imens from the type and cohort collections). In
addition, at least 19 of the historical species exhib-
ited multiple issues identified in Table 2 (see Dis-
cussion). For example, we consider fifteen species
listed by Berry (1938) to be misaligned to previ-
ously existing fossil names, 21 as overly split, and
15 as overly lumped. Appendix 5 assesses each
species of Berry (1938), including any updates to
nomenclature, corresponding GZ morphotype
number(s), and, if applicable, the issue(s) identified
from Table 2. Out of the 82 morphotypes based on
the original gathering, 35 (~43%) are also present
in the new collections. This is expected when sam-
pling at the same locality, even seven or more
decades later, and emphasizes the impact of addi-
tional collections on the observed richness of
highly diverse fossil floras.

Figure 15 shows the top 20 species at RP in
abundance rank order, using all (Figure 15A), cen-
sus (Figure 15B), and type and cohort (Figure 15C)
collections. A Kolmogorov-Smirnov test found that
the cumulative distributions for census (Figure
15B) and historical (Figure 15C) relative abun-
dances are not significantly different (P = 0.38),
providing justification for combining the datasets in
future paleoecological analyses.

Questionable Assignment to Living Taxa

Berry (1938) assigned many specimens to
extant genera without sufficient characters pre-
served either for taxonomic placement or to justify
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FIGURE 3. Exemplars of morphotypes GZ001-GZ012, ferns (A-D) and gymnosperms (E-L). Names (see Appendix
1 for authorities) are provided for general reference, but in many cases, the same botanical name may apply to more
than one morphotype, or one morphotype may encompass more than one name (Appendices 1, 5; see text for dis-
cussion). A, GZ001, “Dicksonia” patagonica, USNM PAL 40379a; B, GZ002, “Asplenium” incertum, USNM PAL
40380; C, GZ003, “Goniopteris” patagoniana, USNM PAL 40382; D, GZ004, (BAR) RP3_2005_610; E, GZ005, possi-
ble cycad, BAR 5600; F, GZ006, Ginkgoites patagonicus, BAR 4312; G, GZ007, Araucaria pichileufensis, BAR 5347;
H, GZ008, Agathis zamunerae, USNM 40378d; |, GZ009, Papuacedrus prechilensis, (BAR) RP3_2005_1035; J,
GZ010, Retrophyllum oxyphyllum, (BAR) RP3_2005_93A; K, GZ011, Dacrycarpus engelhardti, USNM 40385h; L,
GZ012, Podocarpus andiniformis, USNM 40384.
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FIGURE 4. Exemplars of morphotypes GZ013-GZ023, monocots (A-D) and toothed

leaves (E-K). A, GZ013, BAR 4365; B, GZ0014, (BAR) RP3_2005_265; C, GZ015, BAR 1178; D, GZ016, possible
Ripogonum, (BAR) RP3_2005_747; E, GZ017, “Cissus” pichileufensis, USNM PAL 40455 (reproductives are shown in
Fig. 14K); F, GZ018, BAR 4361; G, GZ019, “Cochlospermum” previtifolium, USNM PAL 40468c; H, GZ020,“Oreopa-
nax” guinazui, USNM PAL 40486a; |, GZ021,“Oreopanax” guinazui, USNM PAL 40486c¢; J, GZ022, “Triumfetta” irregu-
lariter-serrata, USNM PAL 40465; K, GZ023, BAR 4516.

a morphotype under modern standards (issue cat-
egory 1 of Table 2). Our categorization of these
specimens from the type and cohort collections as
indeterminate eliminates reliable evidence of sev-
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eral families at the site, including Poaceae, Annon-
aceae, Berberidaceae, Burseraceae,
Hydrangeaceae, Primulaceae, Nyctaginaceae, and
Rosaceae (Appendix 5).
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FIGURE 5. Exemplars of morphotypes GZ024—-GZ035, palmate entire-margined leaves. A, GZ024, “Sterculia” pata-
gonica, USNM PAL 40461; B, GZ025, “Sterculia” guinazui, USNM PAL 222688a; C, GZ0026, (BAR) RP3_2005_810;
D, Gz0027, “Strychnos” patagonica, USNM PAL 40507; E, GZ0028, (BAR) RP3_2005_978; F, GZ029, “Bignonia”
pichileufana, USNM PAL 40495b; G, GZ030, BAR 4595; H, GZ031, BAR 4226; |, GZ032, “Polioexolobus” prenuntius,
USNM PAL 40504d; J, GZ033, BAR 4494; K, GZ034, BAR 4486; L, GZ035, BAR 4717.

