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Brazilian montane rainforest
expansion induced by Heinrich
Stadial 1 event
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The origin of modern disjunct plant distributions in the Brazilian Highlands with strong floristic affinities
to distant montane rainforests of isolated mountaintops in the northeast and northern Amazonia and
the Guyana Shield remains unknown. We tested the hypothesis that these unexplained biogeographical
patterns reflect former ecosystem rearrangements sustained by widespread plant migrations possibly
due to climatic patterns that are very dissimilar from present-day conditions. To address this issue, we
mapped the presence of the montane arboreal taxa Araucaria, Podocarpus, Drimys, Hedyosmum, llex,
Myrsine, Symplocos, and Weinmannia, and cool-adapted plants in the families Myrtaceae, Ericaceae, and
Arecaceae (palms) in 29 palynological records during Heinrich Stadial 1 Event, encompassing a latitudinal
range of 30°S to 0°S. In addition, Principal Component Analysis and Species Distribution Modelling were
used to represent past and modern habitat suitability for Podocarpus and Araucaria. The data reveals
two long-distance patterns of plant migration connecting south/southeast to northeastern Brazil and
Amazonia with a third short route extending from one of them. Their paleofloristic compositions suggest
a climatic scenario of abundant rainfall and relative lower continental surface temperatures, possibly
intensified by the effects of polar air incursions forming cold fronts into the Brazilian Highlands. Although
these taxa are sensitive to changes in temperature, the combined pollen and speleothems proxy data
indicate that this montane rainforest expansion during Heinrich Stadial 1 Event was triggered mainly by
a less seasonal rainfall regime from the subtropics to the equatorial region.
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The origin of disjunct vegetation types in mountain landscapes of southeastern and central Brazil that display a
strong affinity to wet montane floras of northern South America remains unknown. Earlier hypotheses'? sug-
gested cold and wet migration corridors possibly in the Eocene or Miocene, later affected by the Quaternary
climatic change, might have allowed ancient contact between plant populations now isolated on distant
mountaintops.

In this study we investigate the impact on tropical montane vegetation of an enhanced South American
Summer Monsoon (SASM) regime between 18.1 and 14.7 kcal yr BP in synchrony with glacial episodic iceberg
discharge in the North Atlantic, known as Heinrich Stadial 1 (HS1), as indicated by speleothem isotope records®~".
Oxygen isotopes in the Botuvera cave speleothems have indicated that wet phases prevailed during the last glacial
cycle in southern Brazil®. Additional support for this scenario comes from calcite deposits at lake margins within
caves and expansion of wet forests in the HS1 of northern Bahia, currently covered by semi-arid vegetation
(caatinga), suggested by abundant plant megafossils in calcareous tufas, belonging to arboreal and herbaceous
taxa presently found in the Atlantic and Amazon rainforests’.

We hypothesize that the intensified precipitation within the area climatologically affected by the South
Atlantic Convergence Zone (SACZ) and the Intertropical Convergence Zone (ITCZ) promoted conditions suita-
ble for the establishment of north-south migration corridors for the expansion of montane forest. These possible
former connections between southeast and central Brazil, from 31° to 22°S lat. and southeastern Amazonia could,
therefore, explain much of the modern occurrence of disjunct humid and cold-adapted taxa in elevated areas of
cerrado and semi-arid caatinga reaching 4°S, with counterparts in the tepuis of the Guyana Shield, including
those in Roraima (northern Brazilian Amazonia) and in Venezuela.

Methods

We infer vegetational and correlated climatic changes during the HS1 event by analyzing selected arboreal pollen
taxa, in most cases with abundance higher than 5%, in Brazilian Late Quaternary pollen records, with mor-
phological features that allow identification to genus level and in some cases only to family'’, the exception of
which is genus Araucaria Juss., represented in Brazil only by A. angustifolia (Bert.) O. Kuntze. The selected cold/
mild and cold-humid adapted genera are Araucaria Juss., Podocarpus UHér. ex Pers., Drimys J.R. Forst. & G.
Forst., Hedyosmum Sw., Ilex L., Myrsine L., Symplocos Jacq., and Weinmannia L., as well as the families Myrtaceae
Juss., Ericaceae Juss. and Arecaceae Bercht. & J. Presl (sin. Palmae Juss., palms), chosen based on their frequent
presence in glacial pollen signals of tropical America'’-!. It is noteworthy that in southern and southeastern
Brazil, Podocarpus is represented by two species in the highlands, i.e. P. lambertii Klotzsch ex Endl. and P. sellowii
Klotzsch ex Endl. Pollen rain analyses in this area'” indicate that its pollen counts can be as low as 0.8% to indicate
significant presence in native coastal rainforests.

These taxa are stenopalynous; although some of them may contain thousands of members, their pollen is
represented only by one morphological type, and thus does not permit separation of species i.e., Myrtaceae
Juss. Although palm pollen can be assigned to different genera, it frequently appears in pollen records simply as
Arecaceae or Palmae.

Montane species of the families Myrtaceae, Ericaceae and Arecaceae were verified in herbarium collections
of The Field Museum of Natural History and the Department of Botany of the Institute of Biological Sciences of
the University of Sao Paulo and in the Flora do Brasil 2020'°. Myrtaceae is represented by a total of 17 genera and
53 species. Ericaceae, an almost exclusive montane family of shrubs and trees comprised of 12 genera, 99 species
and 27 varieties, commonly found in high altitude montane ecosystems of Brazil where they are subjected to
sub-zero temperatures at certain periods of the year?. The palm family Arecaceae is represented on montane with
subtropical humid climate by 5 genera and 19 species. A list of montane species for these three families are given
in Supplementary Information.

A detailed survey of the Late Pleistocene palynological literature in Brazil reveals a total of 29 pollen profiles
from continental sedimentary records containing HS1 age sediments: 1. Cambara do Sul'’; 2. Sdo Francisco de
Assis'8; 3. Serra da Boa Vista'’; 4. Serra do Tabuleiro®; 5. Pato Branco?’; 6. Volta Velha?; 7. Curucutu®; 8. Colonia
Crater'%; 9. Serra de Botucatu®!; 10. Monte Verde?*; 11. Lagoa de Itaipu®®; 12. Morro do Itapeva'; 13. Lagoa dos
Olhos?*%; 14. Salitre'®; 15. Serra Negra'?; 16. Brejo do Louro®; 17. Serra do Espinhaco®; 18. Buritizeiro®; 19. and
20. Crominia’'; 21. Turfa de Inhumas®; 22. Lagoa Bonita®*; 23. Aguas Emendadas®; 24. Chapada dos Veadeiros™;
25. and 26. Serra dos Carajas®*’; 27. Lago Ca¢6®; 28. and 29. Lagoa da Pata'"*.

Four of these records are from the lowlands of equatorial regions of eastern®” and western Amazonia
and one study is from Lagoa do Cag6*, at the easternmost Amazonian forest/savanna transition in the State of
Maranhdo, close to the Atlantic coast in northern Brazil. The remaining pollen records are distributed in montane
forests of the Brazilian highlands, a patch of remaining humid vegetation within the modern Cerrado (Brazilian
Savanna) domain of southeastern and central Brazil.

Since the physiognomy of montane forests, specially in southern and southeastern Brazil are characterized
in general by an 30-40 m high emergent layer containing Araucaria underlain by a sub-canopy containing
Podocarpus, we mapped their potential distribution during the late glacial phase and under current conditions.
Species Distribution Model (SDM) were generated with MaxEnt**** version 3.3.3k, for the HS1 phase in the
Brazilian Highlands, correlating pollen records with monthly mean convective precipitation rate (PRECC),
large-scale precipitation rate (PRECL), surface (TS) and minimum surface temperature (TSMIN) from CCSM3
Trace21k dataset*, at a resolution finer than the 3.5° x 3.5° grid. Potential distribution maps of Podocarpus (20
training and 4 test samples, 0.965 average training AUC for the replicate run and 0.012 standard deviation) and
Araucaria (9 training and 2 test samples, 0.976 average training AUC for the replicate runs and 0.006 standard
deviation).
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Figure 1. Presence (red circles) and absence (white circles) of Podocarpus (a) and Araucaria (b) pollen in HS1
records of Brazil. Areas above 610 m elevation are highlighted in red. Dashed line is the border of Brazil. Base
layer: Shaded relief image of ETOPO1 Global DEM (continental area: shaded relief illumination from 060°N,
30° above horizon, 40 times vertical exaggeration; oceanic area: illumination from 060°N, 20° above horizon, 5
times vertical exaggeration).

