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different vegetation types according to their respective pollen assemblages. Complementary approach between
pollen and vegetation data shows that the pollen rain accurately reflects the following three main forest types:
i) a dense ombrophilous forest (or tropical moist broadleaf forest) characterized by Myrtaceae associated with
high percentages of Miconia, Guapira, Ilex, Moraceae-Urticaceae undif. or Byrsonima, ii) a seasonal semi-deciduous
montane forest characterized by an increase of Arecaceae associated with Fabaceae-Mimosideae, Myrtaceae, Piper,
Cecropia, Urera and Mitracarpus, and iii) a seasonal deciduous forest dominated by Fabaceae-Mimosideae and
Arecaceae tree taxa associated with Alternanthera, Cyperaceae and Mitracarpus. Using of botanical data from several
plots of ombrophilous forest, in which several surface soil samples have been collected, allows to roughly estimate
the over- and underrepresentation of pollen taxa relative to their floristic abundance. Furthermore, distribution of
surface soil samples at different altitude and mountain sides also allows to characterize vegetation variation
according to several environmental parameters. The precipitation increase with altitude is confirmed as the
main environmental factor controlling vegetation distribution. However, the forests located close to the crest
with a proportion increase of pollen taxa characteristic of heliophilous and pioneer trees (Alchornea, Miconia,
Clusia), are also influenced by changes of edaphic conditions. In addition to provide useful information in under-
standing of fossil pollen records, this approach improves our understanding of the ecosystem functioning in
mountainous massifs in north-eastern Brazil. A useful knowledge for conservation or restoration purposes.
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1. Introduction these complex landscapes generate climatically suitable habitats, that can

shelter animals and plants from hostile climates, which is especially

Tropical mountains which harbor a high species diversity are consid-
ered as the world's most important diversity hotspots (Barthlott et al.,
2005). Indeed, interactions of an extraordinary variety of wet and dry
habitats in close proximity due to local altitudinal climate gradients,
allows the coexistence of different vegetation types, contributing to the
high species richness in tropical mountains (Richter, 2008). In particular,
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important for species conservation in periods of climate change (Shoo
et al, 2011; Williams et al., 2003). In north-eastern Brazil, mountainous
massifs (or “brejo de altitude”), which form islands of moisture, where
tropical rainforests contrast with the dry forest (Caatinga) of the
surrounding plain, could be considered as such a type of habitat. Closely
related to the Caatinga in terms of floristic composition (Rizzini, 1963),
these montane rainforests could be result of the evolution from this dry
to a wet forest. On the other hand, these montane rainforests harbor en-
demics species of Atlantic and Amazonian forests showing a past
connection between these two biomes (Andrade-Lima, 1982), which
thus illustrates the capacity of such areas to shelter species from long-
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term climate changes. Several botanical surveys performed in mountain-
ous massifs in north-eastern Brazil allowed describing composition,
density and diversity of different forest types (e.g., Andrade et al., 2006;
Aratjo et al., 2007; Costa-Junior et al., 2008; Ferraz et al., 2004). The
development of these forests is related to altitude increase, generating
high orographic precipitation. However, no studies focused on the specific
impact of environmental parameters (such as precipitation) on the distri-
bution of these forests. Although botanical data from this region provide a
representative set of different vegetation types, they arise from discontin-
uous sampling, and consequently they do not allow to link the observed
vegetation changes to the closely altitude-related climatic gradient. In
comparison to extratropical mountains, vegetation boundaries in tropical
mountains are generally discrete (e.g., Ashton, 2003; Duarte et al., 2005;
Fernandez-Palacios and de Nicolas, 1995; Hemp, 2005; Martin et al.,
2007). Discontinuities in vegetation composition may offer insights into
the factors controlling the assembly of plant communities and thus may
have significance for management and nature conservation. The present
study aims to fill this gap by using pollen samples from different plant
communities along an altitudinal gradient with discontinuous botanical
data from several mountainous massifs in north-eastern Brazil. Studying
modern pollen samples in the tropics allows an accurate characterization
of the different vegetation types (e.g., Burn et al., 2010; Gosling et al.,
2009; Jones et al., 2011). In addition, variations in the pollen assemblages
along altitudinal gradients are sensitive to altitudinal climate changes
(Céardenas et al., 2014; Schiiler et al., 2014; Urrego et al,, 2011; Weng
et al., 2004). Here we focus on several mountainous massifs from north-
eastern Brazil to try to answer the following questions: Does the modern
pollen rain represent the composition of different forest types? Using
modern pollen data, do the present-day environmental conditions
explain the spatial distribution of different vegetation types? By providing
a better understanding of ecosystem functioning, the present study
will be helpful in defining conservations strategies for the rainforest of
north-eastern Brazil with growing human activities.

2. Environmental settings and methods
2.1. Study location

Our study was conducted in the state of Ceara of north-eastern Brazil
(“Nordeste”) in three isolated mountainous massifs named Pacatuba,
Maranguape and Baturité, that reach respectively up to 735 m, 920 m
and 1115 m asl (Fig. 1). Located between 80 km (Baturité) and 30 km
(Pacatuba and Maranguape) from the coast, mineralogy of basement
rocks mainly consists in gneissic facies interpreted as the erosional rem-
nants of an Early Cretaceous rift shoulder (Peulvast and de Claudino
Sales, 2004). Characterized by steep slopes and sinuous scarps, these
mountainous massifs are contrasted with the topography and climate of
the surrounding plains. Climate is defined as hot and humid in mountain-
ous massifs, semi-arid in lowlands and sub-humid close to coast
(FUNCEME; http://www.funceme.br/). While the temperature with
annual mean of ¢. 27 °C in the lowlands shows no seasonal variations,
rainfalls, mainly from February to May, show a strong seasonality. Pre-
cipitation generated by maritime trade winds is distributed along two
main gradients: (1) a precipitation decrease with the distance from the
coast, and (2) a precipitation increase with the elevation. Annual precip-
itation ranges from c. 1400 mm in the coastal area to 700 mm in the inte-
rior and reach values higher than 1600 mm in the mountainous massifs.
High evapotranspiration (generally between 2000 and 3000 mm yr—!)
causes an important water deficit resulting in a semi-arid climate. In
mountainous massifs, altitude increase that lowers temperature, results
in cloud formation and precipitation, enabling the development of a
highly diversified tropical forest. From the mountain top downwards,
the following vegetation types are observed: a tropical moist broadleaf
forest corresponding to dense ombrophilous forest (sub-montane)
according to Veloso (2012), a seasonal semi-deciduous montane forest,
and a seasonal deciduous forest (Caatinga).

