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ABSTRACT
Western Amazonia underwent dramatic changes in its landscape and environments during the Neogene,
which led to its extant, hyperdiverse, tropical rainforest. Although the palynological fossil record has
been the most useful proxy for understanding the history of the Amazonian biome, the floristic compos-
ition and diversity of the Neogene and the present Amazonian environments have never been thor-
oughly compared. In this work, we present preliminary comparisons of the pollen content of a Miocene
core from the Solim~oes Formation in western Amazonia (Brazil) with the pollen content of Holocene
sediments from flooded environments (v�arzeas and lake margins) near the Miocene site. We found a
total of 463 pollen and spore types (Miocene, n¼ 284; Holocene, n¼ 231), only 52 of which were shared.
The Holocene flooding environments displayed distinct palynological signals; both the Holocene and
Miocene palynofloras have pollen primarily sourced from the local, flooded environments, with no signifi-
cant differences in within-sample pollen diversity. The Holocene palynoflora was more heterogeneous in
composition than the Miocene palynoflora, probably because the Miocene wetlands (the Pebas System)
were highly homogeneous at a continental scale, far more than modern western Amazonia, thus imply-
ing that the spatial vegetation turnover was much lower than in modern ecosystems.
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1. Introduction

The Amazonian forest is the most diverse in the world
(Thomas 1999), and yet the origin of its great diversity is
poorly understood. Hypotheses include: low rates of extinc-
tion and/or high rates of origination; migration events from
Africa and North America that could have contributed up to
20% of extant Amazonian biodiversity (Pennington and Dick
2004); and rapid evolutionary turnover (Antonelli et al. 2015).
The paleobotanical record indicates that during the
Paleocene the floristic composition of northern South
America was very similar, at the family level, to the current
composition of Neotropical rainforests (Wing et al. 2009) and
that those families have continued to dominate lowland
Neotropical forests until modern times (Ricklefs and Renner
2012), with the Amazon biome being the main source of
Neotropical biodiversity (Antonelli et al. 2018). A key to fully
understanding why Amazonia has such high biodiversity is
its plant fossil record, which allows us to assess extinctions
over evolutionary time, and thus measure rates of diversifica-
tion (origination versus extinction).

The modern landscape of Amazonia, including the
Amazon River, was established by the late Miocene to
Pliocene (Hoorn et al. 2010). During the early and middle

Miocene, most river drainages of western Amazonia ran
westward and northward, opposite to the current eastward
direction (Caputo and Soares 2016; Figueiredo et al. 2009).
Due to high rates of subsidence driven by processes related
to the Andes uplift and dynamic topography (Shephard et al.
2010), most of western Amazonia was occupied by an eco-
system without a modern analogue, the Pebas System
(Wesselingh et al. 2002), which existed from �23 to �10Ma
(Hoorn 1993; Wesselingh 2006; Hoorn et al. 2010; Jaramillo
et al. 2017). This continental-scale system was composed
mostly of a mixture of deltaic plains, low-energy wetlands
with swamps, ponds, and channels, extensive floodplains and
shallow freshwater lakes (Wesselingh et al. 2002; Jaramillo
et al. 2017). Most of the drainage of western Amazonia ultim-
ately was discharged into the Caribbean Sea via the Orinoco/
Llanos region in Colombia and Venezuela (Jaramillo et al.
2017). Two short-lived marine episodes occurred during the
Pebas interval, the first during the early Miocene and the
second during the middle Miocene (Boonstra et al. 2015;
Jaramillo et al. 2017). This marine influence probably had
effects on the floristic composition of the Amazon forest as
plant groups adapted to the newly formed environments
(Bernal et al. 2019). The Pebas System ended during the late
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Miocene (�9.4Ma) with the onset of the modern Amazonian
fluvial drainage flowing eastward (Wesselingh et al. 2002;
Hoorn et al. 2017).