Modern Species Distribution models (SDM) for Araucaria (represented only by A. angustifolia) and
Podocarpus (represented by P. lambertii and P. sellowii) were generated with MaxEnt*>*® version 3.3.3k with
bootstrap resampling of 20 replicates, using 19 bioclimatic variables, obtained from worldclim version 2.0, at
a resolution finer than the 1 km x 1km grid, and modern occurrence points of SpeciesLink and SiBBr/GBIF:
Araucaria angustifolia (124 training and 13 test samples, 0.987 average training AUC for the replicate runs and
0.001 standard deviation), Podocarpus lambertii (157 training and 17 test samples, 0.984 average training AUC for
the replicate runs and 0.001standard deviation) and Podocarpus sellowii (124 training and 13 test samples, 0.987
average training AUC for the replicate run and 0.001standard deviation).

To illustrate the distribution of fossil pollen data from the Brazilian Highlands during HS1 we made shaded
relief images (Figs. 1-3, 6 and Supplementary Figures) of the ETOPO1 Global Digital Elevation Model* with
01-minute spatial resolution, draped by a custom hypsometric color scale. For the continental area, shaded relief
illumination is from 060°N, 30° above horizon, with 40 times vertical exaggeration. In the oceanic area, illu-
mination is from 060°N, 20° above horizon, with 5 times vertical exaggeration. Raster shading and color scale
creation?® were performed in GRASS-GIS 7.4, map composition in QGIS 3.2 and final artwork in Inkscape 0.92.

Of all 89 pollen records examined in our survey, only 29 encompassed large time sections of the last glacial
cycle as shown in Fig. 1 (and in Supplementary Materials), which highlight the two gymospermous taxa of the
Brazilian Flora, Podocarpus and Araucaria, conspicuous elements of southern/southeastern vegetation, during
HS1 and indicative of subtropical climates!*126,

Northward migration during HS1 conditions.  The fossil pollen data reveal constant presence of humid
forest elements in montane corridors following three major routes during the HS1 event: a northward expan-
sion linking southern-southeastern Brazil to southern Amazonia, via Serra do Mar/Mantiqueira, central Brazil,
Serra Geral, Serra de Carajés, hereafter Southern-southeastern Brazil to southern Amazonia (route SSA) and a
northward expansion linking southern-southeastern Brazil to northeastern Brazil, via Serra do Mar/Mantiqueira,
Serra do Espinhac¢o, Chapada Diamantina, Serra de Ipiabapa, hereafter Southern-southeastern Brazil to north-
eastern Brazil (route SSN) and a more restricted distribution connecting southern/southeastern to central Brazil,
extending from 30°S to 18°S, hereafter Southern-Southeastern Brazil (route SSB; see Fig. 2, lower right). The SSA
and SSN pattern are evident for Podocarpus, Ilex, Myrsine, Hedyosmum, Myrtaceae and Arecaceae, describing
an arch-like direction. Some of these taxa extended from the southern/southeastern coast at latitudes as low
as 30°S, to the central elevated regions of the Brazilian subtropics, thus reaching southeastern Amazonia at 5°S
(Podocarpus, Hedyosmum and Arecaceae) and 4°S within the modern Cerrado/Amazon rainforest ecotone of
northern Maranhio State (Myrtaceae, Myrsine) (routes SSA and SSN, respectively; Fig. 2). It is noteworthy that
although most species participate in these different pathways, their environmental characteristics are fundamen-
tally different. SSA is associated with the humid and warm Amazonian lowlands, while SSN is associated with
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Figure 2. SSA, SSN and SSB migration routes for montane taxa during HS1 and pollen record locations in
Brazil (open circles). Route SSA extends from southern/southeastern Brazil to southern Amazonia in the State
of Pard. Route SSN extends from Southern-Southeastern to Northeastern Brazil lacks palynological support
but is supported by modern distributions of montane taxa and Lagoa do Cag6 (sedimentary record 28). SSB
route connects coastal southern and southeastern sites up to 18°S synchronous with polar air mass incursions
and lowered temperatures as supported by pollen evidence. Areas above 610 m elevation are highlighted in
red. Dashed line is the border of Brazil. Base layer: Shaded relief image of ETOPO1 Global DEM (continental
area: shaded relief illumination from 060°N, 30° above horizon, 40 times vertical exaggeration; oceanic area:
illumination from 060°N, 20° above horizon, 5 times vertical exaggeration).

xeric environments such as the semi-arid caatinga of the northeast, and SSB is restricted to humid and cool hab-
itats of the southern high-elevation mountains.

We hypothesize that modern plant distributions on isolated mountaintops of northeastern Brazil indicate that
various rainforest arboreal taxa>*” possibly reached these regions through a secondary fork-like branch emerging
at 22°S and extending until 18°S into the Brazilian highlands, very likely to have been maintained by orographic
rains and/or adiabatic cooling. In addition, from 18°S northwards, the SSN route could have reached latitudes
within the present-day domain of semi-arid caatinga. Although this additional route during HS1 cannot be con-
firmed by palynological analyses due to the lack of study sites in that region, macrobotanical evidence in calcar-
eous tufas deposited at ca. 17 kcal yr BP*® indicate the presence of Atlantic/ Amazonian rainforest elements such
as Aparisthmium Endl., Annonaceae Juss., Chrysobalanaceae R. Br., Drymonia coccinea (Aubl.) Wiehler, Luehea
grandiflora Mart., Prunus sellowii Koehne, Sloanea L., Tetrastylidium Endl. at 10°S lat. during Heinrich Stadial
events in Northeastern Brazil.

Route SSB, utilized by Araucaria, Drimys, Symplocos, Weinmannia and Ericaceae, appeared to have had a
more restricted distribution in Southeastern Brazil limited within a latitudinal band between 30°S and 18°S. This
pathway appears to have two different latitudinal components: a coastal distribution at low elevation from 30°S
to 22°S (Araucaria, Drimys, Symplocos, Weinmannia, and Ericaceae) and a high montane component from 22°S
to 18°S (Araucaria and Drimys).

All migration pathways suggest that during HS1 a long chain of mountains, starting at the Serra do Mar, fol-
lowed by the Serra da Mantiqueira and deriving into the Serra do Espinhago and the Brazilian Central Plateau,
functioned as an efficient corridor for the migration of montane elements as proposed by earlier biogeographers®,
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Figure 3. Montane forest potential distribution during HS1 represented by Podocarpus (a) and Araucaria

(b), where black and white circles indicate presence and absence, respectively, in pollen records. White areas
show SDM maps generated in MaxEnt version 3.3.3k for prediction of montane forests, using presence in
pollen records during HS1 correlated with climatic layers from CCSM3 Trace21k dataset. Areas above 610 m
elevation are highlighted in red. Dashed line is the border of Brazil. Base layer: Shaded relief image of ETOPO1
Global DEM (continental area: shaded relief illumination from 060°N, 30° above horizon, 40 times vertical
exaggeration; oceanic area: illumination from 060°N, 20° above horizon, 5 times vertical exaggeration).

possibly under an enhanced humid phase in the SACZ and ITCZ climate domains®~’. Also, the occurrence of
cold-adapted trees such as Araucaria beyond their present-day northern limit suggests the possibility that inten-
sified polar air incursions into the interior of South America might have dropped the temperatures during the
HSI1 period as has been inferred for the last glacial period®”*°. During that time, the tilt of the Earth s axis, the
eccentricity of the orbit and the longitude of the perihelion may have affected the solar radiation at the top of the
atmosphere. Therefore, it is possible that under a scenario of less intensified solar radiation during HS1 polar
circulation became somewhat stronger while the Hadley circulation was weakened and this mechanism is likely
to have generated a larger displacement of polar air towards northern South America®'.