2.2. Field collection and data processing

Fieldwork was carried out in 2013 and 2014 and the modern pollen
samples were collected from surface soils. Each pollen sample consists
of 10 sub-samples collected in the upper 2 cm layer of surface soil and dis-
tributed on a plot between 1/2 and 1 ha under homogeneous vegetation
cover. In order to simultaneously obtain a representative set of each
vegetation type and a representative sampling of the climatic gradient,
surface samples were located at different altitudes and mountainsides
(Fig. 1 and Table 1). A complete altitudinal transect on the lee- and wind-
ward sides was sampled in the Pacatuba Massif with an altitude interval
between each sample of c¢. 100 m (Fig. 1c). As the Baturité and
Maranguape massifs are more disturbed by human activity, surface soil
samples were collected above 600 m asl (Fig. 1b and d). To study the
pollen-vegetation relationships, samples were collected close to the loca-
tions of the botanical surveys performed by Aratjo et al. (2007) in
Baturité Massif. In Maranguape Massif four surface soil samples (MB9,
MB7, MS7a and MS7b) were collected in botanical plots performed at
the same time. Each botanical plot consists of ten parallel transects of
100 m length. Following the point-centered quarter method (Cottam
and Curtis, 1956), the nearest trees with at least 15 cm perimeter at breast
height were identified along these transects. Surface samples were col-
lected between two or three transects depending on the topography.
For MS7, because of slight difference in altitude, species composition
and vegetation structure, the plot was split in two sub-groups: a
group of eight transects below 700 m asl corresponding to the surface
sample MS7a and a group of two transects above 700 m asl corre-
sponding to the surface samples MS7b.

After sampling, surface soil samples were transported to the laborato-
ry and stored in a cold room at 5 °C. To extract pollen grains, an aliquot
of 2 cm? for each sample was chemically treated, adapting the method
of Faegri and Iversen (1975). Surface samples were processed by five suc-
cessive KOH (10%) at 70 °C to remove humic acids followed by HF (70%)
to eliminate silicates and by the standard acetolysis method. Prior to
chemical treatment, a calibrated Lycopodium tablet was added to each
sample in order to calculate the pollen concentrations (Stockmarr,
1972). Palynomorphs were counted and identified using a light micro-
scope (Leica) at 1000 x magnification after mounting slides with residues
and glycerine. At least 300 pollen grains were counted for each sample
and 119 pollen and spore taxa were identified using the reference
collection of M.-P. Ledru (IRD pollen collection) and several specialized
publication on pollen morphology (Colinvaux et al., 1999; Leal et al.,
2011; Roubick and Moreno, 1991; Rull, 2003).

All statistical analyses were performed on the pollen taxa with per-
centages > 1% and percentages were calculated on a pollen sum excluding
fern spores. Pollen spectra (Fig. 2) were plotted using PSIMPOLL 4.10 soft-
ware (Bennett, 1994). Pollen-vegetation representativeness ratios were
calculated for the four surface samples collected in the botanical plot of
the Maranguape Massif by calculating the p/v values (% of arboreal
pollen / % of total stems of all taxa in plot). Only for p/v values, pollen per-
centages were calculated on the arboreal pollen sum (Appendix A). As de-
scribed by Gosling et al. (2009) this ratio is intended to assess the relative
pollen productivity and dispersal of different pollen taxa (Fig. 3). In order
to determine correlations between the spatial distribution of vegetation
groups and environmental data from pollen assemblages, Correspon-
dence Analysis (CA) was carried out (Figs. 4, 5 and Appendix B).
Correspondence Analysis is a classically used ordination method to
summarize the patterns of variations among a collection of pollen
assemblages, as it is well suited to contingency tables. Different or
more refined commonly used ordination methods were also tested
(Principal Correspondence Analysis, square-root transform of percent-
ages, Detrended Correspondence Analysis) but they lead to similar re-
sults. Environmental parameters such as slope angle and distance to the
crest were calculated using QGIS software (QGIS Development Team,
2015) running the ASTER Global Digital Elevation Model (from METI
and NASA). Mean annual precipitation (MAP) values for the period
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Fig. 1. General location maps of (a) mountainous massifs in north-eastern Brazil with the locations of their respective modern pollen samples (b, c and d). (e) and (f) represent the transect
location performed on the mean annual precipitation values based on WorldClim database (Hijmans et al., 2005). Satellite image (from Bing maps) and elevation maps (from ASTER Global
Digital Elevation Model from METI and NASA) were plotted using QGIS software (QGIS Development Team, 2015).

1950-2000 were obtained using the WorldClim database for each loca-
tion of the surface samples (Hijmans et al., 2005). The first estimates of
MAP is denoted hereafter MAP1 (Table 1). As the Maranguape and
Pacatuba massifs occupy relatively small areas, without any meteorologi-
cal stations, the climatic altitudinal gradient is not well resolved at
WorldClim resolution. Contrariwise, from the Baturité Massif, being larger
than the Maranguape and Pacatuba massifs, more precise meteorological
data are available, which allow obtaining a realistic pattern of precipita-
tion changes according to elevation. A second estimation of MAP (hereaf-
ter MAP2) was then obtained by assuming that altitude/precipitation
patterns are the same over the three massifs. Altitude and MAP were re-
lated along an altitudinal transect between the wind- and leeward side of
the Baturité Massif and two non-linear regression fits were performed to
model altitudinal variations of MAP wind- and leeward (Fig. 1e and f). The

obtained equations were applied to all surface sample locations. Then, an
increase of 200 mm was added for all samples of Pacatuba and
Maranguape in order to take into account the observed difference in
MAP recorded in rainfall stations located in the lowland at a greater prox-
imity to the seashore.

3. Results
3.1. Modern pollen assemblages

According to their respective altitudinal ranges and their main
pollen taxa based on percentage values, the different vegetation types

can be characterized by the following pollen assemblages (Fig. 2 and
Table 2).