Palynological data have been used to assess the floristic
composition and diversity changes of Amazonia throughout
geological time (Van der Hammen 1954; Germeraad et al.
1968; Regali et al. 1974; Lorente 1986; Muller et al. 1987;
Hoorn 1993, 1994a, 1994b, 2006; Behling et al. 2010; Hoorn
et al. 2010; Jaramillo et al. 2010a, 2017; Silva-Caminha et al.
2010; Boonstra et al. 2015; Silveira and Souza 2015; Kachinasz
and Silva-Caminha 2016; Salamanca et al. 2016; Silveira and
Souza 2016, 2017; Leite et al. 2017; Linhares et al. 2017;
D’Apolito et al. 2019; Hoorn et al. 2019). However, comparing
the diversity and composition of extant Amazonian floras
with the fossil palynological record is not a straightforward
process. Many taphonomic factors affecting the pollen record
need to be taken into account first. A useful approach is to
compare the fossil record with the Holocene record, because
the Holocene pollen record probably has been through the
same taphonomic filters as older pollen. Initial attempts using
this approach include those of Hooghiemstra and Van der
Hammen (1998) and Van der Hammen and Hooghiemstra
(2000), who compared the number of pollen types found in
Miocene sediments in northern South America (Hoorn 1994a)
with the number of pollen types found in recent sediments
(Urrego 1994) and found more (n¼ 280) in the Miocene paly-
noflora than in the recent palynoflora (n¼ 140). Jaramillo
et al. (2006) compared the species richness of a Holocene
palynoflora from Colombia derived from the literature with
that of a palynoflora from Paleogene to lower Miocene strata
from northern Amazonia and the Llanos of Colombia, and
found the Holocene palynoflora to be more diverse.
However, when comparing the palynofloral diversity of
Miocene and Holocene samples from Amazonia, Jaramillo
et al. (2010a) observed no significant difference in diversity,
although the sample size was small.

Any comparison between Holocene and pre-Holocene paly-
nofloras using data derived from the literature alone is prob-
lematic because of methodology. Often, palynologists studying
Holocene sediments and paleopalynologists are dealing with
different sets of research questions, and therefore the ways
they count pollen may not be comparable. Quaternary palynol-
ogists group pollen types according to botanical affinities (e.g.
Arecaceae, Melastomataceae, Myrtaceae, etc.) and often do not
distinguish morphotypes within major groups (e.g. several dis-
tinct morphotypes within Arecaceae would be lumped into a
single group), whereas paleopalynologists group them accord-
ing to morphology (e.g. Psilamonocolpites type 1,
Psilamonocolpites type 2, etc.). Many Quaternary palynologists
do not count spores or morphotype them, whereas spores are
often important biostratigraphical markers in pre-Quaternary
palynology. These counting differences can create artificial dif-
ferences in abundance distribution and diversity.

Here, we use the same counting method to compare a
set of Miocene and Holocene samples from western
Amazonia. We aim to answer the following questions: (1)
which palynoflora is more diverse?; (2) how similar are the
two palynofloras in composition?; (3) are modern floodplains

more or less heterogeneous in pollen composition than
Miocene samples?; and (4) what environmental groups com-
pose the pollen counts of the two palynofloras? Considering
the importance of the Miocene in the establishment of
today’s Amazonian environment and the gaps in our know-
ledge of how its high biodiversity was produced, these com-
parisons will provide a baseline for understanding when and
how Amazonia reached its modern levels of biodiversity.

2. Study area

2.1. Solim~oes Basin and Formation

The Solim~oes Basin is a large intracratonic sedimentary basin
(500,000 km2) that extends over northwestern Brazil, Ecuador,
Per�u, and Colombian Amazon (Figure 1A). It is bounded to
the west by the Iquitos Arch, to the east by the Purus Arch,
and to the north and south by the Proterozoic rocks of the
Guiana Shield and central Brazil, respectively. The Solim~oes
Formation is composed of sandstones, siltstones, and clay-
stones with layers of shells and lignites and contains a rich
fossil record (Maia et al. 1977; Eiras et al. 1994). Dated as
Miocene (Cruz 1984; Hoorn 1994a; Silva-Caminha et al. 2010;
Jaramillo et al. 2017; Leite et al. 2017), it forms a sedimentary
wedge from the Purus Arch to the sub-Andean basins, reach-
ing more than 2000 m in thickness toward the west (Maia
et al. 1977; Maia and Marmos 2010) (Figure 1A).