Under these conditions of enhanced humidity and lowered temperatures, the maintenance of both routes
appears to be controlled by different pollen and seed dispersal abilities. Most taxa that migrated further along the
SSA route have wind-dispersed pollen and are dioecious, two evolutionary traits directly linked to high dispersal
potential®?, in addition to seed dispersal by birds (Table 1), all of which may have granted them increased ecolog-
ical amplitude and greater colonization ability. Moreover, these taxa can occur in both late and early successional
stages, which can be interpreted as highly adapted to these vegetational changes.

Taxa displaying the SSN route, in general, are characterized by slightly less efficient dispersal of pollen in terms
of distance by entomophily as well as zoochory, other than bird-dispersed, seeds. We hypothesize that these these
main routes were actually transects of high montane microrefugia alignments during the humid and cold phase
of HS1 and probably in earlier glacial phases. Therefore, the small nuclei of montane vegetation acted as sources
of immigrants to other microrefugia along theses routes, where all dispersal syndromes were highly efficient, thus
permitting geneflow between these populations. Support for this hypothesis comes from a modernal relictual
Podocarpus microrefuge in semi-arid vegetation at Morro do Chapeu, Bahia at 11°S*>>*. There, rocky otucrops
reduce mean annual temperature by 5°C and augment humidity by 12%. Under this scenario, final coalescence
of these microrefugia may have formed rather contiguous humid forested corridors. Testing these hypotheses
requires more pollen records especially at lower latitudes of southern Amazonia and northeastern Brazil. This
paleoclimatic scenario is supported by a marine pollen record off the coast of northeastern Brazil*®, containing
continental sediments generated in the region of modern semi-arid vegetation. This record shows an HS1 pol-
len zone, characteristic of humid climate, with significant percentages of SSA route taxa such as Hedyosmum,
Ilex, and Myrtaceae, together with Symplocos and Cyathea Sm. It is clear that entomophilous pollination and
animal-dispersed seeds did not hinder the very long dispersal ability of Drimys possibly due to the beneficial
effects of nearby microrefugia and therefore shorter dispersal distances needed for population expansion. The
data suggest that the SSN route could have extended well into northeastern Brazil, where Drimys, Hedyosmum,
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Taxon Routes Succession Pollen dispersal Seed dispersal Reproduction
Late secondary Anemophilots™
Podocarpus SSN-SSA | but resistant to (wind) P Zoochory (Birds, mammals)”"7? Dioecious
disturbance®
;3 | Entomophilous™7 7 7 (i -
_ 61,73 s 77 77
Ilex SSN-SSA | Early and Late! Anemophilous™ Autochory”’, Zoochory”” (Birds) Dioecious
. Early and Late” Anemophilous 77.80(Rs .
Myrsine SSN-SSA Intermediate” Entomophilous Zoochory””®(Birds) Monoecious
Hedyosmum SSN-SSA | Late® Anemophilous®? Zoochory (Birds)®>% Dioecious
Myrtaceae SSN-SSA | Late and early” Entomophilous, Ornithophilous® | Zoochory*** (Bat, bird, small and medium mammals)*** | Monoecious
Arecaceae SSN-SSA g:fi{;;?termedlate Entomophilous, Anemophilous®® | Zoochory (Bird, small mammals)*, Autochory Monoecious
Araucaria SSB Early® Anemophilous Zoochory® (Birds, mammals) Dioecious
Drimys SSN Late secondary® Entomophilous® Zoochory (Birds, small mammals)®! Dioecious
Entomophilous® .
73 0
Symplocos SSN Late secondary Ornithophilous Zoochory® Monoecious
Weinmannia | SSN f:crglzzfygﬂ Entomophilous®®* Anemochory® Monoecious
Gaylussacia - Entomophilous®
Ericaceae SSN Early® and Late® | Agarista Zoochory, Autochory, Anemochory® Monoecious
Ornitophilous®

Table 1. Reproductive characters of montane arboreal taxa displaying SSA, SSN and SSB migration routes.

Symplocos, Ericaceae, Podocarpus, Myrsine, Ilex, Weinmannia and others are all found at the modern altitude of
1500 m in the Chapada Diamantina range, in northeastern Brazil.

The main feature of route SSB is the northward expansion of Araucaria, a major element in ombrophilous
rainforest of high elevations of southern/southeastern Brazil in consortium with Podocarpus. It can be considered
a good proxy for relatively low temperature and high humidity'>1*?°¢%7. Our hypothesis suggests that its migra-
tion pattern reaching 18°S was likely to be controlled by low temperature regimes and low precipitation variability
throughout the year during HS1. Although low modern temperature regimes at the Serra do Espinhago (site 17)
are conducive to sustaining gymnosperm forests as they did during HS1, the site no longer has adequate humidity
due to irregular distribution of precipitation during the long dry season.

Hereafter represented by Podocarpus, demonstrate wider latitudinal expansion abilities, ranging from 30°S to
0°S, than those displayed by SSB, hereafter represented by Araucaria (Supplementary Figs. 1-11), where taxa were
restricted to latitudes between 30°S and 18°S.

Climatic changes and montane vegetation expansion during HS1. Pollen histories of arboreal taxa
common in humid and cold forests of glacial age in Brazil'»!*?*3740 support the hypothesis of intensification
of transient climatic systems under glacial regime during HS1. We suggest that continental surface tempera-
tures lowered by the effects of polar air incursions in South America had a significant forcing effect on mod-
ern plant biogeographical patterns by fostering long-distance migration of currently montane elements. One
of the best-known lines of indirect evidence for this hypothesis is given by the vegetation of the Pico das Almas
(13°34'S), in the Chapada Diamantina mountain range, northeastern Brazil. This vegetation is floristically more
related to that of the Andean paramo and subparamo forests® with genera like Podocarpus, Drimys, Symplocos,
Weinmannia, and Hedyosmum (SSA pattern), and to the flora of the tepuis of Venezuela. The second line of
indirect evidence is the pollen record of the Icatu site at 10°S, currently under semi-arid vegetation in north-
eastern Brazil, which shows during the Pleistocene/Holocene transition®® at c. 11 kcal yr BP abundant cold and
humid-adapted taxa such as Podocarpus, Ilex, Myrtaceae and Hedyosmum coexisting with Humiria Aubl., a
taxon of shrubs to large trees of the Guyanas and Guyana-influenced Amazon and currently present at Serra do
Espinhaco range above 1000 m altitude®.

Although alternative and viable hypotheses for such biogeographical patterns may suggest that connections
could have been established during the cold phases of the Oligocene'?, following the tropical decline of the
Eocene, Late Pleistocene pollen data points to a powerful reorganization of ecosystems in South America during
the terminal phases of the last glacial cycle. To test this Late Quaternary expansion of cold and humid forests, i.e.
augmentation of the potential distribution of the fundamental niche of our selected montane taxa into northern
Brazil, we generated a Species Distribution Model (SDM) for Podocarpus and Araucaria for the HS1 phase in the
Brazilian Highlands, by correlating observations of taxa occurrences in palynological records, representatives of
the SSA, SSN and SSB routes, with monthly mean of precipitation and surface temperature from climatic layers
from the CCSM3 Trace21k dataset** (Fig. 3).

The resulting maps highlight areas of habitat suitability over large sections of the SSA and SSB routes especially
those between 30°S and 14°S, a region where the South American Monsoonal System was intensified during
HS167, The disjunct high suitability for Podocarpus for the Carajés lakes region (site 25) and very low suita-
bility for Lagoa do Cag6*! (site 27) might be due to the absence of continental pollen records in these equato-
rial and subequatorial regions in Brazil during HS1. On the other hand, a marine pollen record off the coast of
Ceard®, showing expansion of cold-adapted montane arboreal elements during HS1, provide strong evidence
for high humidity levels brought about by the southward displacement of the ITCZ®. This scenario is confirmed
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Figure 4. Boxplot of monthly averages of convective precipitation rate (PRECC) in mm/month (a) and mean
monthly surface temperature TS °C (b) at Chapada do Apodi, next to Cagé Lake, derived from Simulation of
the Transient Climate of the Last 21000 Years (TraCE-21k) during HS1. R-scripts were generated to produce
boxplots.

