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Here we present a revision of two diagnostic Malvaceae taxa from the Cenozoic record of northern South America
and we relate their evolutionary history to recently updated geological models. In our study we review the pollen
morphology and botanical affinity of Rhoipites guianensis and Malvacipolloides maristellae, and integrate these
data into a phylogenetic framework. We also produce distribution maps for both fossil and extant taxa, infer

Ié?e]:vv?;?;'eae the phylogeny and historical biogeography of the lineages to which they belong, and identify their ecological as-
Abutilinae sociates and environmental settings. The closest extant relatives of Rhoipites guianensis (Grewioideae) are
Geography Vasivaea and Trichospermum, which are taxa of South American origin. During the late Eocene to early Miocene
Palynology Rhoipites guianensis was widely distributed in the lowland floodplain environments of northern South
Pf{ylogeny America. The closest living relatives of Malvacipolloides maristellae (Malvoideae) are members of Abutilinae
Miocene (e.g., Abutilon, Bakeridesia, Callianthe and Herissantia), which have their origin in the northern hemisphere. This

taxon makes its first appearance in the fossil record of northern South America during the early Miocene, and
is typically found in fresh water floodplain and lacustrine environments. Our study suggests that both taxa mi-
grated across the Central American Seaway in the early Miocene (around 18 Ma), and virtually disappeared
from the fossil record in northern South America during the middle Miocene, coinciding with Andean uplift.
However, their descendants expanded and -in the case of the Abutilinae—diversified in the Andes. We conclude
that the biogeographic history of these Malvaceae is influenced by Andean uplift and the incipient bridging of the
Americas. Thereafter, climate change and diversification of the Andean landscape enabled their descendants to
move upslope and into the Andes.

© 2019 Published by Elsevier B.V.

1. Introduction

The history of tropical plant biodiversity in northern South America

_ ) o ) is difficult to reconstruct due to the discontinuity and limited accessibil-
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tropics (e.g. Antonelli et al., 2009; Hoorn et al., 2010; Carvalho et al.,
2011; Martinez et al., 2013; Meseguer et al., 2015; Lagomarsino et al.,
2016). Until now, most attention focused on elucidating the effects of
three major events on species diversification: Andean uplift, Quaternary
climatic changes, and the bridging of the Isthmus of Panama (e.g.
Antonelli et al.,, 2009; Hughes and Eastwood, 2006; Luebert and
Weigend, 2014; Bacon et al., 2015; Luebert and Muller, 2015;
Lagomarsino et al., 2016). While these studies have greatly improved
our understanding of the interplay between geology and biodiversity,
they are necessarily incomplete: extinction or decline is difficult or im-
possible to estimate from phylogenetic trees (Rabosky, 2010). This is
compounded by the fact that some biodiversity patterns, including spe-
cies richness and distribution through time, cannot be inferred from
molecular phylogenies alone.

To improve our knowledge of plant evolutionary history, it is neces-
sary to combine molecular and geological data—including the fossil re-
cord. Fortunately, the palynological fossil record of northern South
America has been extensively studied. It provides an in-depth record
of plant composition across space and time, marking putative regional
speciation and extinction events of fossil pollen taxa, as inferred via
morphological changes in fossil assemblages (e.g. Van der Hammen
and Wijmstra, 1964; Germeraad et al., 1968; Van der Hammen et al.,
1973; Gonzalez-Guzman, 1967; Duefias, 1980; Lorente, 1986; Muller
et al,, 1987; Hoorn, 1993, 1994a,b; Rull, 2001; Jaramillo and Dilcher,
2001; Jaramillo et al., 2010, 2011). However, a major hurdle in linking
the paleobotanical record to molecular phylogenetics lies in the diffi-
culty of establishing the modern botanical affinity of fossils. This can
be addressed by careful comparison of fossil pollen to extant species
to assign nearest living relatives (NLRs). A few examples have already
illustrated the promise of assessing NLRs to better understand past flo-
ristic composition, particularly when combined with molecular phylo-
genetic data (Zetter et al., 2002; Thornhill et al., 2012; Martinez et al.,
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2013; Jaramillo et al., 2013). In this paper, we follow this approach,
targeting key representatives of the pre-Quaternary South American
lowland flora while considering the role of geological and climatological
factors.

Rhopities guianensis (Malvaceae: Grewioideae) and Malvacipolloides
maristellae (Malvaceae: Malvoideae) are two key components of the Ce-
nozoic palynological record, and form an appropriate study system to
address the effect of the changing South American landscape on plant
biodiversity. These species had broad geographic extents, including
Amazonia, the Llanos, the Caribbean, and the Guyanas (Fig. 1), and the
environmental conditions under which they thrived are well-
documented. Importantly, they also are well-known biostratigraphic
markers with Rhopities guianensis first occurring in the Paleogene,
around 55.5 Ma (Jaramillo et al., 2010), and Malvacipolloides maristellae
first appearing around 17.7 Ma (Muller et al., 1987; Jaramillo et al.,
2011). These taxa both declined in the course of the Neogene (Van der
Hammen and Wijmstra, 1964; Germeraad et al., 1968; Duefias, 1980;
Lorente, 1986; Muller et al., 1987; Hoorn, 1993, 1994a,b; Rull, 2001;
Jaramillo et al., 2011). What the cause of this course of events was is
yet unknown, and in this study we aim to find out. Ultimatedly, the his-
tory of these two taxa can help us to better understand the evolution of
the tropical rain forest as a whole.

The northern Neotropics experienced a major transformation from
primarily lowland tropical rainforest to a more heterogeneous land-
scape following the rise of the Eastern Cordillera (Hoorn et al., 2010;
Ochoa et al,, 2012). The uplift process promoted changes in the regional
climate (Poulsen et al., 2010; Sepulchre et al., 2010) and was contempo-
raneous with other important paleogeographic events, including the
closure of the Central American Seaway (Montes et al., 2015; Bacon
et al,, 2015; O'dea et al.,, 2016; Jaramillo et al., 2017a; Molnar, 2017)
and Miocene marine incursions into northern South America (Hoorn,
1993; Boonstra et al., 2015; Salamanca et al., 2016; Jaramillo et al.,
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Fig. 1. Map of northern South America with the localities where Rhoipites guianensis and Malvacipolloides maristellae occur. Red dots indicate the exclusive occurrence of Rhoipites
guianensis, white dots the exclusive occurrence of Malvacipolloides maristellae, and yellow dots the co-occurrence of R. guianensis and M. maristellae. UMV = Upper Magdalena Valley;
MMV = Middle Magdalena Valley; LMV = Lower Magdalena Valley. Key locations of paleopalynological material from Amazonia: a = Marifiame, b = Tres Islas, ¢ = Santa Isabel, d
= CPRM well 1AS-4a-AM. Numbers 16, 18, 31, 66, 76, 88 and 136 represent Ecopetrol S.A. wells that are reported in the text.
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2017b). Additionally, global climate cooling and aridification during the
Neogene (Herbert et al.,2016) also may have affected the diversification
of the Andean landscape, and the rainforest composition and its
dynamics.

In this study our aim was to understand the impact of these geolog-
ical processes on past biota of the region by using two key fossil
Malvaceae. We first examined fossil and selected extant pollen types
by using light microscopy (LM), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM), to determine the botani-
cal affinity of R. guianensis and M. maristellae. We also applied statistical
models to characterize the paleoecology, historical biogeography, and
phylogeny of these taxa. Combining our inferences from morphological
and statistical analyses, we compared the appearances and disappear-
ances of our focal taxa in the fossil record with the timing of geological
and climatic processes. This integrative approach allowed us to assess
the evolution of these important stratigraphic markers into an explicit
spatial and temporal context, revealing two very different responses
to landscape change following mountain uplift.

2. Materials and methods
2.1. Palynological material and sites

The fossil pollen was retrieved from samples of early Miocene fluvial
deposits that outcrop along the Caqueta River in Colombian Amazonia
(Hoorn, 1994a; Salamanca et al., 2016), and from a core drilled in
Brazilian Amazonia by the Companhia de Pesquisa de Recursos Minerais
(CPRM) (Hoorn, 1993) (Fig. 1; Appendix 1 Tables 1.1 and 1.2). This sam-
ple material was processed in the nineties (Hoorn, 1993, 1994a-b,
Hoorn, 2006). In addition, modern reference material was processed
at the University of Amsterdam and at Naturalis Biodiversity Center
(The Netherlands). All palynological slides, both of extant and fossil
taxa, form part of the reference collection at the University of
Amsterdam and the Naturalis Biodiversity Center (Appendix 1
Table 1.3). The authorities of plant taxa are presented in alphabetical
order in Appendix 1 (Table 1.4).

2.2. Pollen morphological analysis

Our study focused on making the best possible match between the
fossil Malvaceae and their NLRs. Most palynological studies of the fossil
record use LM, with SEM and TEM only rarely applied, largely because
these are labour and cost intensive methods. Nevertheless, the three
techniques combined can form an ideal bridge to accurately determine
the botanical affinity of fossil taxa. To achieve this, we extended on the
original descriptions of the fossils following the terminology by Punt
et al. (2007) and we carried out new LM, SEM, and TEM analysis
(Plates I-1V). We applied similar techniques on selected NLRs. By scruti-
nizing each tribe of Malvaceae using the available pollen morphological
literature and reference collections, we selected extant taxa in which
the character combination present in the fossil taxa also occurs (see
the “nearest living relative” subsections in Section 3). For a complete
photographic overview of the revised taxa we refer to Appendix 2
Plate I (Grewioideae) and Plate II (Malvoideae).