2.2. Extant v�arzea vegetation

V�arzeas are areas periodically flooded by sediment- and
nutrient-rich white-water rivers (e.g. the Solim~oes River).
These floodplains include lakes formed between bars, in
abandoned river meanders, in depressions, and in old tribu-
tary valleys (Junk et al. 2012), all formed by fluvial processes
(Latrubesse 2012). In the extant Amazon Basin, approximately
3% of the area is composed of v�arzea forests (Junk 1992,
1997). The v�arzea vegetation is less species rich than terra
firme (Prance 1979) and trees display a variety of morpho-
logical and physiological adaptations to flooding (Parolin
et al. 2002; Wittmann et al. 2006). In western Amazonia,
85–90% of the v�arzea forest is classified as low v�arzea (i.e.
>3m water level for >50days/year; Wittmann et al. 2002). In
contrast, high v�arzeas experience <3m water level for
<50 days/year, occupying transitional areas between flooded
and non-flooded sites. Late successional forests in high
v�arzeas are richer in tree species and more heterogeneous,
whereas low v�arzeas in western Amazonia are more similar
among themselves (Wittmann et al. 2006).

Floodplain forest censuses from western Amazonia,
including Brazil, Colombia, Ecuador, Peru, and Bolivia
(Wittmann et al. 2006), show that the most abundant plant
families are Fabaceae, Euphorbiaceae, Malvaceae
(Bombacoideae), Moraceae, and Arecaceae. Some of the
most important plant species are the bombacoid tree
Pseudobombax munguba and palm trees (Wittmann et al.
2006). In early stages of succession, Alchornea
(Euphorbiaceae) forms monospecific stands along with
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grasses, Cecropia, and pteridophytes (Kalliola et al 1991;
Wittmann et al. 2004), sometimes forming floating meadows
(Absy 1979; Roucoux et al. 2013). V�arzea lakes can be found

with a dense macrophyte and herbaceous cover, but also
there are floodplain indicator trees such as Cecropia and P.
munguba (Junk et al. 2012).

Figure 1. (A) Outline of the Solim~oes/Amazonas/Ucayali basins and isopach lines of the Solim~oes Formation (adapted from D’Apolito 2016); location of Brazilian
Geological Survey (CPRM) cores studied by Latrubese et al. (2010) (a), Leite et al. (2017) (b), Kachinasz and Silva-Caminha (2016) (c, k), Hoorn (1993) (d), Linhares
et al. (2017) (e), (f), Jaramillo et al. (2017) (g), this study (h), Silva-Caminha et al. (2010) (i, j). (B) Lithological description of core 1-AS-15-AM, 0 to 262.8m, highlight-
ing the analyzed pollen samples. Holocene sampling sites include (C) L1, (D) L2, (E) L3, (F) L5, (G) L6 and (H) L8. Source: Google Earth Pro 2019
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3. Methods

3.1. 1AS-15-AM core

The 1AS-15-AM core (�4.01 S, �69.489W) is ca. 250m thick
and is located near Tabatinga (Amazonas, Brazil) in the upper
Solim~oes Basin (Figure 1A). It was drilled by the Brazilian
Geological Survey (CPRM) in the 1970s. The borehole cored
the Solimoes Formation which is composed mostly of mud-
stones, sandstones, and siltstones, with limestone and lignite
present (Maia et al. 1977) (Figure 1B). Thirty samples were
processed and analyzed for palynological content. Processing
included disintegration of samples with a hammer and separ-
ation of 10 cm3 of sediment; elimination of carbonates with
concentrated hydrochloric acid for a minimum of 12 hours;
and removal of silicates with concentrated hydrofluoric acid
for a minimum of 24 hours (Wood et al. 1996). After these
steps, the material was washed with distilled water to neu-
tralize the acids and sieved in 250-mm and 10-mm meshes to
eliminate coarse and very fine organic residues, respectively.
The >10lm fraction was then disintegrated in an ultrasonic
bath and the portion of less dense organic matter was recov-
ered. This residue was cleaned in an ultrasonic bath for a
few seconds and concentrated in a centrifuge. Slides were
mounted with Eukitt. All processing was performed by
Paleoflora Ltd., Colombia.

3.2. Holocene

Seven shallow cores, each 60 cm deep, were collected across
several active sedimentary environments near Tabatinga.
Sites L1 (�4.36 S, �70.05 W), L2 (�4.35 S, �69.97 W), L3
(�4.33 S, �69.85 W), and L6 (�4.40 S, �69.96 W) were col-
lected in v�arzea (floodplain), whereas L5 (�4.39 S, �69.87W)
and L8 (�4.35 S, �70.17 W) were collected from lake margins
in the inner parts of the floodplains, thus still subject to peri-
odic flooding although for shorter periods (Figure 1C). Dense
tropical rainforest occupies the region (IBGE 1977). The
Holocene shallow cores are all composed of muds deposited
in recent, fine-grained settings. They are homogeneous and
do not display significant changes in colour, texture, or struc-
ture. Three samples per profile were taken, every 10 cm, to
reach a total of 21 samples. Samples were treated with
potassium hydroxide 10% (Faegri and Iversen 1966) to
remove humic acids, filtered through a 250-mm mesh to
remove coarse residues, acetolyzed (Erdtman 1952), and
gravitationally separated with heavy liquid using a mixture of
bromoform and ethyl alcohol in a ratio of 2:1 (Kummel and
Raup 1965). Slides were mounted with glycerine gelatin and
sealed in paraffin. Processing was performed at the
Laborat�orio de Palinologia of Instituto Nacional de Pesquisas
da Amazônia (INPA).