Podocarpus Araucaria
[=] o
o | o _|
o o
N N
o 12 12.
o ® 10 o P
o o
a O D O
o < L <
Q Q 17
© . ol © h s e
L] L]
o 3 [=]
s 8- - g Lol
Ll o
T 04 79 o T v o* . o
3 | o; 8 ®13 0oy = - ‘e 9 ° o2t
] 20 = 20
=z g % 610 m N = ©
< S - ¢ < S - 18°s o
(T2} 2 (T2}
L™ #0029
[ 23 02\ g% 80 m 24 " % o
o ps o ®n O46 — o o' ‘o oM o
T T T T T T T I T T T T T T
30 25 -20 15 10 -5 0 30 25 -20 15 10 -5 0

Latitude (°) Latitude (°)
Figure 5. Scatter plot of altitude (m) vs. latitude (°S) for Podocarpus (a) and Araucaria (b) as indicated by
presence (filled circles) and absence (clear circles) in pollen records during HS1. R-scripts were generated to
produce the scatter plot.

by CCSM3 Trace21k dataset* simulation data analyses for current semi-arid Apodi region (<250 m elevation,
mean annual temperature 28.5 °C), nearby Cag¢0 lake, indicating average annual accumulation of 2650 mm asso-
ciated with high precipitation levels of monthly mean Convective Precipitation Rate (PRECC) and mean annual
surface temperatures (TS) of around 22.6°C, of c. during HS1 and (Fig. 4). Therefore, we estimate a temperature
depression of c. 5°C, which is supported by similar cooling between ca. 14-17 Krs BP, revealed by noble gases
paleotemperature record in groundwater in northeastern Brazil®”. In addition to conducive temperature, precip-
itation values are also well above the ecological requirements for sustaining a cold and humid forest vegetation
with Podocarpus at Caco Lake, currently under mean annual precipitation of 1400-1500 mm and mean annual
temperature of 25°C*.

The frequency of Podocarpus in pollen records analyzed depict a strong latitudinal control. In the southern-
most range of its distribution (30°S-22°S) it could be found in elevations ranging from sea level to 1157 m, fol-
lowed by an intermediate range from north of 22°S to 10°S where it was restricted to elevations higher than 610 m
(Fig. 5a). In its northernmost limit, lying between 6°S and 3°S, Podocarpus eventually reached the Amazonian
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Figure 6. Modern Potential Distribution maps for Podocarpus (a) and Araucaria angustifolia (b) where
occurrences of taxa are shown by yellow and blue dots, respectively. White areas show SDM maps generated
by MaxEnt version 3.3.3k for prediction of montane forest, using presence from SpeciesLink and SiBBr/GBIF
database and 19 bioclimatic data layers from WorldClim dataset version 2.0. Areas above 610 m elevation are
highlighted in red. Dashed line is the border of Brazil. Base layer: Shaded relief image of ETOPO1 Global DEM
(continental area: shaded relief illumination from 060°N, 30° above horizon, 40 times vertical exaggeration;
oceanic area: illumination from 060°N, 20° above horizon, 5 times vertical exaggeration).

lowlands, thus descending from 540 m to 80 m elevation (Fig. 5a, lower right), next to Cag6 Lake. Araucaria, on
the other hand, a good representative of the SSB route, shows a dissimilar distribution pattern in the HS1 pollen
records ranging from 30°S at sea level to 750 m at 26°S with its northern limit during the glacial times at 18°S in
1246 m elevation, with maximum elevation reached at 1820 m at 22°S. The separating line between sites north and
south of 18°S (Fig. 5b) suggests the northernmost limit for incursion of polar air masses during HS1, a fact that
possibly imprinted a biogeographical boundary still observed in the modern southeastern Atlantic rainforest with
a higher plant species turnover® north of 18°S. Molecular genetic data from three common species of tree frogs
widely distributed along the Atlantic rainforest®* support forest stability in the central core area of this vegetation
type in the late Pleistocene. Combining these with our results, it becomes clear that stability of forest physiogno-
mic persisted during the Late Pleistocene concurrent with migration of cold-adapted plant species northwards
propelled by H1 events, which in turn might have contributed to the establishment of biogeographical compart-
mentalization of the montane coastal vegetation specially north of 18°S.

Modern parameters and the climate of HS1 for the brazilian highlands. Podocarpus L Her. ex
Pers. and Araucaria (Bertol.) Kuntze stand out for beeing more ecologically informative in terms of precipitation
and temperature requirements in southern and southeastern Brazil. Species Distribution Model (SDM) maps
for A. angustifolia, P. lambertii and P. sellowii, shown in Fig. 6, confirm a geographical restriction of Araucaria in
southern/southeastern Brazil as opposed to a large distribution of Podocarpus, ranging rom 30°S to ca 5°S. Data
cleaning methods was used to check the quality of data of modern distribution®?, i.e. validation of the taxonomic
identification in relation to the available literature with its corresponded latitude and longitude coordinates was
performed. Georeferencing errors were evaluated and discarded from the database and a filter was applied to
select only occurrences within the Brazilian territory.

At the northernmost edge of this distribution range, Podocarpus is found in relictual populations in orograph-
ically controlled humid “islands” within semi-arid climates®**, isolated in the Pleistocene, as indicated by genetic
data®. Anotherline of evidence for expanded montane forest in this region is the discovery®* of fossilized leaves
of rainforest taxa found in the late glacial calcareous tufas in a modern Caatinga region adds more support for this
climatic mechanism during Heinrich Stadial events throughout the last glacial period. However, the mode that
humid adapted plants migrated to present-day semi-arid regions in South America is still unknown.

The current distribution of Araucaria angustifolia reaches its northern limit at 21°S in any elevation, at alti-
tudes of about 400 to 1750 m above sea level (asl) under less than three months dry season, whereas from 24° to
31°S this taxon occurs as low as at sea level up to ca. 1200 m, under year-round high humidity levels.
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Figure 7. PCA biplot for the modern distribution of Podocarpus lambertii and Araucaria angustifolia in
relation to mean values of total annual precipitation, performed by PAST 3.21 (a). Boxplots of each annual total
precipitation value representing number of years (2000-2015) for Podocarpus lambertii (1520 £ 220 mm) (b)
and Araucaria angustifolia (1680 = 180 mm) (c). Scatter plot of Total Annual Precipitation (mm) vs. Latitude
(°) of modern distribution for Podocarpus lambertii and Araucaria angustifolia, respectively (d,e). Precipitation
data were based on hourly rainfall estimates with CMORPH between 2000 and 2015, corrected by the Brazilian
meteorological station network. R-scripts were generated to produce boxplots and the scatter plot.

In order to investigate the factors controlling its modern distribution as well as Podocarpus lambertii occur-
rences, we used a 15-year long data set of rainfall data CPC Morphing technique (CMORPH)®, corrected by the
Brazilian meteorological station network data®”%, between 2000 and 2015. Afterwards, R-scripts were written to
generate descriptive statistics for the occurrence of each taxon. Box plots and histograms were generated based
on values of 1° x 1° latitude grid of total daily accumulated precipitation data. These analyses yielded mean values
of precipitation for 6 months periods, for the seasons, months and annual precipitation for that historic series.
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Figure 8. PCA biplot (a) for modern distribution of Araucaria angustifolia in relation to mean values of total
annual precipitation, performed by PAST 3.21. Annual (b), wet (c) and dry (d) season histograms for total
precipitation values representing number of years (2000-2015), in relation to mean values of total monthly
precipitation. Precipitation data were based on hourly rainfall estimates with CMORPH between 2000 and 2015,
corrected by the Brazilian meteorological station network. R-scripts were generated to produce boxplots and the
scatter plot.