Microphotography from LM was carried out using Nikon D7000 and/
or Fujifilm X-E2 and a Zeiss Universal microscope with 63 x Plan Neofluar
NA1,25 oil applying Nomarski Differential Interference Contrast (DIC)
following (Bercovici et al., 2009). While making the photos, the varying
z-axis was recorded and images were later combined through manual
z-stacking in Helicon Focus and Photoshop CC. This stacking technique
combines different layers to provide a more detailed image. The plates
(Plates I-IV and Appendix 2) were made with InDesign CC.

Scanning electron microscopy was performed at the Jodrell Labora-
tory (Royal Botanical Gardens, Kew) using a Hitachi S-4700 field-
emission SEM (Plate II, IV). Preparation for TEM included rehydration
and fixing in 0.1% glutaraldehyde (3 weeks) followed by fixation with

1% 0s04 (1 h), pre-staining with 1% uranyl acetate during dehydration,
embedding in 3/7 Epon 218 (Luft), post-staining with 3% uranyl acetate
(10 min) and Reynolds' lead citrate (10 min). Pollen was observed with
a JEOL JEM 1010 (Plate II, IV). Plant vouchers and palynological slides
that were used for the morphological analysis are found in Appendix 1
(Table 1.3).

2.3. Past and present distribution

We evaluated the historical records in northern South America and
visualized the changes in abundance and distribution through time of
the selected Malvaceae in a series of maps (Figs. 2-3). The results
were used to determine the relationship between past distribution
and paleogeography. The temporal and spatial variation of Rhoipites
guianensis and Malvacipolloides maristellae were estimated based on a
compilation of published and unpublished records from northern
South America (Fig. 1; Appendix 1 Tables 1.1 and 1.2). The compilation
was made based on presence-absence data and on counts of the num-
ber of palynomorphs per sample. Additional presence-absence data
were obtained from publications and previously unpublished records
that lacked quantitative information or information that was not suit-
able for statistical analysis.

The quantitative data were produced by the Biostratigraphy Team of
the Instituto Colombiano del Petroleo-Ecopetrol S.A (Colombia), and are
based on studies of 96 and 48 sites for Rhoipites guianensis and
Malvacipolloides maristellae respectively. Samples with counts fewer
than 50 grains were eliminated from the analysis to avoid underrepre-
sentation of the abundance distribution of the population (Hayek and
Buzas, 2010). We standardized the data using a Wisconsin double stan-
dardization (Bray and Curtis, 1957) to compensate for differences in the
counts between the samples, following the procedure of Jaramillo et al.
(2013). The double standardized abundance matrix was used to con-
struct abundance maps for the Cenozoic in 5 million year (Myr) time in-
tervals (bins), encompassing the complete age range of each species. To
produce the abundance maps (Figs. 2-3), each sample was assigned to a
given bin and all the samples from the same locality for a given bin were
summed to produce a single sample per bin per locality (Appendix 1
Table 1.2). Then, we used the logarithm of the standardized data as an
estimation of the abundance of the species, which is represented by
coloured circles in the maps. For the qualitative data (i.e., presence-
absence), we assigned the presence of the species to each bin according
to the age of the sample in which the species was recorded (Figs. 2-3).

The statistical analysis of pollen distribution was performed in R (R
Development Core Team, 2016) using modifications of the code de-
scribed in Jaramillo et al. (2013) and the maps were produced in QGIS
(QGIS Development Team, 2016). Because Rhoipites guianensis is first
abundant and widely reported from the middle Eocene, maps of
R. guianensis were produced between 5 and 45 Ma. The oldest record
of R. guianensis in northern South America is ~55.5 Ma (Jaramillo
et al,, 2011), though this corresponds to a single specimen from one lo-
cality, making it impossible to construct a map for this interval. Maps of
M. maristellae were produced for a time period between 5 and 20 Ma;
the oldest record is ~18 Ma (Jaramillo et al., 2011).

The distribution of the NLRs of Rhoipites guianensis (Vasivaea and
Trichospermum) and Malvacipolloides maristellae (Abutilinae) was in-
ferred from data downloaded from the Global Biodiversity Information
Facility (GBIF) using R. There are relatively few (i.e., 96) known collec-
tions of Vasivaea (R. guianensis, type 1), suggesting that this taxon is ei-
ther very rare or not well collected. Both Trichospermum (690 locality
points) and Abutilinae (3889 locality points: Abutilon, 1630; Bakeridesia,
95; Callianthe, 915; Herissantia, 1249) had more information available.

2.4. Multivariate analysis of the palynological record

We carried out a multivariate analysis of four selected palynological
records from Amazonia to document the relationship between the fossil
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Malvaceae and their contemporaries in the tropical lowland forest. To
achieve this, we analyzed the palynological counts from the sedimen-
tary record of four different sites situated in Amazonia. Three sites
(Marifiame, Santa Isabel and Tres Islas) are situated along the Caqueta
River in Colombian Amazonia, and one site (CPRM core) is situated
along the Amazon River and near the meeting point of the Colombian,
Brazilian and Peruvian border (Fig. 1). The data were analyzed in R
using the libraries vegan (Oksanen et al., 2015), stats (R Core Team,
2016), and corrplot (Wei, 2013). We applied Wisconsin standardization
(Bray and Curtis, 1957) to the counted palynomorphs of each of the site-
specific datasets after filtering out singletons and doubletons. This stan-
dardization method was chosen because it performs well when the
count data involves different scales (Bray and Curtis, 1957), such as in
our datasets where different palynomorphs (pollen, spores, dinoflagel-
late cysts and foraminifer linings) occur together. The analysis is based
on 137 palynomorphs from Marifiame, 85 of Santa Isabel, 75 of Tres
Islas, and 139 of the CPRM core. The standardized data sets were used
as input to obtain distance matrixes (Appendix 3 Table 1-4) applying
the Horn-Morisita similarity index (Horn, 1966; Chao et al., 2006) and
in non-metric multidimensional scaling (nMDS) plots (Fig. 4).

The Horn-Morisita index ranges from zero to one and satisfactorily
handles heterogeneity in sample size and diversity (Wolda, 1981;
Magurran, 2004). An index near to zero means high similarity in the dis-
tribution pattern of two taxa, whereas an index of one means no
similarity.

2.5. Phylogenetic framework

Phylogenies were inferred for the extant relatives of each of our focal
taxa to understand the origins of the fossil Malvaceae and their NLRs. To
infer these phylogenies, DNA sequences from previous phylogenetic
analyses of the subfamilies Grewioideae and Malvoideae, with an em-
phasis on Abutilineae, were downloaded from GenBank, prioritizing se-
quences with voucher information (Appendix 4, Table 4.1). These data
represent four markers for Grewioideae (matK, ndhF, psbA-trnH, and
rbcL), and six markers for Malvoideae (ITS, nadH, matK, psbA-trnH,
rbcL, and rpl16). New sequence data from the psbA-trnH and rbcL loci
was generated for Vasivaea, which was not previously represented in
GenBank. DNA was extracted from leaf material from a herbarium spec-
imen of V. alchorneoides Baill. (P. Mutchrick 717; MO, barcode MO-
1890228) using a modified Qiagen DNeasy Plant Mini kit (Qiagen, Va-
lencia, California, USA). Polymerase chain reaction (PCR) amplification
and subsequent Sanger sequencing of two loci used previously in phylo-
genetics of Grewioideae (i.e., psbA-trnH and rbcL) followed standard
protocols and utilized standard, angiosperm-wide primers (Li et al.,
2011). For each subfamily, individual markers were aligned using
MUSCLE (Edgar, 2004) and concatenated in Geneious v. 6.1.8 (http://
www.geneious.com). PartitionFinder (Lanfear et al., 2012) was used
to determine the best-fitting model of molecular evolution and
partitioning scheme for phylogenetic inference.

Phylogenies for both subfamilies were inferred separately using the
best partitioning scheme with Bayesian inference as implemented in
BEAST 2.1.3 (Bouckaert et al., 2014). These analyses were each per-
formed with 10 separate runs, each conducted for 100 million genera-
tions of Markov chain Monte Carlo (MCMC). Convergence was
assessed using effective sample size (ESS) values of the runs with a cutoff
value of 200, and the maximum clade credibility tree, including credibil-
ity intervals (CI) for ages and posterior probabilities (PP) for node sup-
port, was assembled. The non-Eumalvoideae members of Malvoideae
(i.e., the clade including Uladendron, Radyera, Lagunaria, and Howittia)
were used to root the tree based on their placement in previous studies

(Baum et al., 2004; Koopman and Baum, 2008). Members of the
Byttnerioideae (i.e., Byttneria aculeata, Abroma augustum, Commersonia
bartramia, Guazuma ulmifolia) were used to root the phylogeny of
Grewioideae, in accord with relationships from previous studies
(e.g., Bayer et al., 1999; Brunken and Muellner, 2012).