Incorrect Referral to Prior Fossil Species taxonomic names that originated in Berry’s earlier
work on the early Eocene Laguna del Hunco flora
(Berry, 1925) that he applied to specimens from the
RP collections, implying shared species; however,
from examining the Laguna del Hunco types at
USNM and many other collections from that site,
we found that few of the RP specimens match the

We found 15 species from Berry (1938) to be
incorrectly referred to a botanical name established
in a prior fossil flora (issue category 2 of Table 2),
adding Cannabaceae, Ericaceae, Myricaceae, and
Myristicaceae to the list of families not reliably
present at the site. There are several examples of

13
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FIGURE 6. Exemplars of morphotypes GZ036-GZ047, toothed leaves. A, GZ036, Lomatia preferruginea, USNM PAL
219145; B, GZ037, BAR 4272; C, GZ038, (BAR) RP3_2005_1105; D, GZ039, “Banara” cuadrae, USNM PAL 40450c;
E, GZ40, BAR 4662; F, GZ041, “Celtis ameghinoi”, USNM PAL 40395a; G, GZ042, (BAR) RP3_2005_874; H, GZ043,
“Eucryphia” tertiaria, USNM PAL 40456; |, GZ044, “Tabebuia” ipiformis, USNM PAL 40508b; J, GZ045, (BAR)
RP3_2005_827; K, GZ046, “Cupania” grosse-serrata, BAR 4270; L, GZ047, Anacardites pichileufensis, (BAR)
RP3_2005_812.

14
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FIGURE 7. Exemplars of morphotypes GZ048—-GZ062, toothed leaves. A, GZ048, “Diatenopteryx” sorbifoliiformis,
(BAR) RP3_2005_813; B, GZ049, (BAR) RP3_2005_537; C, GZ050, BAR 4627; D, GZ051, “Cupania” latifolioides,
USNM PAL 219129; E, GZ052, “Cupania” vernaliformis, USNM PAL 40438g; F, GZ053, “Villaresia” congonhafolia,
USNM PAL 40445; G, GZ054, (BAR) RP3_2005_1111; H, GZ055, (BAR) RP3_2005_1130; I, GZ056, “Fagara” ser-
rata, USNM PAL 40418; J, GZ057, (BAR) RP3_2005_617; K, GZ058, BAR 4569; L, GZ059, (BAR) RP3_2005_583;
M, GZ060, (BAR) RP3_2005_1052; N, Atherospermophyllum guinazui, USNM PAL 40403a; O, GZ062, USNM