3.3 Palynological analysis

Pollen slides were analyzed at Laborat�orio de Palinologia of
INPA using a Primo Star (Zeiss) optical microscope at magni-
fications of 40� and 100�. A minimum of 300 spores and
pollen grains were counted per sample. For taxonomic

identification of fossil pollen types we consulted works on
Neogene palynology of northern South America (Germeraad
et al. 1968; Lorente 1986; Muller et al. 1987; Hoorn 1994a;
Silva-Caminha et al. 2010; D’Apolito 2016) and the
Morphological Electronic Database of Cretaceous–Tertiary
and Extant Pollen and Spores from Northern South America
(2014) which has up-to-date information on pollen and
spores from the Cretaceous and Cenozoic for northern South
America. To identify Holocene pollen types, we consulted the
pollen reference collection of INPA and the works of Absy
(1979), Roubik and Moreno (1991), Colinvaux et al. (1999)
and Lorente et al. (2017). Holocene palynomorphs were
named according to the taxonomy used for Miocene palyno-
morphs to allow comparisons.

All morphotypes were assigned a botanical affinity when
possible. Taxa were divided into several ecological environ-
ments: flooded (F) if the taxon is restricted to flooded envi-
ronments (e.g. v�arzea, lake margins); non-flooded (NF) if
present only in non-flooded areas (e.g. terra firme); flooded/
non-flooded (FNF) if present in both flooded areas and terra
firme; aquatic; mangrove; and montane (Supplementary
Table 1). Samples were classified into three main lithological
categories (mudstone, siltstone, and sandstone).

A nonmetric multidimensional scaling (nMDS) analysis,
using the Chao dissimilarity index (Chao et al. 2004), was
performed to assess similarities between samples and taxa.
The Chao index takes into account abundances and the
number of unseen species pairs (Chao et al. 2004).
Singletons were removed and the package Vegan v. 2.4-4
was used (Oksanen et al. 2017) to run the analysis. To assess
the significance of difference of means between two groups
we used a Student t-test, and we used an analysis of vari-
ance (ANOVA) when several groups were compared. Sample
similarity was calculated using both the Chao dissimilarity
index and the Euclidean distance of the nMDS analysis (dis-
tance between two points in a multidimensional space;
Gordon 1999) using the package Vegan (Oksanen
et al. 2017).

Sample richness was calculated with the sample coverage
method (Chao and Jost 2012) using the iNEXT v. 2.0-15 pack-
age (Hsieh et al. 2018). The Shannon index (H’), a diversity
measurement that takes into account the degree of evenness
in species abundances (Magurran 2004), was calculated using
the package Vegan (Oksanen et al. 2017). Species accumula-
tion curves, that give the expected number of observed spe-
cies as a function of sampling effort (Deng et al. 2015), were
also calculated using Vegan (Oksanen et al. 2017). These
were used to compare the sampling effort between
Holocene and Miocene samples.

The 15-AM core was dated by performing graphic correl-
ation (Edwards 1989) with core 105-AM (Jaramillo et al. 2017)
of the Solim~oes Formation, which is 55 km to the west. Core
15-AM is isochronous with the upper �280m of core 105-
AM, which ranges from 17.8 to 10.7Ma. We identified paly-
nozone T16 from 37.5m to 94.5m (�10.7 to 12.7Ma), T15
from 94.5m to 109.25 m (12.7 to 14.2Ma), T14 from
109.25m to 146.9m (14.2 to 16.1Ma) and T13 from 146.9m
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to 255.5m (16.1 to 17.8Ma) (palynozones follow Jaramillo
et al. 2011).

All analyses were done using R language v. 3.4-2 (R
Development Core Team 2018). R scripts used to perform
the analyses of this paper are given as Supplementary
Material 1. Pollen counts are given in Supplementary Table 2.