For both subfamilies, divergence dates were estimated simulta-
neously with the tree topology in BEAST using a variety of secondary
calibration points from Richardson et al. (2015). All secondary calibra-
tion points were assigned normally distributed priors (Ho and Phillips,
2009), with mean and standard deviations chosen to best represent
the 95% highest posterior density values for the corresponding nodes
in Richardson et al. (2015). For Malvoideae, a normal prior with a
mean of 61.2 Ma and a standard deviation of 1 Ma was applied to the
root node in BEAST. For Grewioideae, three secondary calibration points
were applied: one at the base of Grewioideae, a second at the base of
Byttnerioideae, and a final at the split between these two subfamilies.
In BEAST, these corresponded to three normal priors, with means and
standard deviations of 42.2 4 10.5, 53.4 £ 10, and 59.72 4 10 Ma, re-
spectively. For Grewioideae, an additional calibration point correspond-
ing to the origination date of R. guianensis (Jaramillo et al., 2010), was
placed at 55.3 Ma, on the clade containing its nearest living relatives
(see Section 3), Trichospermum, Tetralix, Mollia, Hydrogaster, and
Vasivaea. This calibration point was assigned a lognormal prior with a
mean of 1.0 and standard deviation of 1.25, offset by 55.3 Ma.

2.6. Biogeographic inference

The biogeographic history of each of the focal Malvoideae subfam-
ilies was inferred to better understand the timing and place of the origin
of our focal taxa. Each species in both phylogenies was coded for pres-
ence/absence in the following six broad biogeographic regions:
(1) North and Central America (including the Choco region of
Colombia); (2) South America; (3) Europe; (4) Asia; (5) Africa; and
(6) Australasia. Occurrence information was accessed from the Global
Biodiversity Information Facility (GBIF; http://www.gbif.org/) and the
Tropicos database maintained by the Missouri Botanical Garden
(http://www.tropicos.org/). The likelihood of ancestral ranges along
the BEAST maximum clade credibility (MCC) tree was inferred in the
R package BioGeoBears (Matzke, 2013) using a standard dispersal-
extinction-cladogenesis (DEC) model (Ree and Smith, 2008). Biogeo-
graphic inference was performed in a time-stratified manner by apply-
ing a dispersal probability matrix derived from Mao et al. (2012) that
models the connectivity of the biogeographic regions through time. Fol-
lowing recent recommendations on best practices in biogeographic in-
ference (Ree and Sanmartin, 2018), we did not apply models of
biogeographic models that allow for founder event speciation.

3. Results
3.1. Systematic palynology of Rhoipites guianensis

Introduction: This taxon was first described by Van der Hammen and
Wijmstra (1964) as Retitricolporites guianensis, a species with an affinity
to Malvaceae from a drilled section offshore Guyana. Rhoipites
guianensis is a biostratigraphic marker with a wide age range
(Jaramillo et al., 2010, 2011; 55.3-1.79 Ma). However, it predominated
during the middle Eocene to early Miocene and declined afterwards
(Jaramillo et al., 2011) (Fig. 2). It is reported from the Colombian Llanos
Basin (Duefias, 1980; Jaramillo et al., 2011), the Middle Magdalena Val-
ley (MMV) Basin (Rodriguez-Forero et al., 2012), the Venezuelan
coastal basins (Lorente, 1986; Rull, 2001), Brazilian Amazonia (Hoorn,

Fig. 2. Geographical abundance distribution of Rhoipites guianensis from 45 to 5 Ma in time windows of 5 Myr. The red arrow indicates migration into a northern direction based on fossil
findings in Central America dated 18.5 Ma (Jaramillo et al., 2014). The color and size of the circles represents the variation in the logarithm of the double standardized R. guianensis abun-
dance. White circles correspond to localities where the presence of the species was reported but no quantitative information was available.


http://www.geneious.com
http://www.geneious.com
http://www.gbif.org/
http://www.tropicos.org/

C. Hoorn et al. / Review of Palaeobotany and Palynology 264 (2019) 90-109 95

80°W

70°W 60°W 50°W

0°

10°S

Malvacipolloides maristellae

Abundance
e -790--640
o -6.40--4.80
o -480--3.20
© -3.20--160
@® -1.60-0.026
O  Presence
B Cities

Fig. 3. Geographical abundance distribution Malvacipolloides maristellae from 20 to 5 Ma in time windows of 5 Myr. The red arrow indicates migration into a southern direction based on
fossil findings dated 17.7 Ma (Jaramillo et al,, 2011). The color and size of the circles represents the variation in the logarithm of the double standardized M. maristellae abundance. White
circles correspond to localities where the presence of the species was reported but not quantitative information was available.

1993; Da Silva-Caminha et al.,, 2010), and in Panama (Jaramillo et al.,
2014). Here we revisit this species and use Miocene Amazonian speci-
mens for an improved description, including higher resolution imaging.

Genus: RhoipitesWodehouse, 1933.

Species: Rhoipites guianensis (van der Hammen et Wijmstra, 1964)
Jaramillo et Dilcher, 2001

Description: LM (Plate I, 11-16). Pollen grains isopolar monads;
medium-sized, polar axis (P) = 31.8-39.4 um, equatorial diameter (E)
= 21.8-32.1 um; prolate spheroidal to prolate, P/E = 1.08-1.58 (n =
6). Aperture system colporate; number of apertures three (5x) or four
(1x). Colpi long, 27-31 um, with distinct margos; pori lalongate,
2.3-3.6 um “high”, with distinct costae along the polar sides (= parallel
to equatorial plane). Exine up to c. 2.5 pm thick (in mesocolpium cen-
ters), distinctly stratified; nexine %4-2 of exine; infratectum distinct,
undulate, c. % of exine; tectum %-% of exine. Ornamentation reticulate
in upper focus, with distinct LO/OL-patterns in slightly lower focus (esp.
in lumina); muri c. 0.5 pm wide; lumina up to c¢. 3 um diameter, +
angular.

Remark: The relatively large range of E (and P/E) is due to folding of
the colpi. Additionally, the width of the colpi and the shape of the pori
depend of the folding state of the colpi.

Description: SEM (Plate 11, 1, 2, 4, 5, IIl) (n = 16). Ornamentation re-
ticulate; muri 0.4-0.6 um wide; lumina up to c. 5 um diameter, distinctly
smaller (up to 0.7 um) and less angular along colpi (margos); small 4+
circular lumina occur sparsely throughout mesocolpia; larger lumina
(>c. 0.5 pm) irregularly cup- to funnel-shaped, with perforations from
the bottom until just below outer edge of muri; perforations from min-
ute up to c. 0.6 pm.

Remarks: (I) Two of the 11 visible pollen grains in the cluster in Plate
[T are relatively small: 17-18 pm diameter, though their ornamentation
is similar to that of the larger grains; they might represent aborted pol-
len grains. (II) The exine in the lumina is considered here as tectum. (III)
Reticulate pollen with a perforate tectum in the lumina is sometimes
described as bireticulate. (IV) Some variation is present in the distribu-
tion and size of the perforations in the lumina. We distinguish two
types: type 1 (Plate II, 1, 2) and type 2 (Plate 11, 4, 5, and Plate III). In
type 1 pollen grains, perforation size decreases towards the edge of
the muri, while in type 2 grains relatively large perforations are adjacent
to the muri.

Description: TEM (Plate II, 3, 10). Exine 1.7-2.0 pm thick (in
mesocolpium centers), distinctly stratified; nexine 0.4-0.5 pm thick;
endexine (innermost sublayer of nexine) < 0.1 um in mesocolpium cen-
ters, slightly thickening (up to 0.2-0.3 pm) and + granular towards
colpi; infratectum 0.3-0.9 pm thick, columellate; tectum 4 undulate,
0.3-0.7 um thick, finely perforate in depressions; muri + triangular in
cross-section.

Comparison: The pollen grains described above more or less match
the descriptions and images of Rhoipites guianensis given by Van der
Hammen and Wijmstra (1964), Germeraad et al. (1968), Lorente
(1986), Jaramillo and Dilcher (2001) and Jaramillo et al. (2011). How-
ever, there is no mention in these descriptions of the LO/OL-patterns
within the lumina (due to perforate tectum and underlying columellae),
unless this feature is indicated by “columellae distributed regularly”.
There is a discrepancy between Van der Hammen and Wijmstra
(1964) on the one side, and Germeraad et al. (1968) and Jaramillo and
Dilcher (2001) on the other. According to van der Hammen and
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Plate I. LM micrographs of fossil and recent Malvaceae pollen. (1-6) Fossil Malvacipolloides maristellae (Hoorn, 1994a). (1, 2) Polar view; note three equatorial apertures in 2 (Mar 40-2; EF:
P48-3). (3, 4) Oblique view; note costate pore in 4 (Mar 34-2.1, EF: T-U 46). (5, 6) Near polar view; note two costate pores in 6 (Mar 40-2; EF: H-J60). (7-10) Recent Callianthe. (7,
8) C. monteiroi (8125 IBED, EF: P46-47). Oblique view; apertures out of focus. (9, 10) C. striata (8126 IBED, F-G 46-47). Near polar view; note two costate pores in 10. (11-16) Fossil
Rhoipites guianensis (Hoorn, 1994a). (11, 12) Polar view of 4-aperturate pollen grain (Mar14-91, EF J51-3). (13, 14) Equatorial view; note colporate aperture (Mar14-91; EF: M49-4).
(15, 16) Equatorial view; note three colporate apertures (Mar14-91; EF: K46-4). (17-20) Recent Vasivaea alchorneoides (8122 & 5094 IBED). (17, 18) Near polar view; note three colpi
(8122 IBED, EF: J44-3). (19, 20) Equatorial view; note colporate aperture (5094 IBED, EF, M34). Each pair (1 and 2, 3 and 4, etc.) of micrographs presents an upper focus view (1, 3,
etc.) and a lower focus view (2, 4, etc.). Scale bars = 10 pm (1-20).