150 V. Montade et al. / Review of Palaeobotany and Palynology 234 (2016) 147-158

Table 1
Names and locations of surface samples with their ecological and environmental parameters. Lat S and Lat W: latitude south and west; MAP: Mean Annual Precipitation; Veg: vegetation
type; DF: Deciduous Forest; SDF: Semi-Deciduous Forest; OF: Ombrophilous Forest (*close to the crest).

Site Massif Lat S Lon W Altitude masl  Side Distance to the crestm  Slope® MAP1mm MAP2mm Veg Human disturbance
PS11 Pacatuba —398 —3862 130 Windward 2529 10 1296 1228 DF Low
PS9 Pacatuba —398 —3863 158 Windward 2514 26 1272 1269 DF Low
PS8 Pacatuba —399 —3863 263 Windward 2350 16 1272 1401 SDF  High
PS10 Pacatuba —397 —3862 312 Windward 2056 32 1320 1451 SDF  Low
PS7 Pacatuba —399 —3863 383 Windward 2079 27 1272 1514 SDF  Moderate
PS1 Pacatuba —397 —3863 411 Windward 1720 17 1440 1536 SDF  Moderate
PS6 Pacatuba —398 —3863 569 Windward 1633 18 1416 1635 OF Low
PS5 Pacatuba —398 —3863 631 Windward 1432 22 1428 1664 OF Low
PS2 Pacatuba —397 —3863 650 Windward 633 3 1428 1672 OF Low
PS4 Pacatuba —398 —3864 724 Windward 446 19 1428 1700 OF Undisturbed
PS3 Pacatuba —397 —3864 759 Windward 204 10 1428 1711 OF Low
PC2* Pacatuba —397 —3864 765 Windward 34 14 1464 1713 OF*  Undisturbed
PS12 Pacatuba —398 —3866 575 Leeward 414 18 1428 1544 SDF  Moderate
PS13 Pacatuba —399 —3866 489 Leeward 657 32 1296 1459 SDF  Moderate
PS14 Pacatuba —399 —3867 395 Leeward 986 23 1296 1353 DF Moderate
PS15 Pacatuba —399 —3867 279 Leeward 1374 21 1284 1199 DF Moderate
PS16 Pacatuba —399 —3867 160 Leeward 2022 5 1284 1010 DF Moderate
Bsal Baturité —426 —3898 735 Leeward 580 14 1548 1476 DF Low
Bjar Baturité —429 —39.00 760 Leeward 1411 3 1512 1494 SDF  Low
Btav Baturité —430 —3892 600 Windward 433 15 1500 1450 OF Low
Bsin Baturité —429 —3893 647 Windward 840 17 1524 1470 OF Low
Barv Baturité —424 —3893 816 Windward 350 12 1560 1528 OF Low
Blag*  Baturité —421 —3897 940 Windward 0 31 1584 1557 OF*  Low
MB7 Maranguape —391 —3872 730 Windward 800 16 1464 1702 OF Low
MS4*  Maranguape —390 —38.72 850 Windward 37 21 1524 1737 OF*  High
MB9*  Maranguape —390 —3872 934 Windward 30 17 1524 1756 OF*  Undisturbed
MS5*  Maranguape —3.89 —3872 950 Windward 8 19 1524 1759 OF*  Undisturbed
MS7a  Maranguape  —3.91 —38.73 700 Leeward 1260 6 1476 1650 OF Low
MS7b  Maranguape —3.91 —38.73 659 Leeward 1500 12 1392 1617 OF Low
&
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Fig. 2. Percentage pollen diagram of surface soil samples of the three mountainous massifs studied in the north-eastern Brazil. Pollen taxa in bold represent arboreal elements and the other
correspond to shrubs or herbs. Samples located on the mountain top are indicated by “*".
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Fig. 3. p/v values according to arboreal taxa present in both the pollen rain and vegetation of
the botanical plots from Maranguape Massif (in black). The p/v ratio corresponds to “% of
arboreal pollen / % of total stems of all taxa in plot”. Values higher and lower than 1
respectively characterize the pollen taxa over- and underrepresented. Taxa in gray are
absent in the pollen rain.

a .
) Axis 2 MS5 o
MB9 o
PS7e¢ |
Psgsm PS14 PS12 &
Ps13 Axis 1
PS16 PSlO [}
T T ® b T1_PS3 1T T
PS11 Psb o|MRB, TePS3
Bjar Assal pézo. MB7
L]
Blag® ®pgy
Vegetation PC2
1 Ombrophilous forest (crest) |
mm Ombrophilous forest
mm Semi-deciduous forest PS5 e ® Windward
Deciduous forest (Caatinga) 7 A Leeward
b) Axis 2
o
[)
L4 -
A
Slop‘e Axis 1
e———g—Altitugle 17—
° 1y @
Distance crest 4 47‘7/0% ° °
7 D e
n o
L]

Fig. 4. Bi-plot of correspondence analysis for axes 1 and 2 with (a) distribution of surface
soil samples and (b) projection of passive environmental parameters. Empty circles
represent samples of ombrophilous forest located close to the crest.
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Fig. 5. (a) The distribution of main pollen taxa percentages discussed in the text, (b) the
altitude values of surface soil samples and (c) the mean annual precipitation of surface
soil samples according to axis 1 values of the correspondence analysis.

The dense ombrophilous forest (sub-montane): in this forest type,
Myrtaceae remains among the most frequent tree pollen taxa associated
with high percentages of Miconia (Melastomataceae), Guapira
(Nyctaginaceae), Ilex (Aquifoliaceae), Moraceae-Urticaceae undif. or
Byrsonima (Malpighiaceae). The dominance of these pollen taxa is gener-
ally observed from the upper limit of the semi-deciduous montane forest
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Table 2

Main pollen taxa ordered by their respective percentage values for each surface soil samples.
Arboreal pollen taxa are represented in bold. Surface soil samples are ordered according to
axis 1 values of the correspondence analysis (CA) except for the five underlined samples
removed from the CA. Color scale of surface samples from black to light gray represents
the three main vegetation types, from the ombrophilous, semi-deciduous to deciduous forest
(samples with “*” indicate ombrophilous forest located close to the crest).