40403e.
15
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FIGURE 8. Exemplars of morphotypes GZ063—GZ078, toothed leaves. A, GZ063, (BAR) RP3_2005_514; B, GZ064,
“Paullinia” prerufescens, USNM PAL 40441b; C, GZ065, “Casearia” patagonica, USNM PAL 40454b; D, GZ066,
“Casearia” patagonica, USNM PAL 40454a; E, GZ067, (BAR) RP3_2005_1089; F, GZ068, “Styrax” glandulifera,
USNM PAL 40491; G, GZ069, “Psidium” aracaforme, USNM PAL 40489; H, GZ070, “Azara” celastriniforma, USNM
PAL 40448a; |, GZ071, “Azara” celastriniforma, USNM PAL 40448B; J, GZ072, BAR 4542; K, GZ073, “Maytenus” lat-
ifolioides, USNM PAL 219096; L, GZ074, BAR 4649; M, GZ075, BAR 4611; N, GZ076, “Ouratea” firmifolia, USNM
PAL 40459c; O, GZ077, BAR 4714; P, GZ078, “Banara prehernandiensis”, BAR 4622.
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FIGURE 9. Exemplars of morphotypes GZ079-GZ094, toothed leaves (A-E) and entire leaves (F-Q). A, GZ079,
“Tetracera” sp., USNM PAL 40463; B, GZ080, “Myrica mira”, USNM PAL 219086; C, GZ081, “Myrica mira”, USNM
PAL 219086; D, GZ082, BAR 4261; E, GZ083, BAR 4467; F, GZ084, “Coprosma” incerta, USNM PAL 40497a; G,
GZ085, “Cephalanthus” glabratiflolius, USNM PAL 40496a; H, GZ086, BAR 4491; |, GZ087, (BAR) RP3_2005_656; J,
GZ088, BAR 4266; K, GZ089, BAR 4673; L, GZ090, (BAR) RP3_2005_763; M, GZ091, “Plumeria” articulatifolia,
USNM PAL 40503; N, GZ092, “Myrcia” deltoidea, BAR 4365; O, GZ093, (BAR) RP3_2005_593; P, GZ094, BAR 4728;
Q, GZ095, “Tetrapteris” precrebrifolia, USNM PAL 40429b.
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FIGURE 10. Exemplars of morphotypes GZ084-GZ112, entire leaves. A, GZ096, “Nectandra” prolifica, USNM PAL
40429b; B, GZ097, “Nectandra” prolifica, USNM PAL 40471e; C, GZ098, “Nectandra” prolifica, USNM PAL 40471d; D,
GZ099, “Nectandra” prolifica, USNM PAL 40471f; E, GZ100, BAR 4685; F, GZ101, (BAR) RP3_2005_501; G, GZ102,
(BAR) RP3_2005_869; H, GZ103, BAR 4500; |, GZ104, “Dalbergia” patagonica, USNM 40416a; J, GZ105, BAR 4308;
K, GZ106, (BAR) RP3_2005_905; L, GZ107, (BAR) RP3_2005_1019; M, GZ108, BAR 4677; N, GZ109, “Inga” pata-
gonica, USNM PAL 40402; O, GZ110, (BAR) RP3_2005_506; P, GZ111, (BAR) RP3_2005_731; Q, GZ112, BAR 4310.
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FIGURE 11. Exemplars of morphotypes GZ113—-GZ128, entire leaves. A, GZ113, “Remijia” tenuiflorifolia, USNM
40505a; B, GZ114, (BAR) RP3_2005_899; C, GZ115, BAR 4430; D, GZ116, “Tetrapteris” precrebrifolia, USNM PAL
40429a; E, GZ117, “Styloceras” tertiarium, USNM PAL 40428b; F, GZ118, (BAR) RP3_2005_743; G, GZ119, “Myrcia”
obovata, USNM PAL 40483a; H, GZ120, (BAR) RP3_2005_688; I, GZ121, “Schinopsis” morongifolia, USNM PAL
40426; J, GZ122, “Erythroxylon” cuneifolioides, USNM PAL 219093b; K, GZ123, “Banisteria” patagonica, USNM PAL
40413e; L, GZ124, “Bumelia” australis, USNM PAL 40478; M, GZ125, “Drimys” patagonica, USNM PAL 40397a; N,
GZ126, “Cedrela” pichileufuana, USNM PAL 40415a; O, GZ127, “Cassia” argentinensis, (BAR) RP3_2005_998; P,
GZ128, (BAR) RP3_2005_876.
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FIGURE 12. Exemplars of morphotypes GZ129-GZ143, entire leaves. A, GZ129, “Styrax” acuminatiformis, USNM
PAL 222672; B, GZ130, “Styrax” acuminatiformis, USNM PAL 222674; C, GZ131, (BAR) RP3_2005_954; D, GZ132,
BAR 4514; E, GZ133, “Buettneria” asterotrichiformis, USNM PAL 40452; F, GZ134, “Echites” tertiaria, USNM PAL
40500b; G, GZ135, (BAR) RP3_2005_821; H, GZ136, “Omphalea” patagonica, USNM PAL 40424; |, GZ137, BAR
4596; J, GZ138, (BAR) RP3_2005 990; K, GZ139, (BAR) RP3_2005_622; L, GZ140, “Ficus” patagonica, USNM PAL
40400; M, GZ141, BAR 4710; N, GZ142, “Salacia” floribundifolia, USNM PAL 40443a; O, GZ143, “Leptolobium” pren-

itens, USNM PAL 40420.