Wijmstra, the muri are simplibaculate, whereas Germeraad et al. simplibaculate and multi/pluricolumellate seem to occur, but a row of
and Jaramillo and Dilcher describe them as multi/pluricolumellate. columellae may be confused with the wall (sloping edge) of a lumen.
The arrangement of the columellae, however, is hard to observe These walls (edges) are interpreted as tectum (see Remark Il under
(only possible in LM in surface views). In our material, both SEM).
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Plate II. SEM and TEM micrographs of fossil and recent Grewioideae pollen. (1-5, 10) Fossil Rhoipites guianensis (Hoorn, 1994a). (1) SEM type 1: equatorial view (Mar 40; CH20_q04).
(2) SEM type 1: detail of ornamentation (Mar 40; CH20_q05). (3) TEM: near polar view, showing three apertures (Mar14-91; 014057.194652 ]5). (4) SEM type 2: equatorial view (3
Islas 35; 4CH_q05). (5) SEM type 2: detail of ornamentation (3 Islas 35; 4CH_q06). (10) TEM: detail, showing nexine (n), infratectum (i) and tectum (t). (6-9) Recent Vasivaea
alchorneoides (Naturalis 1889; Kuhlmann 2968, Brazil). (6) SEM: polar view. (7) SEM: equatorial view. (8) SEM: detail of ornamentation. (9) TEM: detail, showing nexine (n), infratectum

(i) and tectum (t). (10) See above. Scale bars = 10 um (1, 4,6, 7), 5 um (2, 3, 5, 8-10).

Rhoipites guianensis has some resemblance to R. cienaguensis
(Duefias, 1980) Barreda, 1997 (age 41.15-17.33 Ma), but the latter is ob-
late, has a finer reticulum and a thinner exine; R. planipolaris (Jaramillo
and Rueda, 2008) (age 31.5-13.04 Ma) has a flat polar area, whereas

R. gigantiporus Da Silva-Caminha et al., 2010 (age 14.94-4.77 Ma) has
distinctly larger pores. Another closely resembling species is Rhoipites?
perprolatus, with angular reticula towards the poles and decreasing to
the aperture. However, this taxon is perprolate, slightly hetrobrochate,
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Plate III. Pollen cluster of Rhoipites guianensis type 2 (sample Mar14-91), SEM; botanical
affinity Trichospermum.

and sometimes tricolpate and other times tricolporate. (vs. prolate,
strongly heterobrochate and always tricolporate in R. guianensis)
(Rodriguez-Forero et al., 2012).

Nearest living relative: Wodehouse (1933) proposed Rhus typhina
(Anacardiaceae) as NLR for Rhoipites, but this was rejected (Pocknall
and Crosbie, 1982) and the affinity for the genus remained uncertain.
The character combination used here to determine the NLR of Rhoipites
guianensis is bireticulate ornamentation plus long colpi with distinct
margos. Bireticulate ornamentation is very similar to the ornamentation
in the pollen of some Malvaceae s.I. genera. Germeraad et al. (1968) no-
ticed resemblance with Firmiana colorata, Glossostemon bruguieri,
Hildegardia barteri, Pterocymbium beccarii, Sterculia mexicana, and
Trichospermum,. Though a specific affinity was not provided,
Byttnerioideae and Tilioideae were the only clades (now considered as
part of the Malvaceae s.I.) in which this pollen type was found so
far (Germeraad et al., 1968; see also D'Apolito, 2016). In the meantime,
several detailed Malvaceae pollen studies have been conducted, includ-
ing Bombacoideae, Malvoideae, Byttnerioideae, and Tilioideae of
Madagascar and the Mascarene Islands (Presting et al., 1983),
Brownlowioideae, Grewioideae, and Tilioideae globally (Perveen et al.,
2004), Byttnerioideae and Helicterioideae from Bahia, Brazil (Saba
et al., 2004), and Grewioideae from southern South America
(Mambrin et al., 2010).

Perveen et al. (2004) described the Corchorus pollen type on the
basis of pollen grain shape: prolate-subprolate, rarely prolate-
spheroidal (i.e. P/E 1.14-2.00, rarely 1.00-1.14), as opposed to the
oblate-suboblate, rarely oblate-spheroidal (i.e. P/E 0.50-0.88, rarely
0.88-1.00) pollen types of Berrya and Mortoniodendron. Associated
with the prolate shape is the presence of long colpi. The Corchorus
type comprises nearly all 25 genera of Grewioideae (though not Apeiba,
and the pollen of Hydrogaster remains uncharacterized) (Appendix 2
Plate I). Most Grewioideae also show bireticulate ornamentation, with
the exceptions of Duboscia, Erinocarpus, Luehea, and Pseudocorchorus
(though own data demonstrated bireticulate pollen in Luehea candida).
In Clappertonia, the lumina become much smaller towards the poles.
The presence of distinct margos along the colpi narrows down the likely
NLRs of R. guianensis to Corchorus, Eleutherostylis, Heliocarpus,
Trichospermum, Triumfetta, and Vasivaea (Appendix 2 Plate I). Similar
pollen, though with less distinct margos, is found in Goethalsia,
Sparrmannia, and Tetralix. Within the Malvaceae s.L the occurrence of
prolate-subprolate bireticulate pollen with long colpi and distinct
margos is restricted to Grewioideae. The pollen of sister group
Byttnerioideae is clearly different (Saba et al., 2004). Except for
Trichospermum (Grewioideae), this morphological pattern is unknown

in the genera mentioned by Germeraad et al. (1968): Firmiana,
Glossostemon, Hildegardia, Pterocymbium, and Sterculia.

Only few TEM images of Grewioideae pollen are available for com-
parison with R. guinanensis: Ancistrocarpus (Perveen et al., 2004), Luehea
(Lattar et al., 2012), Lueheopsis (own data), and Vasivaea (own data).
Clear, unambiguous differences between R. guianensis and the
pollen of the recent species could not be determined (compare with
Plate II, 6-9).

The variation in the distribution and size of the perforations in the
lumina of Rhoipites guianensis (SEM), as indicated above, might be due
to intraspecific diversity or heterogeneity of the material, with more
than one taxon being represented. This hampers matching
R. guianensis with a single recent species, or even genus. Furthermore,
the nine genera mentioned above do not form a monophyletic group
(Alverson et al., 1999; Brunken and Muellner, 2012; Richardson et al.,
2015), including lineages that are younger than the Miocene. This
means that R. guianensis might represent one or more ancestral species
of one or more recent genera, which makes comparison to extant taxa a
particular challenge. That said, the greatest resemblance of
R. guinanensis (type 1: perforation size decreasing towards edge muri
Plate II, 1, 2) is with Vasivaea alchorneoides (Plate II, 6-9), while
R. guinanensis (type 2: large perforations adjacent to muri; Plates II, 4,
5, III) is most similar to the pollen of Eleutherostylis renistipulata and
Trichospermum (Perveen et al., 2004). Eleutherostylis is a monotypic
genus from New Guinea, while Trichospermum (incl. Belotia) is a genus
of ca. 36 species from tropical America, Malesia and the western Pacific.
We confidently place R. guinanensis in a specific subclade of
Grewioideae including Vasivaea and Trichospermum (Appendix 2, Plate
1), from which it does not morphologically deviate.

Paleoenvironment: An evaluation of fossil data from outcrops and oil
wells in northern South America indicates that during the middle to late
Eocene Rhoipites guianensis was abundant in fluvial environments in the
MMV (Fig. 1) (Rodriguez-Forero et al., 2012), where it was also found
associated with lacustrine environments (Pilsbry and Olsson, 1935;
Nuttall, 1990). Well records (wells 88 and 136) also document the oc-
currence of R. guianensis in the Oligocene meandering fluvial Mugrosa
Formation. In the Llanos Basin, R. guianensis is present in both fluvial
to transitional environments from middle Eocene up to the middle Mio-
cene, and in Amazonia Rhoipites guianensis occurs in early Miocene sed-
iments, both in Andes- and Amazonia-derived fluvial floodplain
deposits and in environments of raised salinity (Salamanca et al., 2016).

3.2. Systematic palynology of Malvacipolloides maristellae

Introduction: Muller et al. (1987) originally described this species as
Echitricolporites maristellae and first reported it from the Venezuelan
coastal basins (see also Lorente, 1986). Malvacipolloides maristellae is a
biostratigraphic marker indicative of the lower Miocene (Muller et al.,
1985). It has had a complicated taxonomic past with a documented
need for an in-depth study to determine the nearest living relative,
which we address in this study. This taxon is commonly associated
with floodplain or lacustrine deposits of the early Miocene age
(17.7-16.1 Ma, T13 Zone of Jaramillo et al., 2011) (Hoorn, 1994a;
Salamanca et al., 2016; Instituto Colombiano del Petroleo, internal re-
port) and declines in the late Miocene. Malvacipolloides maristellae is re-
ported in the Colombian Llanos Basin (Jaramillo et al., 2011), the MMV
(Instituto Colombiano del Petroleo, internal report), and in Brazilian
and Colombian Amazonia (Hoorn, 1993, 1994a; Da Silva-Caminha
et al, 2010; Leite et al., 2017). Here we revisit this species and use Mio-
cene Amazonian specimens for an improved description, including
higher resolution imaging.

Genus: Malvacipolloides Anzétegui et Garralla 1985.