4. Results

4.1. Holocene flooding environments

Comparing the pollen composition of our Holocene samples
from the different flooding environments produced two dis-
tinct groups along axis 1 of the nMDS (t-test, df ¼ 11.04,
p< 0.001, nMDS stress ¼ 0.13). The two groups correspond
to v�arzea and lake margin environments (Figure 2A). Species
do not cluster together according to the forest type they
belong to (Figure 2B). Only 14% of taxa are shared between
the two environments, representing 68.5% of total abun-
dance. The five most abundant types in v�arzea are Poaceae,
Polypodium sp. 1, Polypodium sp. 2, Polypodium sp. 3, and
Microgramma, whereas the five most abundant types in lake
margin are Symmeria, Alchornea, Pachira aquatica, Mabea,
and Polypodium sp. 2.

Diversity measurements were compared between the
Holocene environments. The minimum sample coverage
obtained was 0.8 (lake margin), so we used that value to per-
form the coverage-based rarefaction for all Holocene sam-
ples. Mean rarefied richness was 22.2 [standard deviation
(SD)¼ 12.6, n¼ 12] for v�arzea and 26.8 (SD ¼ 28.6, n¼ 6) for
lake margin, the difference being non-significant (t-test,
p< 0.7, df ¼ 6) (Figure 3A). Mean Shannon index was 2.7 for
v�arzea and 2.7 for lake margin palynofloras, the difference
being non-significant (t-test, p< 0.8, df ¼ 10.2). We also
looked at composition similarity between Holocene environ-
ments. The mean Chao dissimilarity comparing v�arzea sam-
ples with each other was 0.35 (SD ¼ 0.17, n¼ 66), whereas
for lake margin samples it was 0.48 (SD ¼ 0.24, n¼ 15)
(Figure 3B). When v�arzea was compared with lake margin
samples (mean ¼ 0.72, SD ¼ 0.12, n¼ 72) the Chao dissimi-
larity was significantly higher (ANOVA, df ¼ 2, p< 0.001)

than either within-sample comparison, of v�arzea or
lake margin.

The ecological groups flooded, non-flooded, and flooded/
non-flooded have similar abundance proportions between
our flooding environments. V�arzea has a mean abundance of
F of 3.6% (SD ¼ 3.15, n¼ 12), 3.4% for NF (SD ¼ 3.1, n¼ 12)
and 71.1% for FNF (SD ¼ 13, n¼ 12). Lake margin has a
mean 10.7% F (SD ¼ 7, n¼ 6), 1.2% NF (SD ¼ 1.7, n¼ 6), and
86.2% FNF (SD ¼ 56.7, n¼ 6) (Figure 4A). There is no signifi-
cant difference in the proportions of F (t-test, df ¼ 6,
p< 0.06) or NF (t-test, df ¼ 15.54, p< 0.07). FNF is higher in
v�arzea environments compared to lake margins (t-test, df ¼
9.47, p< 0.05). In terms of proportional richness, v�arzea has a
mean richness of 3.2% F (SD ¼ 2.1, n¼ 12), 9.3% NF (SD ¼
3.4, n¼ 12), and 65.6% FNF (SD ¼ 7.2, n¼ 12). Lake margin
has a mean 8% F (SD ¼ 5, n¼ 6), 3.7% NF (SD ¼ 3.1, n¼ 6)
and 53.8% FNF (SD ¼ 7.1, n¼ 6) (Figure 4B). V�arzea has a
significantly higher proportion of NF (t-test, df ¼ 11,
p< 0.01) and FNF (t-test, df ¼ 10.25, p< 0.01) compared
with lake margin, but the proportion of F is not significantly
different (t-test, df ¼ 8.4, p< 0.07) (Figure 4B).

4.2. Miocene samples

We found no evidence that our Miocene samples have a
taphonomic control or that they captured preferentially one
type of forest. First, the nMDS did not indicate that palyno-
logical assemblages are controlled by lithofacies (Figure 5A,
stress ¼ 0.2). The mean Euclidean distance for within-mudstone
samples is 97.7 (SD ¼ 38.1, n¼ 16), for within-siltstone samples
it is 83.6 (SD ¼ 27.4, n¼ 11), and for mudstone-siltstone sam-
ples it is 88 (SD ¼ 38.8, n¼ 27). There are only two sandstone
samples, but they did not cluster together (Figure 5A). The
Euclidean distance of mudstone-siltstone comparisons is not
significantly different from that of within-siltstone samples (t-
test, df ¼ 56.4, p< 0.3), but it is significantly higher than that
of within-mudstone samples (t-test, df ¼ 166, p< 0.01) (Figure
6A). Second, the nMDS did not indicate that palynological
assemblages are segregated by type of forest (Figure 5B, stress
¼ 0.2). When comparing the Euclidean distance between