Laguna del Hunco material available to Berry or
any subsequent Laguna del Hunco collections.
This confounds interpretations based on the simi-
larity of the two floras, which traditionally were con-
sidered coeval and to represent the same type of

20

forest (Berry, 1938; Petersen, 1946; Romero,
1978; Arguijo and Romero, 1981; Aragéon and
Romero, 1984; Markgraf et al., 1996; Hinojosa and
Villagran, 2005; Wilf et al., 2005) but later recog-
nized as temporally distinct (Wilf et al. 2005a). This
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FIGURE 13. Exemplars of morphotypes GZ144-GZ158, entire leaves. A, GZ144, BAR 4492; B, GZ145, BAR 4524; C,
GZ146, (BAR) RP3_2005 _508; D, GZ147, “Cedrela” mexicaniformis, USNM PAL 40414a; E, GZ148, (BAR)
RP3_2005 589; F, GZ149, “Goeppertia” ovatifolia, USNM PAL 40469a; G, GZ150, “Phoebe” elliptica, USNM PAL
40474; H, GZ151, (BAR) RP3_2005_935; |, GZ152, “Phoebe” lanceolata, USNM PAL 40475; J, GZ153, “Symplocos”
commutatifolia, USNM PAL 40492; K, GZ154, “Banisteria” patagonica, USNM PAL 40413a; L, GZ155, BAR 4220; M,
GZ156, (BAR) RP3_2005_513; N, GZ157, (BAR) RP3_2005_739; O, GZ158, “Polioexolobus” prenuntius, USNM PAL

40504b.
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FIGURE 14. Diversity of reproductive structures at Rio Pichileufu. A, Araucaria pichileufensis ovuliferous complex,
USNM PAL 40383e; B, Araucaria pichileufensis pollen cones attached to leafy branches, BAR 289-20; C, fertile leaf of
“Dicksonia” patagonica, USNM PAL 40379b; D, “Cochlospermum” previtifolium fruit, USNM PAL 40468d; E, Agathis
zamunerae ovuliferous complex, BAR 4751; F, Malvacarpus guinazui, USNM PAL 40457a; G, BAR 4706; H, (BAR)
RP3_2005_999; |, “Allophylus” eduliformis, BAR 4284; J, cf. Ceratopetelum sp. (BAR) RP3_2005_712; K, USNM PAL
404553a; L, (BAR) RP3_2005_928; M, (BAR) RP3_2005_1156; N, BAR 4355; O, USNM PAL 771250; P, BAR 4591; Q,
BAR 4229; R, Carpolithus pichileufensis, USNM PAL 40509. Note that Raiguenrayun cura, an exquisite Asteraceae
capitulum, is not illustrated here because it is from a different collection and was described previously (Barreda et al.,
2010, 2012).
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FIGURE 15. Top 20 most abundant foliage taxa at Rio
Pichileufu. A, all combined collections (as listed in Table
3); B, census collections (collections from 2002, 2005);
C, historical (type and cohort) collections (the Guifiazu
collection described by Berry, 1938).