Species: Malvacipolloides maristellae (Muller, Di Giacomo et van
Erve Muller et al., 1987) n. comb. da Silva-Caminha, Jaramillo et Absy
2010.
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Plate IV. SEM and TEM micrographs of fossil and recent Malvoideae pollen. (1-3, 7) Fossil Malvacipolloides maristellae (Hoorn, 1994a). (1) SEM: near polar view of collapsed pollen grain;
probably, the apertures are situated where two spines lean to each other (arrows) (Mar40; 13CH_q04). (2) SEM: detail of ornamentation (Mar40; 13CH_q04). (3) TEM: oblique section,
showing one costate pore (Mar39; 14996 13661h1). (7) TEM: detail, showing nexine (n), infratectum (i) with columellae (c) and tectum (t) with spine (s). (4, 5) SEM recent Callianthe
rufinerva (Naturalis 1890; Lindeman & de Haas 2359, Brazil). (4) Near polar view, showing two apertures (arrows). (5) Equatorial view, showing a colporate aperture. (6) TEM recent

Callianthe striata (8126 IBED, F-G 46-47). Detail, showing nexine (n), infratectum (i) with columellae (c) and tectum (t) with spine (s). (7) See above. Scale bars = 10 um (1, 4), 5 um
(2,3,5), 1pm (6, 7).

Description: LM (Plate I, 1-6). Pollen grains isopolar monads;
medium-sized, largest diameter 34.9-43.3 pm, smallest diameter
32.0-38.8 um; largest/smallest diameter 1.09-1.15 (n = 3). Aperture
system 3-colporate; colpi short, narrow; pores costate. Exine c. 1.5 pm

thick between spines, distinctly stratified; nexine c. 0.7 um thick
throughout pollen grain (except near apertures: costae); infratectum
distinct, columellate, undulate, c. 0.6 pm thick between spines, up to
c. 1.8 um thick under spines; tectum c. 0.2 um thick between spines.

99
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Ornamentation echinate, with distinct LO/OL-patterns due to perfo-
rate tectum and columellate infratectum; spines smooth, solid, 3-4
um long.

Remark: The small colpi are difficult to see. Usually, a colpus is bor-
dered and hidden by two spines that more or less lean towards each
other over the colpus. Such a spine pair indicates a colpus. Another
way to find the colpi is looking for the costate pores.

Description: SEM (Plate IV, 1, 2). Ornamentation echinate; spines
smooth, 3-4 um long, on perforate base; perforations between spines
from minute up to 0.4 pm diameter; scabrae up to 0.5 um occur sparsely,
especially around spines.

Description: TEM (Plate 1V, 3, 7). Exine c. 1.5 pm thick between
spines, distinctly stratified; nexine c. 0.9 pm thick throughout pollen
grain, up to c. 2.5 um near apertures (costae); infratectum distinct,
columellate, undulate, c. 0.4 um thick between spines, up to c. 1.5 pm
thick under spines; columellae under and near spines larger than
below tectum between spines; tectum c. 0.2 um thick between spines;
spines solid.

Comparison: The pollen grains described above match the descrip-
tions and images of Echitricolporites/Malvacipolloides maristellae given
by Lorente (1986), Muller et al. (1987), Rull (2001) and Da Silva-
Caminha et al. (2010). On the SEM photos in Lorente (1986), even the
scabrae on and between the spine bases are visible. Malvacipolloides
maristellae somewhat resembles pollen of M. comodorensis, found in
Oligocene-Miocene sediments (Barreda, 1993), and M. tucumanensis,
found in middle Miocene sediments (Mautino et al., 2004). The latter
two taxa were both described from Argentina, where they commonly
occur together with Asteraceae and Polygonaceae.

Nearest living relative: According to Lorente (1986), Echitricolporites
maristellae has some resemblance with pollen from Malvoideae, and a
similar pollen type would also be produced by some genera of
Bombacoideae (e.g., Camptostemon). Muller et al. (1987) did not men-
tion a botanical affinity. Da Silva-Caminha et al. (2010) transferred
E. maristellae to the genus Malvacipolloides, which was erected by
Anzétegui and Garralla (1986) to replace the invalidly published name
Echitricolporites, and to accommodate fossil pollen with an affinity to
the Malvaceae sensu stricto (subfamily Malvoideae in the present cir-
cumscription of Malvaceae s.L.) (see also Barreda, 1993). Jaramillo and
Rueda (2008) suggested that Malvacipolloides maristellae has affinity
to Asteraceae, and D'Apolito (2016) mentioned Bombacoideae.

Using light and scanning electron microscopy, Malvacipolloides
maristellae indeed looks like Asteraceae pollen, although the colporate
apertures are usually larger, and therefore more distinct in the pollen
of this family. Using transmission electron microscopy, however, it is
obvious that M. maristellae (Plate IV, 3, 7) does not represent Asteraceae
(see also Skvarla and Turner, 1966). In Malvacipolloides maristellae there
is/are no internal tectum(s), nor more than one columellate layer. Nei-
ther are there caveae, nor internal foramina, and the columellae are
not branched. Furthermore, the spines in this taxon are solid instead
of being provided with cavities. TEM demonstrates the exine stratifica-
tion similar to that found in a number of Malvaceae s.l. genera: a tripar-
tite exine consisting of a nexine, a single columellate layer, and a tectum
with conical solid spines, each on a basal cushion and supported by rel-
atively large columellae, while smaller columellae are present in be-
tween the spines (compare Plate IV, 6 and 7).

Spines on pollen grains are widespread in Malvaceae s./, and are found
in at least four of the nine subfamilies: Bombacoideae (Adansonia, Pachira,
Scleronema), Byttnerioideae  (Ayenia, Melochia, Waltheria),
Dombeyoideae (at least 14 of the ca. 20 genera), Helicteroideae
(Helicteres), and Malvoideae (see below) (references via Thanikaimoni
and van der Ham, 1999; especially: Erdtman, 1952; Coetzee and van
der Schijff, 1979; Presting et al., 1983; Christensen, 1986). Unlike those
of Malvacipolloides maristellae, the spines in the Bombacoideae,
Byttnerioideae, and Helicteroideae are small and lack a basal cushion.
Moreover, there is further evidence that M. maristellae does not have an
affinity to these subfamilies. Within Byttnerioideae, pollen with spines

occurs only in a few species of Ayenia, the pollen of which always also de-
viates by distinctly aspidate apertures, while in Melochia and Waltheria,
the spines are found only in brevistylous flowers. In Helicteres
(Helicteroideae), pollen differs from M. maristellae by its oblate shape
(P/E = 0.51-0.77).

The spines of the pollen of Dombeyoideae and Malvoideae are simi-
lar to those of M. maristellae (Appendix 2 Plate. II). Dombeyoideae pol-
len is mostly much larger (35-120 um) than M. maristellae pollen
(c. 35-43 um) and has por(or)ate apertures, although the difference
between the latter and the diminutive colporate apertures of
M. maristellae are small and inconspicuous. Dombeyoideae have an ex-
clusively Old World distribution.

The cosmopolitan Malvoideae is the largest subfamily of Malvaceae
s.L, including 78 (Stevens, 2012) to 111-115 genera (Klitgdrd et al.,
2011). Malvoideae pollen is nearly always echinate, although the spines
are sometimes minute, and the pollen of the small Brazilian genus
Goethea seems to lack spines (Erdtman, 1952). The number of apertures
(pori or short colpi) varies from three to much more than 100. Pollen
with three apertures is found only in the tribe Malveae, in at least 16
of the 60 Neotropical genera (Klitgard et al., 2011). Detailed SEM images
are available for only a few of these genera. Pollen of Abutilon and their
close relatives, including for example the genera Callianthe (Donnell
et al, 2012; see Plate IV, 4, 5 in present paper) and Herissantia (Hanks
and Fryxell, 1979), is very similar to M. maristellae, even in the details
of the perforations and scabrae in/on the tectum (SEM); see also
Presting et al. (1983) and Perveen et al. (1994).

Paleoenvironment: Malvacipolloides maristellae is common among
fluvial and lacustrine environments. In the Upper Magdalena Valley
(UMV, Fig. 1), the taxon is accompanied by high abundances of colonies
of the freshwater algae Pediastrum spp., and this is replicated in the
MMV, where it is found in association with freshwater algae
(Pediastrum spp. and Botryococcus spp.) (Fig. 1; Appendix 1 Table 1.1).
Although M. maristellae is rare in the palynological record of the MMV,
data of the well number 76 (Fig. 1; Appendix 1 Table 1.1) show similar
associations of freshwater algae (Pediastrum spp. and Botryococcus
spp.), with some specimens of M. maristellae within the La Cira Shale
(or La Cira Fossil Horizon) (Instituto Colombiano del Petroleo, internal
report). In the central part of the Llanos Basin M. maristellae is found
in the early Miocene Huesser Fossil Horizon (Uppermost part of the
C2 member C2, Carbonera Formation) (Gomez et al., 2009) and associ-
ated with fresh water malacofauna and a palynoflora characterized by
tropical lowland taxa (M. maristellae was scarce, but also included in
this group) together with fresh water algae such as Botryococcus spp.
and Pediastrum spp. In Amazonia, M. maristellae almost exclusively oc-
curs in Andes-derived sediments that are formed in an open water en-
vironment on the floodplain (Hoorn, 1994a; Salamanca et al., 2016),
whereas the taxon is absent in the overlying strata formed in brackish
water environment.