Names Main pollen taxa

MS5*  Miconia 50, Guapira 15, Serjania-Cupania type 4, Myrsine 4, Myrtaceae
3, Alchornea 2

MS4*  Alchornea 63, Miconia 11, Piper 5, Poaceae 3, Mitracarpus 2

MB9*  Moraceae-Urticaceae undif. 21, Miconia 13, Asteraceae tubuliflorae 8,
Myrtaceae 5, Guapira 4, Alchornea 4, Solanum 3

MB7 Myrtaceae 26, Guapira 19, Miconia 7, Mitracarpus 5, Borreria 5,
Tetrapteris 4, Ilex 3, Moraceae-Urticaceae undif. 2

PS4 Myrtaceae 40, Guapira 24, Mitracarpus 4, Cyperaceae 3, Poaceae 3

PS3 Guapira 29, Mitracarpus 12, Myrtaceae 9, Protium 7, Piper 4, Clusia 4,
Moraceae-Urticaceae undif. 4, Miconia 3

PS2 Guapira 16, Zanthoxylum type 14, Anthurium type tetragonum 14,
Mitracarpus 7, Cyperaceae 6, Myrtaceae 4, Arecaceae 4, Miconia 3

Blag*  Guapira 17, Mitracarpus 16, Zanthoxylum type 7, Myrsine 6, Myrtaceae
6, Clusia 5, Ilex 5

PS5 Ilex 40, Mitracarpus 12, Myrtaceae 9, Arecaceae 5, Cyperaceae 4,
Moraceae-Urticaceae undif. 3

MS7a  Myrtaceae 16, Ilex 9, Fabaceae-Mimosideae 7, Mitracarpus 6, Piper 5,
Miconia 4, Cyperaceae 4, Gallesia 4, Byrsonima 4

MS7b  Myrtaceae 22, Mitracarpus 13, Guapira 9, Zanthoxylum type 6, Tetrapteris
5, Moraceae-Urticaceae undif. 4, Fabaceae-Mimosideae 3, Piper 3

PC2* Mitracarpus 35, Ilex 10, Guapira 9, Myrtaceae 7, Zanthoxylum type 3,
Asteraceae tubuliflorae 3, Clusia 3

PS6 Arecaceae 19, Mitracarpus 16, Borreria 6, Protium 6, Piper 4, Myrtaceae 4,
Coutarea 4, Guapira 4

Barv Byrsonima 81, Mitracarpus 6, Myrtaceae 3, Miconia 2

Bsin  Byrsonima 53, Mitracarpus 8, Miconia 7, Myrtaceae 3

Btav  Byrsonima 23, Miconia 21, Mitracarpus 14, Poaceae 10, Sida 2,

" Moraceae-Urticaceae undif. 2

PS1 Mitracarpus 14, Borreria 10, Arecaceae 8, Piper 7, Tetrapteris 6, Cecropia 4,
Moraceae-Urticaceae undif. 4,
Guapira 4, Fabaceae-Mimosideae 4

PS12  Cecropia 31, Arecaceae 9, Piper 8, Mitracarpus 8, Moraceae-Urticaceae
undif. 6, Myrtaceae 5, Astronium 4, Fabaceae-Mimosideae 4, Miconia 3

PS7 Arecaceae 29, Cecropia 20, Piper 7, Miconia 7, Fabaceae-Mimosideae 4,
Zanthoxylum type 3

PS13 Arecaceae 28, Protium 12, Tetrapteris 11, Piper 6, Cecropia 4,
Zanthoxylum type 4, Mitracarpus 4,
Fabaceae-Mimosideae 3

PS8 Urera 43, Arecaceae 17, Cecropia 7, Mitracarpus 5, Myrtaceae 4,

T Fabaceae-Mimosideae 3, Poaceae 2

PS10  Arecaceae 31, Myrtaceae 14, Fabaceae-Mimosideae 8, Mitracarpus 5,
Zanthoxylum type 5, Moraceae-Urticaceae undif. 4

Bsal Mitracarpus 34, Piper 14, Alternanthera 12, Fabaceae-Mimosideae 7,
Moraceae-Urticaceae undif. 5, Arecaceae 4, Myrtaceae 3, Cecropia 2

PS11 Fabaceae-Mimosideae 25, Mitracarpus 20, Cyperaceae 17, Althernanthera
11, Myrtaceae 8, Arecaceae 4, Poaceae 3

Bjar Mitracarpus 32, Alternanthera 24, Fabaceae-Mimosideae 8, Arecaceae 8,
Sapium 4, Myrtaceae 3

PS16  Clidemia 22, Mitracarpus 20, Alternanthera 13, Fabaceae-Mimosideae 12,
Cecropia 6, Arecaceae 5, Cyperaceae 3

PS14  Fabaceae-Mimosideae 36, Arecaceae 24, Senna 5, Cecropia 4, Piper 3,
Moraceae-Urticaceae undif. 3

PS15 Fabaceae-Mimosideae 50, Alternanthera 12, Mitracarpus 9, Arecaceae 8,
Cecropia 4

PS9 Fabaceae-Mimosideae 68, Arecaceae 8, Cyperaceae 7, Mitracarpus 3,
Poaceae 2

upwards. However, pollen assemblages of ombrophilous forests lo-
cated close to the crest or to the mountain top reveal some differences.
Indeed, in these samples we recorded a percentage increase of Miconia,
Alchornea (Euphorbiaceae) or Mitracarpus (Rubiaceae) and a slight increase
of Clusia (Clusiaceae). The altitude in which such assemblages are observed,
changes according to the maximum elevation of mountainous massifs,
~900 m asl at Baturité and Maranguape and ~700 m asl at Pacatuba.

The seasonal semi-deciduous montane forest: in this forest type,
Arecaceae, the most frequent tree pollen taxon, is associated
with Fabaceae-Mimosideae, Myrtaceae, Piper (Piperaceae), Cecropia
(Urticaceae), Urera (Urticaceae) and Mitracarpus. These assemblages are

recorded up to ~500 m asl on the windward side and up to ~600 m asl
on the leeward side.

The seasonal deciduous forest: the tree pollen signature is mainly char-
acterized by Fabaceae-Mimosideae and Arecaceae and the percentages of
herbaceous pollen taxa, such as Alternanthera (Amaranthaceae),
Cyperaceae and Mitracarpus, increase. This pollen assemblage is observed
from the base up to ~200 m asl on the windward side and up to
~400 m asl on the leeward side. In Baturité Massif, located more inland
than massifs of Pacatuba and Maranguape, this pollen assemblage is ob-
served up to ~700 m asl on the leeward side.