finding, to be detailed in a companion paper, sup-
ports at a whole-flora level the emerging trend in
systematics work (Table 1) for fewer shared taxa
(e.g., Wilf et al., 2019, 2024; Andruchow-Colombo,
2023).
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An additional example (see also Introduction)
further demonstrates the significance of recogniz-
ing botanical errors and the complexities involved
in formal taxonomic revisions. “Banara” prehernan-
diensis (putative Salicaceae, formerly Flacourtia-
ceae) was initially named from Laguna del Hunco
(Berry, 1925) based on a leaf specimen with an
acute, cuneate base. In 1938, Berry assigned
material from RP to the same taxon; however, the
RP “Banara prehernandiensis” specimen (Figure
8P) has an obtuse base, naked basal acute sec-
ondaries, and agrophic veins, so it clearly does not
belong under the same name. Abundant material
from RP with this morphology (Figure 8P) is
ascribed here to morphotype GZ078, which we
consider having affinities to ziziphoid Rhamnaceae
(under separate study; interestingly, GZ078
appears to match a different, unnamed Laguna del
Hunco species). In this case, the misidentification
of these fossils to a genus of living South American
Salicaceae has clear ecological and biogeographic
implications because some of the fossils may
instead have affinities to extant Asian rhamna-
ceous genera.

Over-splitting

We determined 21 Berry (1938) species to be
over-split (issue category 3 of Table 2). For exam-
ple, Berry reported four “Cassia” (Fabaceae) spe-
cies in the flora. Here, we lump the “Cassia” spp.
along with three other species from Berry (1938)
into a single legume morphotype (GZ127, Figure
110; see Appendices 1, 5) due to the expected
variation in leaflet shape and venation seen within
legume species and among leaflets on a com-
pound leaf. Similarly, for Sapindaceae, Berry
reported 13 species, although we more conserva-
tively recognize five morphotypes of probable Sap-
indalean affinity (GZ045-GZ048, Figures 6J-
L, Figure 7A; GZ128, Figure 11P). Another exam-
ple of over-splitting is seen with “Myrica mira” and
“Allophylus” graciliformis, where we determined
that the latter represents small or immature leaves
of some specimens assigned to the former, and we
united these under a single morphotype (GZ080,
Figure 9B).

Over-lumping

We found 15 of Berry’s species to be over-
lumped (issue category 4 of Table 2), such that
specimens assigned to a single species repre-
sented two or more distinct morphotypes. For
example, in “Casearia” patagonica, the two origi-
nally figured specimens are both toothed, but the
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similarities end there; one is elliptic with a convex
base and regular, high-angled secondaries (USNM
40454b; Figure 8C), but the other is ovate with a
cuneate base and more numerous, irregular, and
closer-spaced secondaries (USNM 40454a; Figure
8D). Thus, we separated the two fossils into
respective morphotypes, GZ65 and GZ66.

DISCUSSION

Our conservative reassessment of species
across collections supports the idea that diversity
during the earliest middle Eocene at Rio Pichileufu
was very high. Upon vetting the 131 historical leaf
species, we identified 82 as valid morphotypes
and, thus, likely species entities, lower than Berry’s
original count. However, our assessment of the
recent collections increased the overall diversity to
158 species. This underscores the importance of
new collections for capturing the full diversity of
fossil assemblages (Table 3), even when legacy
collections are substantial. Solidifying the morpho-
logical categories that may lead to species con-
cepts for the RP flora establishes a foundation for
future taxonomic and paleoecological research.

Berry (1938) identified 87 genera and 41 fami-
lies in the RP flora. Our revision eliminates at least
30 genera and 12 families previously reported (see
Questionable assignment to living taxa and Incor-
rect referral to prior fossil species; Appendix 5).
Further taxonomic work beyond the scope of this
study will probably invalidate many more genera
and families from Berry’s original identifications
(see Introduction).