Finally, a Principal Component Analysis (PCA) was carried out for both Podocarpus and Araucaria in order to
discriminate the roles of precipitation and temperature in relation to the following variables: cumulative annual
precipitation in mm, total precipitation in Winter, Spring, Summer and Autunm, wet and dry periods. Modern
occurrence of Araucaria angustifolia and Podocarpus lambertii in Brazil are controlled mainly by mean total
annual precipitation of 1680+ 180 mm and 1520 + 220 mm based on a 15-year climatic series (2000-2015),
whereas optimum mean annual temperature for both taxa are ca. 17.5°C as indicated by Species Distribution
Model and WorldClim dataset.

PCA biplots shown on Fig. 7 indicate that annual and summer variables are the main loading values for the PC1
(84.11%) and PC2 (15.15%) components, respectively. The simultaneous occurrence of Araucaria angustifolia and
Podocarpus lambertii is discernibed as a main central cluster (Fig. 7a) for 1750 mm annual precipitation. Outside
this range, only Podocarpus can survive as it tolerates higher precipitation variability (Fig. 7b). The latitudinal
control for Araucaria is significantly stronger when compared to Podocarpus that can thrive in microrefugia in lat-
itudes outside the Araucaria-Podocarpus associations typical of south/southeastern Brazil (Fig. 7d,e). The PCA dia-
gram of the combined distribution, with overlapping clusters, of both taxa shows that the modern occurrences of
Araucaria angustifolia and Podocarpus lambertii in Brazil are controlled mainly by mean total annual precipitation
of 1680+ 180 mm and 1520 & 220 mm respectively based on a 15-year climatic series (2000-2015). These values
range well within the classical precipitation values used in the literature for both taxa for the Brazilian highlands.

PCA biplots for Araucaria (Fig. 8a) reveals annual and summer variables are the main loading values for the
PC1 (71.47%) and PC2 (27.07%) component. PCA loadings indicate that the distribution of Araucaria angustifo-
lia is primarily influenced by anual acumulated precipitation and well distributed precipitation long the year, both
in dry and wet seasons, respectively. Figures 8b,c indicates low precipitation variability as a significant parameter
for explaining Araucaria distribution (Fig. 8d) under modern conditions. Therefore, it’s clear that this taxon does
not tolerate dry conditions even during the dry months, showing an optimum value of precipitation around
500 mm for the period of March to August.

We suggest that individualistic species reshuffling in the three migration routes during HS1 was constrained
by their physiological responses within these temperature and precipitation ranges. Morevorer, the climatic con-
finment in terms of humidity stability possibly explains why Araucaria did not migrate further than lat 18°S in
route SSB during HS1.
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Conclusions

Our analyses provide strong evidence for the establishment of migration corridors of montane forest taxa, facial-
titated by the presence of microrefugia, connecting different ecosystems in a continental scale, during humid and
cold conditions related to Heinrich Stadial 1, from 18.1 to 14.7 kcal yr BP. Analysis of published Brazilian fossil
pollen records corroborate with a climatological scenario of high humidity sustained by the South American
Monsoonal System under lowered temperatures resulting in more regular polar air mass incursions, reaching
18°S latitude, thus forming frequent cold fronts advancing northwards, into Amazonia and northeastern Brazil.
Consequently, the two main migration routes, here coined SSA and SSN, respectively, were established. On those
montane pathways, different plant taxa were able to disperse taking full advantage of certain reproductive traits,
especially anemophilous pollen and bird dispersed seeds. It’s possible, that effective migration along these routes
were facilitated by the presence of previous montane forests microrefuges, which might have expanded downslope
towards the lowlands during HS1, thus forming coalesced vegetated corridors. The proximity bwtween these
established microrefugia permitted a series of local population expansions along the three montane routes during
these cold and humid events.

It becomes clear that mean annual temperature depression played a major role during the wet and cold HS1
phase in Brazil of at least 5°C, as indicated by temperature estimation based on noble gas paleotemperature
records not for Last Glacial Maximum but also for HS1% In addition, the presence of modern humid microrefuge
containing montate taxa such as Poducarpus> within hyper-xerophylous caatinga is indicating a previous wetter
climate conditions that took place during the establishment of SSN route.

The Brazilian highlands latitudinal range of 30°S to 18°S, conducive to expansion of montane vegetation with
Araucaria during HS1, has probable ecological limits controlled by temperature. However, in its northern bound-
ary of the range, intense monsoon rainfall caused shorter seasonality in comparison to its current limit at 21°S
while mean annual temperatures are today approximately similar. Currently, at 18°S latitude, long dry seasons of
5 to 6 months inhibit the growth of Araucaria angustifolia. In comparison, its fossil pollen occurrence during HS1
implies in a well-distributed precipitation throughout the year. By integrating the pollen data with speleothem
isotope records>>”, we can assume that South American Monsoon regime during HS1 was longer with higher
annual precipitation rates.

Unlike Araucaria and other taxa that followed the SSB migration route, Podocarpus and others were able
to migrate further north and beyond the highland domain, thus reaching distant lowlands regions due to their
ability to disperse pollen and seeds more efficiently, and to germinate and grow in understory and dark forests.
Their enlarged biogeographical range during HS1 primarily reflects a close approximation of their fundamental
niches in opposition to their realized niche after the onset of Holocene warm climates. This significant habitat
reduction is likely to have established modern disjunct distribution patterns between southern/southeastern and
northeastern Brazil.

We, therefore, conclude that, although we do not devalue a possible scenario of early migration corridors dur-
ing the Eocene/Miocene'? of Brazil, a significant imprint of the HS1 in delineating modern disjunct distributions
there is unquestionable.

One of the major implications of this study deals with possible impact of rising temperature predicted for
future climatic scenarios on a substantial loss of tropical montane biodiversity. Our investigation suggests that the
change in rainfall distribution may potentialy enhance this process.

Received: 7 November 2018; Accepted: 25 October 2019;
Published online: 29 November 2019

References

1. Maguire, B. On the flora of the Guayana Highland. Biotropica 85-100 (1970).

2. Harley, R. M. & Stannard, B. L. Flora of the Pico das Almas, Chapada Diamantina, Brazil. Flora Pico das Almas, Chapada Diam.
Brazil (1995).

3. Cruz, E W. et al. Stable isotope study of cave percolation waters in subtropical Brazil: Implications for paleoclimate inferences from
speleothems. Chem. Geol. 220, 245-262 (2005).

4. Cruz, E W, Burns, S. J., Karmann, I, Sharp, W. D. & Vuille, M. Reconstruction of regional atmospheric circulation features during
the late Pleistocene in subtropical Brazil from oxygen isotope composition of speleothems. Earth Planet. Sci. Lett. 248, 494-506
(2006).

5. Strikis, N. M. et al. Timing and structure of Mega-SACZ events during Heinrich Stadial 1. Geophys. Res. Lett. 42, 5477-5484 (2015).

6. Mulitza, S. et al. Synchronous and proportional deglacial changes in Atlantic meridional overturning and northeast Brazilian
precipitation. Paleoceanography 32, 622-633 (2017).

7. Strikis, N. M. et al. South American monsoon response to iceberg discharge in the North Atlantic. Proc. Natl. Acad. Sci. 201717784
(2018).

8. Cruz, E W. et al. Evidence of rainfall variations in Southern Brazil from trace element ratios (Mg/Ca and Sr/Ca) in a Late Pleistocene
stalagmite. Geochim. Cosmochim. Acta 71, 2250-2263 (2007).

9. Cristalli, P. de S. Macrofitof6sseis em tufos calcarios quaternarios do norte da Bahia como indicadores paleocliméticos (2006).

10. Colinvaux, P. A,, Oliveira, P. E. D & Patifio, J. E. M. Amazon pollen manual and atlas. (Harwood Academic Publishers, 1999).

11. Colinvaux, P. A. et al. Temperature depression in the lowland tropics in glacial times. Clim. Change 32, 19-33 (1996).

12. De Oliveira, P. E. A Palynological record of Late Quaternary vegetational and climatic change in southeastern Brazil. Ph.D. Thesis,
Ohio State University, Columbus, OH. 238 (1992).