3.2. Representativeness of pollen taxa in the ombrophilous forest

Within the botanical plots of the ombrophilous forest studied in the
Maranguape Massif, in which surface soil samples have been collected
(MB9, MB7, MS7a, MS7b), between thirteen and seventeen woody taxa
are present in both the vegetation and pollen rain (see Appendix A).
Principal among them is Myrtaceae, which is the most common taxon
(~20% stems) in all the plots. In order to compare the relative
representativeness of the pollen rain to the vegetation, we selected the
p/v values for the twelve taxa that are most significant in the vegetation
and pollen rain (Fig. 3). Although the p/v values can vary between plots
for a same taxon, we recognized three main groups of important taxa.
The taxa of the first group, characterized by Moraceae-Urticaceae undif.
(mean p/v = 5.1), Miconia (3.9), Alchornea (2.3) and Areaceae (2), are
highly overrepresented in the pollen rain relative to their abundance in
the vegetation. Except for Arecaceae, the p/v values for all the plots are
higher than 2. The second group, that is also overrepresented, is character-
ized by taxa with mean p/v values between 1 and 2: Guapira (mean p/v =
1.6), Myrtaceae (1.3) and Byrsonima (1.2). The taxa Rubiaceae undif.
(mean p/v = 0.9), Clusia (0.8), Fabaceae-Mimosideae (0.8), Zanthoxylum
(Rutaceae) type (0.7) and Serjania-Cupania type (0.2) that correspond to
the third group, are generally underrepresented in the pollen rain rela-
tive to their abundance in the vegetation. Several taxa, Bignoniaceae,
Lauraceae, Monimiaceae and Phyllanthaceae, including significant
woody species such as, Handroanthus serratifolius, Nectandra cuspi-
date, Cinnamomum triplinerve, Mollinedia ovata, Margaritaria nobilis,
are completely absent in the pollen rain.

3.3. Multivariate data analysis

Among the 91 different pollen taxa identified, 64 pollen taxa occurring
with a frequency higher than 1% have been used to perform the CA. A first
CA analysis clearly separates a group that includes all samples except five
outlier samples (see Appendix B). These samples characterize the
ombrophilous forest of the Baturité Massif with high frequencies of
Byrsonima (Btav, Bsin and Barv) or highly disturbed vegetation (PS8 and
MS4). In order to improve ordination results and provide a better under-
standing of the relationships between pollen assemblages and natural
vegetation distribution, the outlier samples were removed and a new CA
was performed (Fig. 4). Eigenvalues for the first and second axes
represent respectively 17.8% and 11.7% of the total variation. The distribu-
tion of samples in the CA diagram (Fig. 4a) displays a continuous pattern
along axis 1 which reflects the vegetation variation from the seasonal
deciduous forest, the seasonal semi-deciduous montane forest to the
dense ombrophilous forest (sub-montane). Along this gradient we
observe a clear distinction between these three main vegetation types.
Ombrophilous forests located close to the crest or to the mountain top
are not well defined by the CA except for two samples from the
Maranguape Massif (MS5 and MB9). Several passive environmental
parameters (Altitude, MAP1, MAP2, Slope and Distance to the crest)
have been projected in the axes 1-2 bi-plot of the CA. As shown in
Fig. 4b and by the correlation coefficient (Table 3), the environmental
parameters are mainly correlated with axis 1. The closest environmental
parameters related to axis 1 are MAP2 (0.87), altitude (0.81), MAP1
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(0.67) and distance to the crest (— 0.66). The main correlation concerning
axis 2 is with the Slope (0.19).

Ordination of the pollen taxa according to axis 1 values reveals a
distribution pattern similar to the pollen taxa distribution observed in
our synthetic pollen diagram according to the altitudinal gradient (Fig.
5a). Altitude and precipitation values of surface samples plotted according
to axis 1 values reflect the general structure of the three main vegetation
types (Fig. 5b and c). We observe that the samples of the seasonal
deciduous forest remain below 400 m asl with an annual precipitation
lower than 1400 mm and the samples of the seasonal semi-deciduous
montane forest remain below 600 m asl with an annual precipitation of
1400-1600 mm. Two samples of the Baturité Massif (Bjar and Bsal) differ
from this general pattern showing altitude values higher for their respec-
tive forest type than at the Pacatuba Massif. For the ombrophilous forest,
all samples (except PS6), are located above 600 m asl with an annual
precipitation higher than 1600 mm.

4. Discussion
4.1. Pollen-vegetation relationship and characteristic pollen taxa

One of the most typical features of the dense ombrophilous forests
(sub-montane) of the mountainous massifs from north-eastern Brazil, is
the dominance of Myrtaceae which represents the most diversified tree
family (Lima et al., 2009; Siqueira et al., 2001). A dominance of Myrtaceae
is evident in the massifs of Baturité and Maranguape, for instance, only in
Baturité more than forty species of Myrtaceae have been identified
(Aratjo et al., 2007). In the pollen rain, although Myrtaceae is not always
the most abundant pollen taxon, it remains among the main arboreal pol-
len percentages in the ombrophilous forest in all mountainous massifs
(Fig. 2 and Table 2). However, in both the vegetation and pollen rain,
the association of Myrtaceae with other dominant taxa allows to charac-
terize different communities within the ombrophilous forests. In the
Baturité Massif, among the most dominant trees, species of Myrtaceae
such as Myrcia splendens are frequently associated with Byrsonima
sericea, Clusia nemorosa, Miconia cecidophora or Ilex sapotifolia
(Aragjo et al., 2007; Cavalcante et al., 2000). Pollen contents of this veg-
etation type (Barv, Bsin and Btav) from surface soil samples collected in
Baturité are characterized by a high amount of Byrsonima in the pollen
rain associated with Miconia and Myrtaceae (Fig. 2).