3.3. Historical biogeography of Rhoipites guianensis and Malvacipolloides
maristellae

The past distribution of Rhoipites guianensis and Malvacipolloides
maristellae in northern South America is shown in Figs. 2 and 3, respec-
tively. The calculations that were made to produce the maps suggest
that the total count per time slice does not explain the inferred abun-
dance of the two species. This suggests that our results are robust and
relate to higher - or lower - frequencies of the taxon in the landscape.
There was only very weak correlation between the total number of
grains per time slice versus the number of grains of the study species
(R. guianensis: r* = 0.065, P <.001; M. maristellae: r*> = 0.07, P <.001).

Rhoipites guianensis was reported in 27 localities (Lorente, 1986; Van
der Hammen and Wijmstra, 1964), Hoorn, 1993, 1994a, 1994b, 2006).
Unpublished reports included 46 localities, 44 of which correspond to
wells analyzed by Ecopetrol S.A. in Colombia. The other two localities
correspond to recent studies carried out by researchers from the
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Universidad de Caldas in western Colombia. Although R. guianensis orig-
inates in the earliest Eocene (55.3 Ma), it became prominent in the mid-
dle Eocene (40-45 Ma), and was even more abundant from late Eocene
to earliest middle Miocene (35-15 Ma) (Fig. 3). However, it begins to
decline in abundance in the middle Miocene (15-10 Ma). Notably, the
taxon is also recorded around c. 18.5 Ma in Panama (Jaramillo et al.,
2014)

Malvacipolloides maristellae has been reported in 22 localities
(Lorente, 1986; Van der Hammen and Wijmstra, 1964; Hoorn, 1993,
19944, 1994b). Unpublished records include 14 localities, 10 of which
correspond to wells analyzed by Ecopetrol S.A and 4 correspond to re-
cent studies carried out by researchers from the Universidad de Caldas
in western Colombia. The taxon first appeared in the early Miocene
(20-15 Ma) and is abundant until the late Miocene (15-10 Ma).
Although late Miocene sedimentary records have a poor pollen recov-
ery, both M maristellae and R. guianensis are relatively common in the
Venezuelan Coastal basins (Figs. 2-3).

3.4. Rhoipites guianensis and Malvacipolloides maristellae in Amazonian
paleoenvironments

We analyzed pollen records from four key sites in Amazonia to un-
derstand the past environments in this region. Rhoipites guianensis
(NLRs: Vasivaea and Trichospermum) is abundant at all of the four sites
that were analyzed, while M. maristellae (NLRs: Abutilinae) occurred
in all records except for Tres Islas. At these sites the sedimentary record
presents three characteristic ecological assemblages. The first is either
dominated by R. guianensis or by both R. guianensis and M. maristellae
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(Fig. 4 in red). The second assemblage is dominated by Mauritiidites
(NLR: Mauritia), a palm pollen whose modern analog is an indicator of
mature lowland tropical forests and floodplain swamps, and accompa-
nied by minor amounts of R. guianensis (Fig. 4 in green). The third
assemblage represents a mangrove or coastal environment of
perimarine conditions (Fig. 4 in blue), as indicated by the presence of
mangroves and marine zoo- and phytoplankton. It is characterized by
Zonocostites ramonae, Zonocostites spp., Psilastephanocolporites
schneideri (NLR: Rhizophoraceae, black mangroves), foraminifera and
dinoflagellate cysts with minor amounts of R. guianensis and no
M. maristellae.

The ecological assemblages have the following characteristics:
Rhoipites guianensis always co-occurs with three taxa, which are
Ranunculacidites operculatus (NLR: Alchornea, Euphorbiaceae),
Retitricolporites caputoi (NLR: Araliaceae), and Ranunculacidites cf.
operculatus (NLR: Symmeria, Polygonaceae) (see Salamanca et al.,
2016). In Marifiame and in the CPRM core, Crassiectoapertites
columbianus (NLR: Fabaceae) is closely associated with R. guianensis,
but these two taxa are seldom found together in Tres Islas. On the
other hand, Echiperiporites akanthos (NLR: Sagittaria, Alismataceae) is
often associated with R. guianensis in Tres Islas, Marifiame, Sta. Isabel,
and the CPRM core. Psilabrevitricolpites rotundus (unknown affinity) is
present in three of the four sedimentary records that include
R. guianensis. The top eight associated taxa with R. guianensis (NLR:
Vasivaea and Trichospermum) in each of the four palynological records
are listed in (Fig. 4; Table 1).

Based on this analysis we conclude that R. guianensis (NLR: Vasivaea
and Trichospermum), M. maristellae (NLR: Abutilinae), and their
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Fig. 4. nMDS plots of four palynological records: Marifiame, Santa Isabel, Tres Islas and the CPRM core (Fig. 1 and Appendix 1 Table 1.1 for locations). Four palynomorph assemblages were
recognized. Taxa in red are closely associated with Rhoipites guianensis (NLR: Vasivaea and Trichospermum; Grew = Grewiodeae), and represent the lowland floodplain assemblage; taxa in
blue are associated with Zonocostites spp. (NLR: Rhizophora), which represent mangrove-like vegetation; taxa in green represent associates of Mauritiidites spp. (NLR: Mauritia palm).
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Table 1
Common associates of Rhoipites guianensis and Malvacipolloides maristellae in the palynological record at selected sites in Colombian Amazonia with corresponding palynological zones. See
also Fig. 4.
Taxa Affinity Code Sites/Occurrence
Fig. 4
Crassiectoapertites Fabaceae crass.col ~ Marifiame Tres Islas X CPRM
columbianus
Echiperiporites Sagittaria echiakan Marifiame TresIslas  Sta.Isabel CPRM
akanthos (not with Mauritiidites)
Malvacipolloides Abutilon mal.mari  Marifiame X Sta. Isabel CPRM
maristellae (fresh water deposits)
Retitricolporites Araliaceae ret.capu Marifiame Tres Islas Sta. Isabel CPRM
caputoi (brackish water deposits)
Rhoipites guianensis Vasivaea/Trichospermum  rhoi.gui Marifiame TresIslas  Sta.Isabel CPRM
(fresh and brackish
water deposits)
Ranunculacidites Alchornea psi.oper Marifiame Tres Islas Sta. Isabel CPRM
operculatus
Ranunculacidites cf. Polygonaceae psi.cf.oper Marifiame Tres Islas Sta. Isabel CPRM
operculatus (brackish water deposits)
Perisyncolporites Malpighiaceae peri.pok  Marifiame TresIslas  Sta.Isabel CPRM
pokornyi (rarely with Mauritiidites)
Psilabrevitricolpites rotundus not known psi.rotu Marifiame Tres Islas Sta. Isabel X

Pollen zone (as published in Hoorn
1993 & 1994a,b; and following

Jaramillo et al., 2011)

(brackish water deposits)
Retitricolporites &

Psiladiporites-Crototricolpites;

T13 (17.7-16.1 Ma)

Retitricolporites &

Psiladiporites-Crototricolpites;

T13-T14? (17.7-14.2 Ma)

Verrutricolporites to
Grimsdalea/T12?-T15
(23?-12.7 Ma)

associated taxa (NLR: Alchornea, Araliaceae, Fabaceae, Malpighiaceae,
Polygonaceae, and Sagittaria) are typical in floodplain forests such as de-
scribed in modern fluvial settings in the Amazon region (Wittmann et al.,
2010; Sa et al,, 2016; Salamanca et al., 2016). We also observe that they
rarely co-occur with taxa from Mauritiidites or Grimsdalea palm swamps,
nor with taxa from the mangrove vegetation formed by Zonocostites-type
pollen. This is apparent from the distance matrixes, where the distance is
more than 0.7 among these taxa (Appendix 3, Table 3.1-4). Nevertheless,
R. guianensis seems to have some degree of tolerance to brackish water,
whereas M. maristellae is incompatible with brackish water. This is con-
sistent with data from palynological records in the Llanos Basin, where
M. maristellae co-occurs with fresh water algae.

3.5. Ecology and distribution of the modern relatives

Vasivaea, the NLR of a Rhoipites guianensis (type 1), is a South
American endemic with Amazonian distribution and has been collected
most often in seasonally flooded forests and varzeas along rivers
(Fig. 5a). It is typically found near wetlands and rocky outcrops of the
Precambrian basement, and in savanna and gallery forests (J. Lindeman,
pers. observ.). Trichospermum (Rhoipites guianensis, type 2) occurs in
mixed evergreen forests and has a distribution centered in Central
America (Fig. 5b). On average, it occurs around 315 m elevation (1675
sites), although occurrences above 1200 m are also documented. Out-
side the Neotropics, it occurs in southeast Asia, Papua New Guinea,
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Fig. 5. Modern distribution based on herbarium records of a) Vasivaea, b) Trichospermum and c) Abutilon, Callianthe, Bakeridesia and Herrisantia (data from GBIF, downloaded 29-03-17).
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northern Australia and the Pacific islands. This taxon is a late pioneer
that prefers humid spots and, together with Heliocarpus and Cecropia,
is known to colonize open forest gaps (Popma et al., 1988; Martinez-
Ramos et al., 2016).