Although the RP flora was angiosperm-domi-
nated in richness (~90% of species), a few gymno-
sperm species account for some of the most
abundant taxa in the flora (Figure 15). A legume
morphotype (GZ127) has the top abundance rank,
although these are small leaflets of compound
leaves counted individually and, thus, potentially
came from a less abundant source species than
indicated by raw count data. Another compound-
leaved species, “Cupania” grosse-serrata (Sapin-
daceae; GZ046) ranks among the top three spe-
cies in all abundance analyses (Figure 15).
Ginkgoites patagonicus (GZ006), Araucaria pich-
ileufensis  (GZ007), Dacrycarpus engelhardti
(GZ011), “Nectandra” prolifica (GZ097), “Cupania”
vernaliformis, and “Myrica mira” are all among the
top 10 most abundant species. There is an
increased presence of Lomatia preferruginea in the
historical collections, ranked sixth among type and
cohort but not within the top 20 of the census col-
lections. In addition, there is a higher frequency of

24

lobed species among the historical collections, with
three species (“Cochlospermum” previtifolium,
“Oreopanax” guinazui GZ20, and “Oreopanax” gui-
nazui GZ21) not otherwise found to be abundant in
the census collections. Eighty-seven of our revised
leaf morphotypes are singletons. Thus, based on
leaf counts, we find that the most likely dominant
taxa in the ancient vegetation included Fabaceae,
Sapindaceae, Lauraceae, Araucaria, and Dacry-
carpus. A more detailed analysis of the RP floral
composition, using the Laguna del Hunco flora as a
primary comparison, will appear in a companion

paper.

CONCLUSIONS

Although Berry (1938) made many botanical
and nomenclatural errors while assigning 131 leaf
species from the original Guifiazu collections, we
confirm that the Rio Pichileufu flora was highly
diverse. Upon reconsideration of the Berry (1938)
type and cohort collections taken alone, we found
82 leaf morphotypes (likely species equivalents).
Our analysis calls into question Berry's reported
occurrences of many plant families, including Poa-
ceae, Annonaceae, Berberidaceae, Burseraceae,
Cannabaceae, Ericaceae, Hydrangeaceae, Primu-
laceae, Myricaceae, Myristicaceae, Nyctagina-
ceae, and Rosaceae. When we combined all
collections, we validated 158 leaf morphotypes.
Updating the morphotype categorizations across
all collections stabilizes potential species concepts
in the flora and provides a platform for future taxo-
nomic and paleoecological work. Additionally, this
reassessment produces a dataset that will be used
in @ companion article for quantitative comparison
with the early Eocene climatic optimum flora from
Laguna del Hunco to assess species turnover and
changes in paleoecology and climate during the
global cooling and tectonic isolation that began
during the middle Eocene.
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APPENDIX 1.

Leaf-morphotype categorization of the Rio Pichileufu flora. (Available for download at https://palaeo-elec-
tronica.org/content/2024/5337-diversity-at-rio-pichileufu)

Notes: For “Organ”, PL, PR= pteridophyte leaf/reproductive; CYL= cycad leaf; GL=ginkgophyte leaf; CL,
CR= conifer leaf/reproductive; ML= monocot leaf; DL, DR=dicot leaf/reproductive. Representative speci-
mens are cited using either the repository number or with a unique field number, written as “(BAR) RP quar-
ry_ year collected_field tally number.” See Appendix 5 for additional nomenclatural information.

APPENDIX 2.

Rio Pichileufu leaf-architecture character matrix. (Available for download at https://palaeo-electronica.org/
content/2024/5337-diversity-at-rio-pichileufu)

See additional file attachment. Numbers correspond to the leaf architecture character list and states that are
outlined in the data dictionary published by Rossetto-Harris et al., 2022, appendix S1.

APPENDIX 3.

Morphotype identifications of all examined Rio Pichileufu specimens. (Available for download at https://
palaeo-electronica.org/content/2024/5337-diversity-at-rio-pichileufu)

Note: “Specimen number” column lists either the repository number or field number, written as “(BAR) RP
quarry_ year collected_field tally number.” For “Morphotype identification”, multiple identifications are listed
if there is more than one leaf associated with the given specimen number.

APPENDIX 4.

Rio Pichileufu leaf morphotype abundances. (Available for download at https://palaeo-electronica.org/con-
tent/2024/5337-diversity-at-rio-pichileufu)

APPENDIX 5.

Morphotype classification of the Berry 1938 Rio Pichileufu species list. (Available for download at https:/
palaeo-electronica.org/content/2024/5337-diversity-at-rio-pichileufu)
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