Figure 2. Non-metric multidimensional scaling of the Holocene samples. (A) Samples separated according to v�arzea and lake margin environments. (B) Species do
not cluster according to ecological preference (flooded, non-flooded, flooded/non-flooded, unknown and montane).
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ecological groups (Table 1), the NF group is significantly more
clustered than all the other groups (Table 2). The aquatic group
is more clustered than the FNF group, which is more clustered
than the F group (Table 2; Figure 6B).

Pollen diversity also was not controlled by lithofacies. The
lowest sample coverage for the dataset was 0.8, and conse-
quently it was used to perform the coverage-based rarefac-
tion. Mudstone mean rarified richness was 18.7 (SD ¼ 10.7,
n¼ 16), that of siltstone was 32.1 (SD ¼ 20.5, n¼ 11), and
that of sandstone was 23.9 (SD ¼ 3.5, n¼ 2), the difference
being non-significant (t-test mudstone vs. siltstone, df ¼ 30,
p¼ 1) (Figure 6C). The mudstone mean Shannon index was
2.5 (SD ¼ 0.5, n¼ 16), that of siltstone was 2.7 (SD ¼ 0.28,
n¼ 11), and that of sandstone was 2.9 (n¼ 2), the difference
being non-significant (t-test mudstone vs. siltstone, df ¼
2, p< 0.1).

4.3. Holocene versus Miocene comparisons

We found that our Miocene samples are less heterogeneous
in pollen composition than those from the Holocene.
Miocene samples have a mean dissimilarity Chao index of
0.25 (SD ¼ 0.1, n¼ 406), while for Holocene samples it is 0.5
(SD ¼ 0.2, n¼ 171), and for Holocene versus Miocene it is
0.7 (SD ¼ 0.1, n¼ 551). The Miocene Chao index is signifi-
cantly lower than the Holocene Chao index (t-test, df ¼
228.3, p< 0.001). The Miocene vs. Holocene Chao index is
significantly higher than either the Miocene or Holocene
Chao index alone (t-test Miocene, df ¼ 752.1, p< 0.001, t-
test Holocene, df ¼ 197, p< 0.001) (Figure 7B).

We found no difference in pollen diversity between
Miocene and Holocene samples. The lowest sample coverage
for the entire dataset was 0.8, and consequently it was used
to perform the coverage-based rarefaction. The Miocene
mean rarefied richness was 20.3 (SD ¼ 12.4, n¼ 29) and that
for the Holocene was 20.1 (SD ¼ 15.3, n¼ 19) (Figure 7A),
the difference being non-significant (t-test, df ¼ 32.9,
p< 0.9). T16 richness is not significantly different from

Holocene (t-test, df ¼ 23.9, p< 0.9), nor is T15 (t-test, df ¼
3.5, p< 0.1), T14 (t-test, df ¼ 7, p< 0.8), or T13 (t-test, df ¼
25.7, p< 0.1). Furthermore, the Miocene mean Shannon
index was 2.6 (SD ¼ 0.42, n¼ 29) whereas the Holocene
value was 2.7 (SD ¼ 0.65, n¼ 19), the difference being non-
significant (t-test, df ¼ 28.1, p< 0.8). When comparing indi-
vidual biozones with the Holocene, the Shannon index
revealed no significant difference for T16 (t-test, df ¼ 21.9,
p< 0.9), T15 (t-test, df ¼ 13.5, p< 0.1), T14 (t-test, df ¼ 15.2,
p< 0.8), or T13 (t-test, df ¼ 27.7, p< 0.1).

Because the Holocene lithotypes are all mudstones, we
ran a diversity comparison using this lithotype only. The low-
est sample coverage was, again, 0.8. The Holocene mean
rarefied richness was 20.6 (SD ¼ 16, n¼ 19) while that for
the Miocene was 16.7 (SD ¼ 9.5, n¼ 16), the difference being
non-significant (t-test, df ¼ 30, p< 0.3). The Miocene mean
Shannon index for mudstone was 2.5 (SD ¼ 0.5, n¼ 16)
whereas that for the Holocene was 2.7 (SD ¼ 0.65, n¼ 19),
also non-significant (t-test, df ¼ 32.6, p< 0.4).