In the Pacatuba and Maranguape massifs, Byrsonima is no longer
among the main pollen taxa and Myrtaceae is frequently associated
with Guapira, Miconia and Moraceae-Urticaceae undif. in surface soil sam-
ples from the ombrophilous forest (Fig. 2 and Table 2). This difference in
pollen contents observed between the Baturité and Pacatuba/
Maranguape massifs is also supported by botanical data. Indeed, at
Maranguape, while species of Myrtaceae remain the most abundant and
diversified tree family (see Appendix A), the most common trees identi-
fied are M. splendens, Guapira nitida and Cupania impressinervia. On the
leeward side (MS7a and MS7b), the forest composition changes slightly
and the latter trees are frequently associated with Pilocarpus spicatus,
H. serratifolius and several species of Fabaceae-Mimosideae such as
Senegalia polyphylla. These forest composition changes are also partly
observed in the corresponding pollen assemblages of the leeward
side with a slight increase of Fabaceae-Mimosideae and Zanthoxylum
type (including Pilocarpus) (Fig. 2).

Table 3
Pearson correlation test (r) of passive ecological variables with axes 1 and 2 of correspon-
dence analysis.

Ecological variables Axis 1 Axis 2
Altitude 0.81 —0.04
MAP 1 0.67 —0.14
MAP 2 0.87 —0.09
Slope —0.11 0.19

Distance to the crest —0.66 —0.08

The forests located closer to the crest or on the mountain top differ
partly in their structure and composition from the ombrophilous forest
located just below. This forest type is generally characterized by a lower
canopy and a high proportion of epiphytic plants. Among the trees, an
increase of Alchornea glandulosa, Miconia mirabilis, C. nemorosa and
Clusia melchiorii is observed in the Baturité and Maranguape massifs
(Aratjo et al., 2007 and Appendix A). In the tropical rainforest, these
species are considered as pioneer and heliophilous trees (Pessoa et al.,
2012; Souza et al., 2006). In addition, several species of Clusia
(e.g., C. nemorosa) can facultatively apply crassulacean acid metabolism
(CAM) or C3 metabolism according to water availability (Liittge, 2006;
Vaasen et al., 2006). Species characterized by this a useful adaptation
have the ability to adjust to dry conditions by switching to the CAM
mode, but also back to the C3 mode under humid conditions. The pollen
rain from surface soil samples located close to the crest also reveals
these changes in composition of trees with high frequencies of
Alchornea, Miconia (MS5, MS4) or a slight percentage increase of Clusia
(Blag). Representativeness increase of such taxa in both the pollen rain
and vegetation, probably highlights specific environmental conditions
prevailing on the mountain tops or areas located close to the crest.

The forest composition of seasonal semi-deciduous and deciduous
montane forests was studied in two plots on the leeward side of the
Baturité Massif (Bjar and Bsal, Aradjo et al., 2007). In this zone, the
Myrtaceae, which is no longer the structural family, is replaced in abun-
dance and diversity by the Euphorbiaceae (i.e. Sebastiania macrocarpa,
Manihot carthaginensis, Croton blanchetianus, Croton argyrophylloides,
Sapium  obovatum), Fabaceae-Mimosideae (i.e.  Mimosa
caesalpiniifolia, Mimosa arenosa) and Fabaceae-Caesalpinioideae (i.e.
Bauhinia cheilantha). Species of Fabaceae-Mimosideae and Euphorbia-
ceae are frequent components of the Caatinga growing generally
under low humidity conditions prevailing in the lowlands of north-
eastern Brazil (Ferraz et al., 1998). Their associated pollen assemblages
are characterized by a decrease of Myrtaceae at the expense of Fabaceae-
Mimosideae and by high frequencies of herbaceous pollen taxa
(Mitracarpus or Alternanthera). This change in pollen signature highlights
an opening of the forest canopy, as shown in other semi-arid regions in
north-eastern Brazil (dos Santos et al.,, 2015; Gomes et al., 2014). Most
of the surface soil samples of the semi-deciduous montane forest were
collected at Pacatuba. They differ from the deciduous forest samples by
an increase in Arecaceae pollen frequencies (Fig. 2). Moreover, the pollen
rain of the semi-deciduous forests shows a significant increase of Cecropia,
a pioneer tree taxon (Santo-Silva et al., 2013), and Piper indicating sec-
ondary successional shrubs (Pearson et al., 2002). Recurrent droughts
could favor the development of these two taxa in comparison with the
ombrophilous forest where higher altitude and moisture could limit
drought impact on vegetation. In addition, more frequent human distur-
bance through this altitudinal range (e.g., banana crop) could also explain
the development of these taxa characteristic of forest fragmentation and
regeneration.

4.2. Over- and underrepresented pollen taxa in the ombrophilous forest

In order to compare directly the botanical with pollen data for the
dense ombrophilous forest, four surface soils samples have been collected
in the same locations as the botanical plots (MB7, MB9, MS7a and MS7b).
In particular, calculating of p/v values allowed us to obtain a rough assess-
ment of the over- and underrepresentation of each pollen taxon relative
to their floristic abundance (Fig. 3 and see Appendix A). Among the
most significant tree taxa represented in the vegetation and pollen rain,
anemophilous taxa such as Moraceae-Urticaceae undif. and Alchornea
are highly overrepresented in all the plots. Characterized by a high pollen
productivity and dispersion, such anemophilous taxa are frequently
among the most overrepresented in the pollen rain (Burn and Mayle,
2008; Bush and Rivera, 2001; Gosling et al., 2005). Miconia and Arecaceae
which are not typical anemophilous taxa are also overrepresented in all
the plots. Generally pollinated by bees (Ishara and Maimoni-Rodella,
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2011), species of Miconia as M. mirabilis frequently identified in the
Maranguape Massif are characterized by flowers with a large number of
well exposed anthers. This could favor the pollen representation increase
and can be attributed to a ‘messy pollination’ (Bush and Rivera, 2001;
Horn and B, 1990). Well represented in pollen spectra, Guapira, Myrtaceae
and Byrsonima indicate mean p/v values >1 showing probably messy pol-
lination syndromes. Although taxa such as Myrtaceae have already been
reported as overrepresented (Gosling et al., 2009; Grabandt, 1980), the
p/v values for these taxa are also variable and can reach values <1 in
several plots. The floristic composition changes between each plot,
which could partly explain the observed variability of p/v values. Other
significant tree taxa represented in the vegetation, Rubiaceae undif.,
Clusia, Fabaceae-Mimosideae, the Zanthoxylum type and the Serjania-
Cupania type, are rather underrepresented; Bignoniaceae, Lauraceae,
Monimiaceae and Phyllanthaceae are completely absent in the pollen
rain. Several of these taxa have already been reported as underrepresent-
ed or silent taxa, e.g., Clusia (Grabandt, 1980), Rubiaceae, Bignoniaceae,
and the Serjania-Cupania type (Gosling et al., 2009). Otherwise, our p/v
values are also not always consistent with previous trends observed in
other regions. Among the most striking, the Zanthoxylum type has been
reported as overrepresented, while Miconia, generally included in
Melastomataceae, has been reported as underrepresented (Bush
and Rivera, 2001; Gosling et al., 2009). Apart from the fact that
species included in pollen taxa are not necessarily the same between
the different regions, which certainly generates differences in terms of
pollen representation, our study focused on surface soil samples which
also could generate differences in terms of pollen preservation and repre-
sentation in comparison with studies focused on pollen traps. Although
this approach based on p/v values, including different biases, is not per-
fect, values for some taxa are in accordance with predictions associated
with their pollination strategy (e.g., Moraceae-Urticaceae undif. and
Alchornea) as it has been shown in different tropical regions (Bush,
1995; Bush and Rivera, 2001; Gosling et al., 2005).