The members of the Abutilinae, NLRs of Malvacipolloides maristellae,
occur in Australia, Asia, East and South Africa (primarily in the west),
Europe, North and South America. In the Neotropics, Abutilinae occur
in the Andes, Central America, the Caribbean, and in the periphery of
Amazonia, including in the Cerrado and the Caatinga (Fig. 5c). It has
mainly been collected in seasonally dry forest, with an elevational
range from sea level to over 3000 m elevation. In the Latin American
Pollen Database, Abutilon reportedly forms part of the the lowland
rainforest, “with various species in dry enclaves along river valleys”
(Marchant et al., 2002).

3.6. Phylogeny of Malvoideae

The final alignment for Malvoideae included 65 genera (59% of all
Malvoideae genera) and 133 species (including the four taxa used to
root the tree) and totaled 9347 base pairs. Within Malvoideae, our to-
pology (Fig. 6; Appendix 4, Fig. 4.1) largely agrees with Donnell et al.
(2012). We infer a clade largely corresponding to Donnell et al.'s
(2012) Abutilon s.s. clade (PP = 0.9694), including Abutilon s.s., Bastardia
bivalvis, Bastardiopsis densiflora, Briquetia spicata, and Wissadula excel-
sior (the latter two of which were not included in Donnell et al.,
2012's analysis); together, we refer to this clade as the Abutilon clade
(Fig. 6). This clade is sister to a monophyletic Bakeridesia (PP = 1.0)
and a grade of members of other genera placed in Donnell et al.
(2012)’'s “B” Clade (including Anoda, Bastardiastrum, Horsfordia,
Periptera, Pseudoabutilon, Tetrasida, and Wissadula spp.) (PP =
0.6032); we refer to these taxa together as the Bakeridesia clade
(Fig. 6). The six species that represent the non-Callianthe members of
Donnell etal.'s (2012) Clade “C” (Gaya atiquipana, G. calyptrate, Briquetia
sonorae, Hochreutinera amplexifolia, Dirhampis Mexicana, and
Billieturnera helleri) form a clade sister to the rest of these taxa (PP =
0.8322). This differs from the placement in Donnell et al. (2012), who
inferred that these taxa form a grade from which Callianthe emerges. In-
stead, we find that while the genus Callianthe and related species form
single clade, which also includes Malacothamnus palmeri and
Anisodontea triloba (PP = 1.0; referred to as the Callianthe Clade in
Fig. 6), this clade is distantly related to the remaining members of
Donnell et al.'s (2012) Clade “C” due to the placement of a grade com-
prised of two subclades: a pair of sister species, Sida platycalyx and
S. paniculatum (PP = 0.9933), and a clade comprising members of
Dendrosida, Robinsonella, Sida, and Tetrasida (P = .8539). These
subclades are successively sister to the Abutilon clade, the Bakeridesia
clade, and non-Callianthe members of Donnell et al. (2012)’s Clade “C”
(PP = 0.7443 and 0.9015, respectively) (Fig. 6, Appendix 4, Fig. 4.1).
We find strong support for monophyletic tribes: Malveae (PP = 1.0),
Gossypieae (PP = 1.0), and Hibisceae (PP = 1.0), though the relation-
ships differ from previous analyses (Koopman and Baum, 2008; Baum
et al., 2004), perhaps due to the low support for the sister relationship
between Gossypieae and Hibisceae (PP = 0.6551). Within Malveae,
we find strong support for two subtribes, Malvineae (PP = 1.0) and
Abutilinae (PP = 0.9574).

The nearest closest relative of Malvacipolloides maristellae is identi-
fied as likely Abutilon, which we find to be a non-monophyletic genus,
consistent with previous studies (e.g., Donnell et al., 2012), or its rela-
tives with similar pollen in Abutilinae, including Callianthe (a recently
described segregate of Abutilon) and Bakeridesia. Therefore, we place
potential origin of M. maristellae at three points, one in each of the Abu-
tilon, Bakeridesia, and Callianthe clades (Fig. 6). We note that representa-
tives of Herissantia were not included in our analysis nor in any previous
phylogenetic study, though this genus does have similar pollen mor-
phology as M. maristellae (pers. com. Javier Fuertes-Aguilar; Hanks
and Fryxell, 1979). However, this taxon is recognized as a close relative

of Abutilon (Tate et al., 2005), so it will likely occur within one of the
three subclades that we have identified here. While future microscopy
of pollen across Malvoideae (and, specifically, the Abutilinae subtribe
of Malveae) will likely shed additional light into the phylogenetic place-
ment of M. maristellae, the biogeographic implications of this taxon are
consistent no matter to which of these subclades it belongs, as discussed
below.

Historical biogeography of Malvoideae (Fig. 6): Biogeographic move-
ments of Malvoideaeae were statistically inferred using the DEC
model. The subfamily is approximately 56 Ma, and is ancestrally wide-
spread, occurring in the North and Central America, Africa, and Austral-
asia. From this ancestral distribution, cladogenesis resulted in two major
lineages with disjunct distributions: Malvoideae in North America and
Hibisceae + Gossypieae in Africa. Within Malveae, we infer 18 south-
ward dispersal or range expansion events from North and Central
America into South America. Of these, 14 dispersal events occur within
Abutilinae. While we cannot attribute any one of these events specifi-
cally to the progenitor of M. maristellae, they share many similarities
that allow us to make inference about this fossil pollen taxon. The
three most likely events are marked by gray, black, and white stars in
Fig. 6; these correspond to the Abutilon clade (dispersal ca. 14.1 Ma
[HPD: 6.6-18.0 Mal]), the Bakeridesia clade (dispersal ca. 5.4 Ma [HPD:
2.4-8.2 Mal]), and the Callianthe clade (dispersal ca. 14 Ma [HPD:
6.8-22.5 Ma]). Because the earliest known appearance of
Malvacipolloides maristellae is at 17.1-16.7 Ma (Jaramillo et al., 2011),
the Bakeridesia clade is too young to represent the first movement
of M. maristellae into South America, though M. maristellae may
still represent a composite taxon that includes members of this
group. Importantly, all dispersals into South America within
Abutilinae occur from North and Central America, and are inferred
to have occurred between 37 and 5 Ma. These results suggest a
northern origin of South American Abutilinae, likely resulting from
relatively recent dispersal from warm, dry climates where the
clade thrives today. This contrasts with the South American origin
of Grewioideae.

3.7. Phylogeny of Grewioideae

The final alignment for Grewioideae included 64 species (including
four Byttneriodeae species used to root the phylogeny) and totaled
4902 base pairs. The concatenated Bayesian phylogenetic analyses
using the best-fitting partitioning scheme (i.e., three partitions corre-
sponding to matK + ndhF, psbA-trnH, and rbcL) yielded a topology
that is not in conflict with previously published results (e.g., Brunken
and Muellner, 2012) (Fig. 7; Appendix 4, Fig. 4.2). Within Grewioideae,
we find support for the monophyly of Apeibeae and Grewieae sensu
Brunken and Muellner (2012). Trichospermum and Vasivaea, our taxa
of interest in Grewieae, both fall in a clade that also includes
Hydrogaster, Mollia, and Tetralix (PP = 1.0). We can place Rhoipites
within this clade based on morphological comparisons to extant pollen
samples (see pollen discussion), as it includes its most likely extant rel-
atives (Fig. 7, star).

Historical biogeography Grewioideae (Fig. 7): A stratified biogeo-
graphical maximum likelihood analysis was performed using a time-
calibrated DEC model. We infer an South American origin of crown
Grewioideae approximately 70.9 Ma (HPD: 59.9-80.7 Ma). The lineage
that gave rise to Rhoipites is inferred to have occurred in South America
from the origin of Grewioideae until the range of this subclade
expanded to include Central America at the origin of the clade that in-
cludes Trichospermum and Tetralix at ca. 40.0 Ma (HPD: 15.8-51.9 Ma).
Within Trichospermum, at least one intercontinental long-distance dis-
persal event to the Paleotropics occurred along the branch corre-
sponding to Trichospermum pleiostigma. Overall, the biogeographic
history of Grewioideae suggests a southern hemisphere origin of
R. guianensis.
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Fig. 7. Chronogram of Grewioideae showing biogeographic history and implications for fossil pollen taxa. The time-calibrated maximum clade credibility phylogeny shows that the early
evolutionary history of Grewioideae occurred in the southern hemisphere, with an African origin of Grewioideae, followed by expansion into South America in the earliest divergence
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4. Discussion

Using a combination of palynological and molecular phylogenetic
techniques, our study highlights the diverse histories underlying botan-
ical diversity in northern South America during a period of dramatic cli-
matic and geological change. We determined the nearest living relatives
of two fossil pollen species belonging to the Malvaceae by comparison
to modern pollen. We documented each taxon's occurrence through

space and time, and correlated presence with environmental conditions
based on co-occurring taxa and the sedimentological features of the
geological formations. We then put this information into a macroevolu-
tionary context by inferring molecular phylogenies of the closest extant
relatives of our focal taxa. By integrating results from each of these anal-
yses, we are able to more fully understand the response of these taxa to
changing geological and climatic conditions that characterized northern
South America.
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The history of Rhoipites guianensis (Grewioideae) is marked by a
Southern Hemisphere origin, followed by northward movement into
new areas coincident with local extirpation. The fossil record of this
taxon, whose origin in South America is supported by biogeographic
analyses informed by molecular phylogenetics, shows that it began to
decline in the lowlands during the Miocene (between 15 and 5 Ma;
Fig. 2), preceding the movement of other Grewioideae into the emerg-
ing Andes in northern South America. Based on the combined informa-
tion from the palynological and molecular phylogeographic results, we
propose that both Vasivaea (R. guianensis, type 1) and the progenitors
of Trichospermum (R. guianensis, type 2) declined in the tropical low-
lands following changes in climate and paleoenvironment that were re-
lated to Andean uplift. Concurrently, the pioneering nature of
Trichospermum (R. guianensis, type 2) enabled it to colonize the newly
formed Eastern Cordillera, where it seemingly thrived in more suitable
environmental conditions.