13. Ledru, M.-P. Late Quaternary environmental and climatic changes in central Brazil. Quat. Res. 39, 90-98 (1993).

14. Ledru, M.-P, Mourguiart, P. & Riccomini, C. Related changes in biodiversity, insolation and climate in the Atlantic rainforest since
the last interglacial. Palaeogeogr. Palaeoclimatol. Palaeoecol. 271, 140-152 (2009).

15. Behling, H. Late Quaternary vegetation, climate and fire history from the tropical mountain region of Morro de Itapeva, SE Brazil.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 129, 407-422 (1997).

16. Flora do Brasil 2020 Under Construction. Jard. Botdnico do Rio Janeiro, accessed 01 Sept. 2019, http//floradobrasil. jbrj. gov. br/
(2019).

SCIENTIFIC REPORTS |

(2019) 9:17912 | https://doi.org/10.1038/s41598-019-53036-1


https://doi.org/10.1038/s41598-019-53036-1

www.nature.com/scientificreports/

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27

28.

29.

30.
31.
32.
33.
34.
35.

36.

37.
38.
39.
40.
41.

42.
43.

44,
45.

46.
47.

48.
49.

50.
51.
. Cox, P. A. Abiotic pollination: an evolutionary escape for animal-pollinated angiosperms. Phil. Trans. R. Soc. Lond. B 333, 217-224
53.
54.

55.

Behling, H,, Pillar, V. D., Orldci, L. & Bauermann, S. G. Late Quaternary Araucaria forest, grassland (Campos), fire and climate
dynamics, studied by high-resolution pollen, charcoal and multivariate analysis of the Cambara do Sul core in southern Brazil.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 203, 277-297 (2004).

Behling, H., Pillar, V. D. & Bauermann, S. G. Late Quaternary grassland (Campos), gallery forest, fire and climate dynamics, studied
by pollen, charcoal and multivariate analysis of the Sao Francisco de Assis core in western Rio Grande do Sul (southern Brazil). Rev.
Palaeobot. Palynol. 133, 235-248 (2005).

Behling, H. Investigations into the Late Pleistocene and Holocene history of vegetation and climate in Santa Catarina (S Brazil). Veg.
Hist. Archaeobot. 4,127-152 (1995).

Oliveira, M. A. T, de, Porsani, J. L., de Lima, G. L., Jeske-Pieruschka, V. & Behling, H. Upper Pleistocene to Holocene peatland
evolution in Southern Brazilian highlands as depicted by radar stratigraphy, sedimentology and palynology. Quat. Res. 77, 397-407
(2012).

Bertoldo, E., Paisani, J. C. & Oliveira, P. E. Registro de Floresta Ombréfila Mista nas regioes sudoeste e sul do Estado do Parana,
Brasil, durante o Pleistoceno/Holoceno. Hoehnea 41, 1-8 (2014).

Behling, H. & Negrelle, R. R. B. Tropical rain forest and climate dynamics of the Atlantic lowland, Southern Brazil, during the Late
Quaternary. Quat. Res. 56, 383-389 (2001).

Pessenda, L. C. R. et al. The evolution of a tropical rainforest/grassland mosaic in southeastern Brazil since 28, 000 14C yr BP based
on carbon isotopes and pollen records. Quat. Res. 71, 437 (2009).

Bissa, W. M.. & de Toledo, M. B. Late Quaternary Vegetacional changes in a Marsh Forest in Southeastern Brazil with comments on
Prehistoric Human occupation. Radiocarbon 57 (2015).

Siqueira, E. de. A floresta de Araucaria em Monte Verde (MG): histéria sedimentoldgica, palinoldgica e isotdpica desde o tltimo
maximo glacial. Ph.D. Thesis. Institute of Geosciences University of Sao Paulo, 179 p. (2012).

Bartholomeu, R. L. Registros palinoldgicos e ambientais pleistocénicos na lagoa de Itaipu, Niterdi, R], Brasil. Master 's Thesis.
Insitute of Geosciences, Federal University of Rio de Janeiro. 128 p. (2010).

. Raczka, M. E, De Oliveira, P. E., Bush, M. & McMichael, C. H. Two paleoecological histories spanning the period of human

settlement in southeastern Brazil. J. Quat. Sci. 28, 144-151 (2013).

Francisquini, M. I. Reconstitution of Atlantic Rainforest vegetation dynamics since the Late Pleistocene at Southeastern (Espirito
Santo State coast and Eastern Minas Gerais) and Northeastern (Southern Bahia) Brazil. Ph.D. Thesis, Center for Nuclear Energy in
Agriculture (CENA), University of Sao Paulo, Piracicaba, Sao Paulo, Brazil. 117 p. (2015).

Horék-Terra, I. Late Pleistocene-Holocene environmental change in Serra do Espinhago Meridional (Minas Gerais State, Brazil)
reconstructed using a multi-proxy characterization of peat cores from mountain tropical mires. Ph.D. Thesis, Escola Superior de
Agricultura Luiz de Queiroz, University of Sdo Paulo, Piracicaba, Sdo Paulo, Brazil. 134 p. (2013).

Lorente, F. L., Meyer, K. E. B. & Horn, A. H. Analise palinolégica da vereda da Fazenda Urbano, municipio de Buritizeiro, Minas
Gerais, Brasil. Rev. Geonomos 18 (2013).

Salgado-Labouriau, M. L. et al. Late Quaternary vegetational and climatic changes in cerrado and palm swamp from Central Brazil.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 128, 215-226 (1997).

Rubin, J. C. R. de. Sedimentagdo quaterndria, contexto paleoambiental e interagdo antrépica nos depdsitos aluviais do Alto rio Meia
Ponte-Goids/GO. Ph.D. Thesis, Instituto de Geociéncias e Ciéncias Exatas, Universidade Estadual Paulista (2003).

Barberi, M. Mudangas paleoambientais na regiao dos cerrados do Planalto Central durante o Quaternario tardio: o estudo da Lagoa
Bonita, DE. Ph.D. Thesis, Institute of Geosciences, University of Sao Paulo, 210 p. (2001).

Barberi, M., Salgado-Labouriau, M. L. & Suguio, K. Paleovegetation and paleoclimate of “Vereda de Aguas Emendadas’, central
Brazil. J. South Am. Earth Sci. 13, 241-254 (2000).

Ferraz-Vicentini, K. Histéria do fogo no cerrado: uma analise palinolégica. Ph.D. Thesis, Instituto de Ciencias Biologicas,
Universidade de Brasilia, Brasilia, Brazil, 235 p (1999).

Absy, M. L. et al. Mise en évidence de quatre phases douverture de la forét dense dans le sud-est de TAmazonie au cours des 60 000
derniéres années. Premiere comparaison avec d’autres régions tropicales. Comptes rendus 'Académie des Sci. Série 2, Mécanique,
Phys. Chim. Sci. lunivers, Sci. la Terre 312, 673-678 (1991).

Hermanowski, B., da Costa, M. L. & Behling, H. Environmental changes in southeastern Amazonia during the last 25,000 yr
revealed from a paleoecological record. Quat. Res. 77, 138-148 (2012).

Bush, M. B. et al. Paleotemperature Estimates for the Lowland Americas, between 30°S and 30°N at the Last Glacial Maximum.
Intherhemispheric Clim. Linkages 293-306, https://doi.org/10.1016/B978-012472670-3/50020-3 (2001).

D’Apolito, C., Absy, M. L. & Latrubesse, E. M. The Hill of Six Lakes revisited: new data and re-evaluation of a key Pleistocene
Amazon site. Quat. Sci. Rev. 76, 140-155 (2013).

Colinvaux, P. A, De Oliveira, P. E., Moreno, J. E., Miller, M. C. & Bush, M. B. A long pollen record from lowland Amazonia: forest
and cooling in glacial times. Science (80-.). 274, 85 (1996).

Ledru, M.-P. et al. Late-Glacial cooling in Amazonia inferred from pollen at Lagoa do Cag6, Northern Brazil. Quat. Res. 55, 47-56
(2001).

Elith, J. et al. A statistical explanation of MaxEnt for ecologists. Divers. Distrib. 17, 43-57 (2011).