4.3. Impact of environmental factors on forest distribution

Modern pollen samples from the Maranguape, Pacatuba and Baturité
massifs closely reflect the different vegetation types along the altitudinal
gradient. On the windward side of Maranguape and Pacatuba, close to
the coast, the lowland seasonal deciduous forest is replaced by a seasonal
semi-deciduous montane forest at 200 m asl, which in turn is replaced by
a dense ombrophilous forest (sub-montane) at 500 m asl. The same pat-
tern is observed on the leeward side although each ecotone is located be-
tween 100 and 200 m higher than on the windward side.

The spatial distribution of the vegetation in mountainous areas is com-
monly related to precipitation and temperature changes induced by the al-
titudinal gradient. The studied massifs from north-eastern Brazil are not
high enough to result in temperatures that could be considered as a direct
limiting factor on the vegetation, as was already described from other trop-
ical areas (Duarte et al,, 2005; Sarthou et al., 2009). Consequently, precip-
itation (MAP2) highly correlated with the distribution of modern pollen
samples on axis 1 of the CA represents the main factor controlling the dis-
tribution of the different forest types (Table 3 and Fig. 4). Such a pattern of
precipitation changes is controlled by the elevation of air masses on the
windward side generating orographic precipitation. On the leeward side,
the altitude decrease, warms up and dries the air masses, which dissipate
fogs, decrease rainfalls and increase evaporation. This mechanism, the
“foehn effect”, is frequently observed in tropical mountainous islands like
Hawaii (Giambelluca et al,, 2012) and Cape Verde (Duarte et al., 2005). A
high correlation coefficient (r = 0.82) between altitude and precipitation
(MAP2) changes of surface soil samples shows the influence of the
altitude gradient on precipitation increase and vegetation distribution.

While altitude increase represents one of the main factors influencing
precipitation, the distance from the coast is also an important factor for
explaining changes in precipitation rates. In particular, rainfall decrease
is observed when the distance from the coast increases. For example, at

Baturité (80 km inland) the deciduous forest grows up to 700 m asl on
the leeward side (Bsal), while it remains below 400 m asl on the same
side at Pacatuba Massif (30 km from the coast). Slope angle could also
influence vegetation distribution. However, the slope angle has been
generally shown as a relevant factor at values >40° (Fernandez-Palacios
and de Nicolas, 1995). None of our surface samples reaches such values,
which could explain that no correlation is observed between the slope
angle values and the vegetation distribution revealed by the CA axes
(Table 3). Distance to the crest is inversely correlated with axis 1 of the
CA, because when this distance increases, altitude generally decreases,
thus reflecting the decreasing precipitation.

In areas located close to the crest or on the mountain top, pollen as-
semblages from surface soil samples reflect a different community of the
ombrophilous forest, with abundant heliophilous and pioneer tree taxa
such as, Alchornea, Clusia or Miconia. Different edaphic conditions related
to the rocky soil of the summit reduce the water-holding capacities.
Such local conditions could explain the development of plant communi-
ties that are more dependent on atmospheric moisture and thus more
strongly correlate with changes therein. This is particularly well illustrated
by a greater abundance of epiphytic plants near the crest. In addition, as-
sociated with strong winds, the drying effect and falling trees are more im-
portant in these areas. The strong development of pioneer trees in these
forests confirms strong dynamics and probably a high resilience related
to frequent natural disturbances. Consequently, this different forest com-
munity is more disturbed and affected by the frequent droughts of this re-
gion than the dense ombrophilous forest (Hastenrath and Heller, 1977).
Moreover, although rainfalls would reach their maxima close to the
mountain tops, local environmental conditions induce drier moisture
conditions than in the dense ombrophilous forest, only located a few
tens of meters below. At this point, additional and exhaustive botanical
surveys would be essential to better describe such a forest community,
preferably focusing on epiphytic plant or liana diversity, which seems to
be important structural plant components at higher elevation.

5. Conclusions

Our complementary approach between pollen analysis of surface soil
samples and present-day vegetation in mountainous massifs in north-
eastern Brazil shows that the pollen rain accurately reflects the different
vegetation types. Based on the different pollen assemblages, the following
tropical forest types can be recognized: i) a dense ombrophilous forest (or
tropical moist broadleaf forest) characterized by Myrtaceae associated
with high percentages of Miconia, Guapira, Ilex, Moraceae-Urticaceae
undif. or Byrsonima, ii) a seasonal semi-deciduous montane forest charac-
terized by an increase of Arecaceae associated with Fabaceae-
Mimosideae, Myrtaceae, Piper, Cecropia, Urera and Mitracarpus, and iii) a
seasonal deciduous forest dominated by Fabaceae-Mimosideae and
Arecaceae tree taxa associated with Alternanthera, Cyperaceae and
Mitracarpus. In areas located close to the crest, a different ombrophilous
forest community has been identified by the increase of Alchornea,
Miconia or Clusia. Being typical heliophilous and pioneer trees, these taxa
indicate drier moisture conditions, related to local environmental factors
than in the dense ombrophilous forest just located a few tens of meters
below. Concerning the dense ombrophilous forest, pollen rain has also
been directly compared with data from several botanical plots. Although
we observed some differences with previous studies performed in tropical
regions, pollen representativeness for several taxa are conform to the pre-
dictions inferred from their pollination strategies. In particular, anemoph-
ilous pollen taxa are always overrepresented relative to their floristic
abundance.