Our results suggest that R. guianensis became extirpated in regions
with seasonal rainfall, as is indicated by its declining presence in
fluvio-lacustrine formations with highly variable water tables and ex-
tensive paleosols (i.e., fossil soils that indicate past precipitation cycles)
in western Amazonia, the Llanos Basin ~12-10 Ma and in the Middle
Magdalena Valley ~33-25 Ma, including the Carbonera, Guayabo, and
Mugrosa Formations (Cooper et al., 1995; Bayona et al., 2008; Gomez
et al., 2005; Caballero, 2010). In addition, we hypothesize that the
movements of R. guianensis into Central America during the early Mio-
cene (~18.5 Ma), that are documented in the fossil record from
Panama (Jaramillo et al., 2014), were a response to the incipient forma-
tion of the Panama Isthmus, which closed the Central American Seaway
around 13-15 Ma (Montes et al., 2015).

Contrasting with the southern origin and northward migration of
R. guianensis, Abutilinae (which includes Malvacipolloides maristellae)
is characterized by a Northern Hemisphere origin and multiple south-
ward migrations. Members of Abutilinae immigrated into South
America from the northern hemisphere on multiple occasions from
the Oligocene to the Pliocene, with the majority of dispersal events dur-
ing the Miocene (Fig. 3). Many of these southward movements occurred
before complete closure of the Panama Isthmus. This is consistent with
findings from other studies that demonstrated that plant migration was
possible with an incomplete isthmus, and generally preceded the mi-
gration wave of fauna (Cody et al., 2010; Bacon et al,, 2012, 2015;
Erkens et al., 2007; Iturralde-Vinent and MacPhee, 1999). The two sce-
narios that we have identified for the biogeographic history of
M. maristellae (i.e., either in the Abutilon or Callianthe clade) are consis-
tent with such early migration. The arrival of M. maristellae in northern
South America is dated by means of biostratigraphy at 17.7 Ma
(Jaramillo et al., 2011), which coincides with the establishment of the
Andes as orographic barrier (Barnes et al., 2012). This makes the early
Andes a plausible conduit for migration into South America.

As with Rhoipites guianensis, changing environmental conditions
may have played a fundamental role in the changing distribution of
Malvacipolloides maristellae through time. Abutilinae are generally
drought tolerant taxa, evidenced both by palynological records from
the early Miocene in which M. maristellae co-occurs with taxa with sim-
ilar environmental preferences (e.g., Mimosoideae and Amaranthaceae;
Salamanca et al,, 2016), as well as Abutilinae's modern day distribution
in dry habitats of northern South America, including the dry slopes of
the Andes, Caatinga, and Cerrado (Fig. 5¢). If indeed M. maristellae set-
tled in the emerging Andes mountains, its later success there might
have been promoted by climatic cooling and aridification that started
in the late Miocene (Herbert et al., 2016) and progressive diversification
of the Andean landscape throughout the Quaternary.

In response to the rising Andes, lineages persisted via in-situ evolu-
tion or movement into areas to which they were pre-adapted, a phe-
nomenon that is widely documented in other lineages (Donoghue,
2008). In our study, the former strategy is exemplified by the descen-
dants of the Miocene Abutilinae, which became extremely successful

in the Andes, comprising species-rich radiations. As with
Malvacipolloides maristellae, there was often a time lag between arrival
to South America and subsequent species radiation in the clades that be-
came diverse in the Andes. For example, Cinchonoideae (Rubiaceae)
first arrived during the Eocene in the South American lowlands, but
did not diversify until the Miocene, when the tribe Isertieae was concen-
trated in the lowlands and Cinchoneae in the highlands (Antonelli et al.,
2009). Similarly, species richness in Hedyosmum (Chloranthaceae), a
taxon that is found in Amazonia during the early-middle Miocene
(Hoorn, 1994b; Da Silva-Caminha et al., 2010), did not begin to accumu-
late species diversity until the uplift of the Andes mountains took place
(Antonelli and Sanmartin, 2013; Martinez et al., 2013).

In contrast, Rhoipites guianensis' nearest living relatives illustrate the
latter strategy: movement into pre-existing environments following en-
vironmental change. This subclade of Grewioideae currently represents
species that are widespread in the Andes and Central America, and only
limited species diversity in the low Andean forests, while largely lacking
from their ancestral distribution in lowland northern South America.
Similarly, Cyclusphaera (Araucariaceae) was once widely distributed
across South America, and extended as far north as Venezuela until
the late Miocene (Lorente, 1986; Dino et al., 2012; Jaramillo et al.,
2013; Bermudez et al., 2015). In the present day, Cyclusphaera is limited
to forests of southern South America and associated with nutrient de-
pleted soils, typically occupied by Podocarpus stands (Jaramillo et al.,
2013). As with R. guianensis, the likely cause of the southward retreat
of Cyclusphaera was humidification along the eastern slopes of the
Andes and the tropical lowlands, following the emplacement of the oro-
graphic barrier.

The history of Rhoipites guianensis and Malvacipolloides maristellae
and their nearest living relatives illustrates the implications of geologi-
cal and climatic changes in the Neogene for floristic composition. The
broader picture that emerges from this study is that changes in environ-
ment due to the uplift of the Andes coincided with the decline of long-
lived fossil taxa such as R. guianensis that were adapted to the pre-
Andean landscape in the tropical lowlands of northern South America.
Instead, transient taxa such as M. maristellae only fully established and
diversified with the onset of the geographic and climatic changes in
the late Miocene when global cooling and aridification set in (e.g.
Herbert et al., 2016). The emerging mountains thus also presented an
ecological opportunity for these taxa, resulting in evolutionary diversifi-
cation into newly formed habitats, particularly in Abutilinae. Alwyn
Gentry (1982) famously observed that Amazonian biodiversity might
be “an accident of Andean orogeny”. He placed the effects of uplift into
a broader geological context and compared the importance of mountain
uplift with the estimated effects of the connection between the
Americas and Plio-Pleistocene climatic fluctuations. His hypothesis
about the importance of the Andean uplift was later supported
through combined studies of molecular and geological records
(Antonelli et al., 2009; Hoorn et al., 2010). Our study demonstrates
that some aspects of Andean diversity (e.g., Abutilinae) may also be
an “accident” of pre-existing diversity in the lowlands (or, perhaps,
in emerging the uplands), while other taxa responded to Andean up-
lift and associated changes in the northern South American landscape,
including marine incursions (Bernal et al., in press), by shifting their
ranges (Hoorn, 1993, 1994b; Wesselingh and Salo, 2006; Hoorn
et al., 2010). The interactive, often complicated roles that multiple
geological and climatic events have played in generating modern pat-
terns of species diversity in richness in northern South America are
becoming increasingly appreciated, and this is greatly facilitated by
the simultaenous application of methodology from palynology, geol-
ogy, and phylogenetics.

5. Conclusions

Our study shows that two Malvacaeae fossil pollen taxa, which are
important biostratigraphic markers, had very different biogeographic
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and evolutionary histories in South America, despite having similar dis-
tributions and ecological preferences. The lineage representing
Rhoipites guianensis (Grewioideae), a taxon of southern hemisphere
origin, now includes groups with a relic distribution in Amazonia
(represented by the two extant species of Vasivaea), and others,
such as Neotropical Trichospermum, that form outposts in the
Andes, where a limited number of speciation events may have oc-
curred in response to Andean uplift. Contrastingly, Malvacipolloides
maristellae (Malvoideae), a taxon of northern hemisphere origin, en-
tered South America from the north, following at least the earliest
stages of uplift in the Andes. From this we infer that M. maristellae
evolved in response to climatic cooling and diversification of the An-
dean landscape. As documented in many other lineages, when the
descendants of M. maristellae moved into the newly formed Andes,
they formed species-rich radiations. Interestingly, the regional paly-
nological records show that exchange between the Americas took
place during the early Miocene (ca. 18 Ma).

Through the study of these distinct histories, we are left with a
clearer understanding of the evolution of the flora of northern South
America in a period of extreme geological and climatic change. Across
taxa, plant evolution in northern South America may have been driven
by three important abiotic events: Andean uplift (20-15 Ma), the clo-
sure of the Central American Seaway (15-10 Ma), and climate
aridification and cooling from late Miocene onwards (<10 Ma).

We demonstrate that integrating biogeographic and ecological in-
formation the fossil record with molecular phylogenetic analyses can
provide a more complete perspective of the plant evolutionary history
than either sub-discipline alone. By taking this approach, we elucidated
aspects of history that would have otherwise remained invisible in mo-
lecular phylogenies.

Together, our results suggest that the tropical lowland forest is of
transient nature and a product of intricate biotic and abiotic interac-
tion on the million-year time scale. The evolution of both montane
and lowland forests, and the origins of modern species diversity in
northern South America can thus only be fully understood in the
light of the combined geological and climatic history. If plant bioge-
ography is, in fact, deeply influenced by the establishment of altitudi-
nal gradients, the climatic system, reconnection of the Americas, and
the exchange between mountain and lowland biota, then floristic
composition must have strongly changed following mountain
building.
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