Phillips, S. J. & Dudik, M. Modeling of species distributions with Maxent: new extensions and a comprehensive evaluation.
Ecography (Cop.). 31, 161-175 (2008).

He, E Simulating transient climate evolution of the last deglaciation with CCSM 3,72 (2011).

Amante, C. & Eakins, B. W. W. ETOPOLI - 1 arc-minute global relief model: Procedures, data sources and analysis. NOAA Tech.
Memo. NESDIS NGDC-24 25, https://doi.org/10.1594/PANGAEA.769615 (2009).

Neteler, M., Bowman, M. H., Landa, M., Metz, M. & GRASS, G. L. S. A multi-purpose open source GIS. Environ. Model. Softw. 31,
124-130 (2012).

de Sales, M. E, Mayo, S. J. & Rodal, M. J. N. Plantas vasculares das florestas serranas de Pernanbuco: um checklist da flora ameagada
dos brejos de altitude, Pernambuco, Brasil. (Universidade Federal Rural de Pernambuco, 1998).

Wang, X. et al. Wet periods in northeastern Brazil over the past 210 kyr linked to distant climate anomalies. Nature 432, 740 (2004).
Oliveira-Filho, A. T. & Ratter, J. A. A study of the origin of central brazilian forests by the analysis of plant species distribution
patterns. Edinburgh J. Bot. 52, 141-194 (1995).

Absy, M. L. et al. Mise en {é}vidence de quatre phases douverture de la for{é}t dense dans le sud-est de TAmazonie au cours des 60
000 derni{é}res ann{é}es. Premi{é}re comparaison avec d’autres r{é}gions tropicales. Comptes rendus IAcad{é}mie des Sci. S{é}rie 2,
M{éjcanique, Phys. Chim. Sci. lunivers, Sci. la Terre 312, 673-678 (1991).

Peixoto, J. P. & Oort, A. H. Physics of climate (1992).

(1991).

Locosselli, G. M., Cardim, R. H. & Ceccantini, G. Rock outcrops reduce temperature-induced stress for tropical conifer by
decoupling regional climate in the semiarid environment. Int. J. Biometeorol. 60, 639-649 (2016).

Locosselli, G. M. & Ceccantini, G. Plasticity of stomatal distribution pattern and stem tracheid dimensions in Podocarpus lambertii:
an ecological study. Ann. Bot. 110, 1057-1066 (2012).

Behling, H., Arz, H. W,, Pitzold, J. & Wefer, G. Late Quaternary vegetational and climate dynamics in notheastern Brazil,
interferences from marine core GeoB 3104-1. Quat. Sci. Rev. 19, 981-994 (2000).

SCIENTIFIC REPORTS |

(2019) 9:17912 | https://doi.org/10.1038/s41598-019-53036-1


https://doi.org/10.1038/s41598-019-53036-1
https://doi.org/10.1016/B978-012472670-3/50020-3
https://doi.org/10.1594/PANGAEA.769615

www.nature.com/scientificreports/

59.
60.
61.

62.
63.

64.
65.
66.
67.
. Filho, A. J. P, Carbone, R. E., Tuttle, J. D. & Karam, H. A. Convective Rainfall in Amazonia and Adjacent Tropics. 137-161 (2015).
69.
70.
71.
72.
73.
74.
75.
76.
77.

78.
79.

80.
81.

82.
. Barroso, G. M., Morim, M. P, Peixoto, A. L. & Ichaso, C. L. E. Frutos e sementes: morfologia aplicada a sistemdtica de dicotiledoneas.

84.
85.
86.
87.
. Silberbauer-Gottsberger, I. Pollination and evolution in palms. Phyton (B. Aires). 30, 213-233 (1990).
89.

90.
91.

92.
93.
94.

95.

. Nimer, E. Climatologia do Brasil. (Instituto Brasileiro de Geografia e Estatistica-IBGE, 1989).
. de Medeiros, V. B. et al. New holocene pollen records from the Brazilian Caatinga. An. Acad. Bras. Cienc. 90 (2018).
. De Oliveira, P. E., Barreto, A. M. FE. & Suguio, K. Late Pleistocene/Holocene climatic and vegetational history of the Brazilian

caatinga: the fossil dunes of the middle Sao Francisco River. Palaeogeogr. Palaeoclimatol. Palaeoecol. 152, 319-337 (1999).
Giulietti, A. M., Harley, R. M., Queiroz, L. P. de, Wanderley, M. G. L. & Pirani, J. R. Caracteriza¢do e endemismos nos campos
rupestres da Cadeia do Espinhaco. Topicos Atuais em Botanica. Brasilia, SBB/Embrapa 311-318 (2000).

Cruz, E W. et al. Insolation-driven changes in atmospheric circulation over the past 116,000 years in subtropical Brazil. Nature 434,
63-66 (2005).

Silva, A. E. D., Oliveira, R. V. De, Santos, N. R. L. & Paula, A. D. Composigio floristica e grupos ecoldgicos das espécies de um trecho
de floresta semidecidua submontana da Fazenda Sio Geraldo, Vicosa-MG. Rev. Arvore 27, 311-319 (2003).

Stute, M. et al. Cooling of Tropical Brazil (5 C) During the Last Glacial Maximum. Science (80-.). 269, 379-383 (1995).

Zamborlini Saiter, F., Brown, J. L., Thomas, W. W,, de Oliveira-Filho, A. T. & Carnaval, A. C. Environmental correlates of floristic
regions and plant turnover in the Atlantic Forest hotspot. J. Biogeogr. 43, 2322-2331 (2016).

Carnaval, A. C.,, Hickerson, M. J., Haddad, C. E B., Rodrigues, M. T. & Moritz, C. Stability predicts genetic diversity in the Brazilian
Atlantic forest hotspot. Science (80-.). 323, 785-789 (2009).

Dantas, L. G. et al. Low genetic diversity and high differentiation among relict populations of the neotropical gymnosperm
Podocarpus sellowii (Klotz.) in the Atlantic Forest. Genetica 143, 21-30 (2015).

Pereira Filho, A. J. et al. Satellite Rainfall Estimates Over South America - Possible Applicability to the Water Management of Large
Watershedsl. JAWRA J. Am. Water Resour. Assoc. 46, 344-360 (2010).

Pereira-Filho, A. J., Carbone, R. E. & Tuttle, . D. Convective Rainfall Systems in the La Plata Basin. Atmos. Clim. Sci. 4,757 (2014).

Chiamolera, L. D. B., Angelo, A. C. & Boeger, M. R. Crescimento e sobrevivéncia de quatro espécies florestais nativas plantadas em
4reas com diferentes estdgios de sucessdo no reservatério IRAT-PR. Floresta 41, 765-778 (2011).

De Laubenfels, D. J. A taxonomic revision of the genus Podocarpus. Blumea 30, 251-278 (1985).

Gunter, S., Weber, M., Stimm, B. & Mosand]l, R. Silviculture in the Tropics. book series (Tropical Forestry, volume 8) (2011).
Contreras, D. L., Duijnstee, I. A. P,, Ranks, S., Marshall, C. R. & Looy, C. V. Evolution of dispersal strategies in conifers: Functional
divergence and convergence in the morphology of diaspores. Perspect. Plant Ecol. Evol. Syst. 24, 93-117 (2017).

Rossi, B. W. Tragos reprodutivos, padroes de montagem e sucessio florestal na Floresta Atlantica (2014).

Markgraf, V. Pollen dispersal in a mountain area. Grana 19, 127-146 (1980).

Freitas, L. & Sazima, M. Pollination biology in a tropical high-altitude grassland in Brazil: Interactions at the community level. Ann.
Missouri Bot. Gard. 93, 465-516 (2006).

Tabarelli, M. & Peres, C. A. Abiotic and vertebrate seed dispersal in the Brazilian Atlantic forest: implications for forest regeneration.
Biol. Conserv. 106, 165-176 (2002).

Pineschi, R. B. Aves como dispersores de sete espécies de Rapanea (Myrsinaceae) no macigo do Itatiaia, estados do Rio de Janeiro e
Minas Gerais. Ararajuba 1,73-78 (1990).