In addition to characterize each vegetation type, our ordination of
pollen data, based on surface soil samples distributed at different altitudes
and mountain sides, allows the reconstruction of the spatial distribution
of different vegetation types. Unlike previous studies, this approach com-
bining vegetation and pollen data also allows studying the influence of
environmental factors on vegetation distribution. In particular, we
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characterize the high importance of precipitation changes (associated
with increasing altitude) that represents the main environmental factor
controlling vegetation distribution, except for the forest located close to
the crest in which changes of edaphic conditions also seem to be impor-
tant. Our study provides a better understanding of the ecosystem func-
tioning in mountainous massifs in north-eastern Brazil. As these areas
can be considered as “islands” of tropical rainforest, this knowledge will
be useful for conservation or restoration purposes. Furthermore, develop-
ment of this type of comparison between pollen and vegetation data will
be helpful, to improve our understanding of fossil pollen records for
reconstructing past vegetation dynamics, climate changes and diversity
processes of tropical rainforest in a semi-arid environment.
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Appendix A. List of pollen taxa present in both the pollen rain and vegetation of the botanical plots from Maranguape Massif including
botanical and pollen data. Taxa in gray represent plant families absent in the pollen rain. pbh: perimeter at breast height

MB9
Vegetation data Pollen data
Pollen taxa No. of stems % of total stems No. of % of p/v
>15 cm pbh (v) pollen pollen (p)
Myrtaceae 114 238 15 6.5 0.3
Guapira 62 12.9 13 5.7 0.4
Serjania-Cupania type 54 11.3 8 35 0.3
Miconia 28 5.8 39 17.0 29
Rubiaceae undif. 15 31 10 43 14
Clusia 13 2.7 3 13 0.5
Moraceae-Urticaceae undif. 13 2.7 64 27.8 10.3
Roupala 12 25 8 35 14
Alchornea 10 2.1 11 4.8 2.3
Ficus 6 13 2 0.9 0.7
Byrsonima 5 1.0 2 0.9 0.8
Solanum 3 0.6 9 39 6.2
Symplocos 3 0.6 4 1.7 2.8
llex 2 04 1 0.4 1.0
Senna 1 0.2 3 1.3 6.2
Pouteria 1 0.2 1 0.4 2.1
Acalypha 1 0.2 1 0.4 21
Total 343 71.6 194 84.3
Lauraceae 44 9.2
Monimiaceae 38 7.9
Fabaceae-Mimosideae 28 58
Bignoniaceae 2 04
Total 112 234
MB7
Vegetation data Pollen data
Pollen taxa No. of stems % of total stems No. of % of p/v
> 15 cm pbh (v) pollen pollen (p)
Myrtaceae 100 18.7 86 37.9 20
Rubiaceae undif. 60 11.2 8 35 0.3
Guapira 46 8.6 62 27.3 3.2
Serjania-Cupania type 37 6.9 2 0.9 0.1
Fabaceae-Mimosideae 28 52 2 0.9 0.2
Zanthoxylum type 24 4.5 7 31 0.7
Miconia 20 3.7 24 10.6 2.8
Ficus 14 2.6 1 0.4 0.2
Moraceae-Urticaceae undif. 8 15 8 35 24
llex 7 13 10 4.4 34
Solanum 5 0.9 1 0.4 0.5
Arecaceae 4 0.7 3 1.3 1.8
Clusia 4 0.7 2 0.9 12
Sapium 4 0.7 1 0.4 0.6
Myrsine 3 0.6 2 0.9 16
Alchornea 2 0.4 2 0.9 24
Gallesia 1 0.2 2 0.9 47
Total 367 68.6 223 98.2
Bignoniaceae 21 39
Lauraceae 30 5.6
Phyllanthaceae 20 37
Monimiaceae 2 04
Total 73 13.6
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MS7a
Vegetation data Pollen data
Pollen taxa No. of stems % of total stems No. of % of piv
>15 cm pbh (v) pollen pollen (p)
Myrtaceae 76 21.2 438 231 11
Fabaceae-Mimosideae 25 7.0 22 10.6 15
Zanthoxylum type 24 6.7 10 4.8 0.7
Guapira 22 6.1 8 38 0.6
Serjania-Cupania type 13 36 3 14 04
Rubiaceae undif. 12 33 7 34 1.0
Byrsonima 9 25 12 5.8 23
Arecaceae 8 22 5 24 11
Astronium 5 14 4 19 14
Aspidosperma 5 1.4 1 0.5 0.3
Moraceae-Urticaceae undif. 4 11 6 29 2.6
Miconia 3 0.8 12 5.8 6.9
Myrsine 1 0.3 3 14 52
Senna 1 0.3 2 1.0 35
Total 208 57.9 143 68.8
Bignoniaceae 21 58
Lauraceae 8 2.2
Phyllanthaceae 8 2.2
Total 37 10.3
MS7b
Vegetation data Pollen data
Pollen taxa No. of stems % of total stems No. of % of piv
>15 cm pbh (v) pollen pollen (p)
Myrtaceae 33 20.2 68 33.0 16
Zanthoxylum type 19 11.7 17 8.3 0.7
Serjania-Cupania type 17 10.4 1 0.5 0.0
Byrsonima 11 6.7 8 3.9 0.6
Guapira 10 6.1 28 13.6 2.2
Fabaceae-Mimosideae 10 6.1 8 39 0.6
Rubiaceae undif. 9 55 10 49 0.9
Roupala 4 25 7 34 14
Astronium 4 25 2 1.0 0.4
Senna 3 18 1 0.5 0.3
Arecaceae 2 1.2 8 39 32
Ficus 2 12 1 0.5 0.4
Miconia 1 0.6 4 1.9 32
Total 125 76.7 163 79.1
Bignoniaceae 12 74
Phyllanthaceae 6 3.7
Lauraceae 4 25
Total 22 135
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Appendix B. Bi-plot of correspondence analysis with all modern
pollen samples for axes 1 and 2 (a) and for axes 1 and 3 (b). Only
the names of outlier samples have been indicated
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