Finally, we noticed sampling saturation was not reached
yet. There are 231 morphotypes when all 18 Holocene sam-
ples are put together and saturation was not reached (Figure
8). When all 29 Miocene samples are compiled there are a
total of 284 morphotypes, and saturation was not reached
(Figure 8).

5. Discussion

5.1. Holocene environments

Our analysis indicates that sediments from different environ-
ments in western Amazonia have distinct pollen signals
(Figure 2A). Samples from v�arzea are well separated from
samples taken along lake margins (Figures 1C–H and 2A).
The most abundant types (composing �70%) differ signifi-
cantly. In v�arzea, the most abundant types (Poaceae,
Polypodium sp. 1, Polypodium sp. 2, Polypodium sp. 3, and
Microgramma) are all herbaceous. V�arzea is rich in pioneering
vegetation, including herbaceous ferns and floating

Figure 3. (A) Mean rarefied richness (coverage ¼ 0.8) and (B) mean Chao dissimilarity index for the Holocene flooded environments (v�arzea and lake margin).
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meadows (Absy 1979; Roucoux et al. 2013), indicating mostly
early successional vegetation on bars that are highly
dynamic; channel lateral migration in western Amazonia can
reach as much as 100–200m per year (R€as€anen et al. 1991).
In contrast, except for Polypodium sp. 2, the most abundant
types in lake margin (Symmeria, Alchornea, Pachira aquatica,
Mabea, and Polypodium sp. 2) are common tree elements in
Amazonian floodplains (Wittmann et al. 2004). Pollen
assemblages in Pantano de M�onica (middle Caquet�a River in
Colombia), a marsh not strongly influenced by river flooding
dynamics, were also dominated by arboreal taxa and had
scarce Poaceae (Behling et al. 1999). These differences could
also be explained by distinct pollen dispersal characteristics.
For instance, proximity to larger water bodies will lead to
more wind-transported taxa such as Poaceae, which was the
most abundant type in v�arzea samples. In contrast, smaller

water bodies like the inner-floodplain lakes will collect more
of the local vegetation, hence including more local tree ele-
ments and less of the herbaceous ones.

V�arzea samples are more similar to each other than lake
margin samples are to each other (Figure 3B). Our v�arzea sites
are dynamic sedimentary environments, being both flooded
for a large portion of the year and heavily affected by lateral
migration of bars. In contrast, our lake margin settings are
more stable, allowing more stable plant communities. Both
v�arzea and lake margin are dominated by F and FNF taxa
(74.7% and 96.9% in abundance, 68.8% and 61.8% in number
of taxa, respectively; Figure 4); they contain only a minor pro-
portion of exogenous pollen derived from NF environments
(3.4% in abundance and 1.2% in number of taxa; Figure 4),
underscoring that both v�arzea and lake margin samples are
dominated by local components rather than an ex-situ

Figure 4. (A) Relative abundance and (B) proportional richness of several ecological groups (flooded, flooded/non-flooded and non-flooded) for Holocene flooded
environments (v�arzea and lake margin).
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influence. Pollen sourced from Andean areas consists mostly of
Alnus and represents a minor component of the assemblage
(mean of 1.7% in v�arzea samples and absent from lake margin
samples); it was probably transported in the sediment load of
the large rivers with headwaters in the Andes.

V�arzea forests from western Amazonia (Wittmann et al. 2006)
include several of the taxa found in our pollen samples, includ-
ing Moraceae, Cecropia, Alchornea sp., Mabea sp., Myrtaceae,
Ilex, Sapium, and Vitex. Alchornea is a pioneer tree on dynamic
riverbanks, often forming monospecific stands (Kalliola et al.
1991; Wittmann et al. 2006). Mabea and one species of
Myrtaceae (Calyptranthes crebra McVaugh) are among the
important taxa from low v�arzeas (Wittmann et al. 2006),
whereas Sapium is an important element in high v�arzeas.
Overall, our pollen spectrum is representative of the
flooded forests.

Figure 5. Non-metric multidimensional scaling (nMDS) of the Miocene samples. (A) Samples do not separate along lithofacies (mudstone, silstone, sandstone). (B)
Species do not cluster according to ecological preference (aquatic, flooded, flooded/non-flooded, non-flooded, unknown and mangrove).