Kappelle, M. Recovery Following Clearing of an Upper Montane Quercus Forest in Costa-Rica. Rev. Biol. Trop. 41, 47-56 (1993).
Siminski, A., Fantini, A. C,, Guries, R. P, Ruschel, A. R. & dos Reis, M. S. Secondary Forest Succession in the Mata Atlantica, Brazil:
Floristic and Phytosociological Trends. ISRN Ecol. 2011, (1-19 (2011).

Morellato, L. P. C. Histéria natural da Serra do Japi: ecologia e preservagio de uma drea florestal no sudeste do Brasil. (Ed. da
UNICAMP-FAPESP, 1992).

Berkenbrock, I. S. Efeito da luz na germinagio e no crescimento inicial de Maytenus robusta Reiss. E Hedyosmum brasiliense Mart.
Rev. Bras. Sementes 21, 243-248 (1999).

Occhioni, P. Contribuigao ao estudo da familia Chloranthaceae com especial referéncia ao género Hedyosmum Sw. (1954).

(Ed. da Universidade Federal de Vicosa, 2004).

Galetti, M., Pizo, M. A. & Morellato, L. P. C. Diversity of functional traits of fleshy fruits in a species-rich Atlantic rain forest. Biota
Neotrop. 11, 181-193 (2011).

Catharino, E. L. M., Bernacci, L. C., Franco, G. A. D. C., Durigan, G. & Metzger, J. P. Aspectos da composi¢do e diversidade do
componente arbéreo das florestas da Reserva Florestal do Morro Grande, Cotia, SP. Biota Neotrop. 6,0-0 (2006).

Stevens, P. E & Davis, H. Angiosperm phylogeny website. Version 14, July 2017. Page last updated: 12/28/2018.

Henderson, A., Bernal, R. & Galeano-Garces, G. Field guide to the palms of the Americas. (Princeton University Press, 1995).

Vieira, E. Dispersio e predagio de sementes da araucaria (Araucaria angustifolia) Dispersal and predation of the Brazilian ‘pine’
(ARAUCARIA ANGUSTIFOLIA) seeds. In 85-95 (2009).

Bush, M. B. Neotropical Plant Reproductive Strategies and Fossil Pollen Representation. Am. Nat. 145, 594-609 (1995).

Mariot, A., Mantovani, A., Bittencourt, R. & Reis, M. Sdos Aspects of reproductive biology of Drimys brasiliensis Miers
(Winteraceae) in” Floresta Ombrofila Mista”, South of Brazil. Ciéncia Florest. 24, 877-888 (2014).

Liebsch, D., Possette, Mikich,S. B., da S., R. E. & Ribas, OdosS. Levantamento floristico e sindromes de dispersao em remanescentes
de Floresta Ombrofila Mista na regiao centro-sul do estado do Parana. Hoehnea 36, 233-248 (2009).

Marques, M., Zwiener, V. P, Ramos, E. M., Borgo, M. & Marques, R. Forest structure and species composition along a successional
gradient of Lowland Atlantic Forest in Southern Brazil. Biota Neotrop. 14, 1-11 (2014).

Overbeck, G. E. & A, G. E. O. Adaptive strategies in burned subtropical grassland in Southern Brazil Adaptive strategies in burned
subtropical grassland in southern Brazil. Flora-Morphology, Distrib. Funct. Ecol. Plants 202, 27-49 (2007).

Jacobi, C. M. & Carmo, E. E D. Life-forms, pollination and seed dispersal syndromes in plant communities on ironstone outcrops,
SE Brazil. Acta Bot. Brasilica 25, 395-412 (2011).

Acknowledgements

This work was funded by FAPESP research grant 2015/50683-2 to P.E. De Oliveira, VULPES Project, Belmount
Forum. We thank Dr. Christine Niezgoda, Tatzyana (Tyana) Wachter and Juliana Phillip for the support at the
Herbarium of the Science Action Department of the Field Museum of Natural History. C.H. Grohmann and A.].
Pereira Filho are research fellows of CNPq under grants 307647/2015-3 and 302349/2017-6, respectively. P.L.P.
Corréa by FAPESP grant Proc. 2016/04982-0 and EW. Cruz by FAPESP grants 2013/50297-0 and 2017/50085-3.

Author contributions

JL.D.P, EW.C, G.CT.C,PLPC,NP,RC,MB,A.-] H,LE,AH,EB,M.C,EC,EE,KH, AML,MN,,
AR, PT,ES,D.A.-S,, FEA.-S., Z.Z. and P.E.O. contributed to the analysis and discussion of migration routes.
J.L.D.P. and P.E.O. performed the select of taxa, analysis of presence and absence of taxa in pollen records.
G.C.T.C and P.E.O. performed to analysis of reproductive characters of taxa. ] L.D.P, PL.P.C,, AJ.H,, L.E, A H,,

SCIENTIFICREPORTS|  (2019)9:17912 | https://doi.org/10.1038/s41598-019-53036-1


https://doi.org/10.1038/s41598-019-53036-1

www.nature.com/scientificreports/

M.D.C.S.L., AJ.PE, C.H.G. and P.E.O. contributed to data cleaning, species distribution modeling method and
analysed the data. JL.D.P,, EW.C,, G.C.T.C, NM.S,, AJH, LE, AH, WHLP,EV, M.D.CS.L, AJPF and
PE.O. contributed to analysis of variability of precipitation/ CMORPH, climate and paleoclimate. ].L.D.P., EW.C,,
C.M.C,N.M.S, CH.G., PL.P.C. and PE.O. contributed to analysis and discussion of data of CCSM3 TraCE-21k
simulation. J.L.D.P, LH-T.,, V.B.M., R A.S., TK.A,, M.A.S. and P.E.O. performed the survey of pollen records.
J.L.D.P, EW.C, G.C.T.C., C.H.G. and P.E.O. performed the analysis of altitude vs. latitude. J.L.D.P., PL.P.C,,
EW.C, G.C.T.C, M.D.CS.L., A.J.PF, CH.G. and PE.O. contributed to design of figures and maps. J.L.D.P. and
PE.O. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-53036-1.

Correspondence and requests for materials should be addressed to J.L.D.P. or PE.D.O.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:17912 | https://doi.org/10.1038/s41598-019-53036-1


https://doi.org/10.1038/s41598-019-53036-1
https://doi.org/10.1038/s41598-019-53036-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Brazilian montane rainforest expansion induced by Heinrich Stadial 1 event

	Methods

	Northward migration during HS1 conditions. 
	Climatic changes and montane vegetation expansion during HS1. 
	Modern parameters and the climate of HS1 for the brazilian highlands. 

	Conclusions

	Acknowledgements

	Figure 1 Presence (red circles) and absence (white circles) of Podocarpus (a) and Araucaria (b) pollen in HS1 records of Brazil.
	Figure 2 SSA, SSN and SSB migration routes for montane taxa during HS1 and pollen record locations in Brazil (open circles).
	Figure 3 Montane forest potential distribution during HS1 represented by Podocarpus (a) and Araucaria (b), where black and white circles indicate presence and absence, respectively, in pollen records.
	Figure 4 Boxplot of monthly averages of convective precipitation rate (PRECC) in mm/month (a) and mean monthly surface temperature TS °C (b) at Chapada do Apodi, next to Caçó Lake, derived from Simulation of the Transient Climate of the Last 21000 Years (
	Figure 5 Scatter plot of altitude (m) vs.
	Figure 6 Modern Potential Distribution maps for Podocarpus (a) and Araucaria angustifolia (b) where occurrences of taxa are shown by yellow and blue dots, respectively.
	Figure 7 PCA biplot for the modern distribution of Podocarpus lambertii and Araucaria angustifolia in relation to mean values of total annual precipitation, performed by PAST 3.
	Figure 8 PCA biplot (a) for modern distribution of Araucaria angustifolia in relation to mean values of total annual precipitation, performed by PAST 3.
	Table 1 Reproductive characters of montane arboreal taxa displaying SSA, SSN and SSB migration routes.