Figure 6. (A) Mean Euclidean distance of the nMDS Miocene lithofacies analysis of Figure 5A (mudstone, silstone). (B) Mean Euclidean distance of the nMDS
Miocene ecological analysis of Figure 5B (aquatic, flooded, flooded/non-flooded, non-flooded). (C) Mean rarefied richness (coverage ¼ 0.8) of Miocene lithofacies
(mudstone, siltstone, sandstone).

Table 1. Euclidean distance within ecological groups of the Miocene
palynoflora.

Group Euclidean distance

Aquatic 22.80 (SD ¼ 14.3, n¼ 16)
Flooded 73.95 (SD ¼ 54, n¼ 64)
Flooded/Non-flooded 53.7 (SD ¼ 47.9, n¼ 56)
Non-flooded 6.5 (SD ¼ 4, n¼ 49).

SD: standard deviation.

Table 2. T-tests between the mean Euclidian distance within ecological
groups of Miocene palynoflora.

t-test Flooded Flooded/non-flooded Non-flooded

Aquatic P< 000.1 P< 0.008 P< 000.1
Flooded P < 000.1 P < 000.1
Non-flooded P < 000.1
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The most important families from floodplains are also
found in terra firme forests, with �30% of species shared
(Wittmann et al. 2006). This is reflected in our pollen record,
which is dominated by FNF taxa (Figure 4), and similar
results were obtained in other studies in the region (e.g.
Behling et al. 1999; Roucoux et al. 2013). It is also possible
that the large dominance of the FNF group is due to our
inability to distinguish species within genera using light
microscopy. The development of new instrumental micros-
copy (e.g. confocal with air-dry scan) could greatly increase
the number of measurable pollen morphological traits, thus
helping to solve this issue (Sivaguru et al. 2018).

5.2. Holocene versus Miocene comparisons

Both Holocene and Miocene samples are dominated by the
FNF and F groups with only a small contribution of the NF

group, suggesting that in both sets of samples pollen is pri-
marily sourced from the local, flooded environments. One
difference, however, is a small (2.1%) contribution of aquatic
plants in the Miocene palynoflora (e.g. Echiperiporites akan-
thos, Proxapertites psilatus, Azolla sp., and Hydrosporis minor)
that is absent in the Holocene samples. This difference might
be expected given that the modern flooded environment of
western Amazonia represents only a small component of the
landscape (�20% by area; Toivonen et al. 2007), whereas it
was extensive during the time of the Pebas System.

There was no difference in within-sample diversity
between Holocene and Miocene palynofloras. The compari-
son, however, is not straightforward, as the core sampled the
same geographical position across geological time and a var-
iety of depositional settings, whereas the Holocene samples
represent the same time slice across multiple geographical
positions. It is possible that the lack of difference is driven
by the nature of the flooded environments, as similar envi-
ronments are sampled in both the Miocene and Holocene.
To address this concern, it would be necessary to include in
the analysis samples from non-flooded settings, from both
the Miocene and the Holocene, to compare and contrast
with the flooded environments.

A surprising result was that the Holocene samples were
more heterogeneous relative to each other than were the
Miocene samples relative to each other (Figure 7B). Given
that Miocene samples span millions of years and a larger var-
iety of depositional settings than the Holocene samples, the
opposite pattern would be expected. We hypothesize that
the Pebas System was highly homogeneous at a continental
scale, much more so than modern western Amazonia, thus
suggesting that the spatial vegetation turnover was much
lower than in modern ecosystems. We need a much more
extensive geographical sampling of the Pebas System to test
this hypothesis, but this could lead to a number of future
research questions, including: (1) where did the non-flooded
taxa come from (e.g. Eastern Amazonia)?; (2) was the extant
high diversity of non-flooded habitats (e.g. terra firme)

Figure 7. (A) Mean rarefied richness (coverage ¼ 0.8) and (B) mean Chao dissimilarity index for the Miocene and Holocene palynofloras.

Figure 8. Species accumulation curve for Holocene (black lines) and Miocene
(grey lines) samples.
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developed over the past 8–9 million years?; and (3) are there
large extinctions of plant clades associated with the Miocene
flooded environments of the Pebas System?

Western Amazonia is a continental-scale area holding the
greatest plant biodiversity in the world. We are still in the
early stages of understanding its evolution, but without
doubt, the fossil record holds the key to unraveling one of
the oldest questions in evolutionary science: Why are the
tropics so diverse?
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