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ABSTRACT

Over the past three decades, many small-scale floristic studies of white-sand forests across the Amazon basin have been published.
Nonetheless, a basin-wide description of both taxonomic and phylogenetic alpha and beta diversity at regional scales has never been
achieved. We present a complete floristic analysis of white-sand forests across the Amazon basin including both taxonomic and phyloge-
netic diversity. We found strong regional differences in the signal of phylogenetic community structure with both overall and regional
Net Relatedness Index and Nearest Taxon Index values found to be significantly positive leading to a pattern of phylogenetic clustering,
Additionally, we found high taxonomic dissimilarity but low phylogenetic dissimilarity in pairwise community comparisons. These results
suggest that recent diversification has played an important role in the assembly of white-sand forests causing geographic neo-endemism
patterns at the regional scale.

Abstract in Spanish is available with online material.
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WHITE-SAND FORESTS HAVE BEEN REFERRED TO AS A CLASSIC CASE
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Amazonian forests (Berry ef al. 1995, Frazier et al. 2008, Fine
et al. 2010, Misiewicz & Fine 2014). We have learned much about
the composition of this flora over the past three decades thanks
to the many small-scale and regional floristic studies of white-
sand forests across the Amazon basin that have been published
(Duivenvoorden & Lips 1995, Coomes & Grubb 1998, Fine 7 .
2010, Stropp et al 2011, Damasco ef al. 2012, Penuela-Mora
2014). Nonetheless, there has never been a basin-wide description
of both the taxonomic and phylogenetic alpha and beta diversity
of Amazonian white-sand forests.

Most of the plants found in white-sand forests are rare or
absent in other forest types (Vormisto ef al. 2000, Fine ef al.
2010, Stropp et al. 2011). This specialization to the white-sand
habitat has evolved repeatedly, with some species belonging to
lineages that are generally restricted to this habitat (ie., Potalia,
Pagamea; Frazier et al. 2008, Vicentini 2016) and other species that
appear to have evolved white-sand specialization relatively
recently, descending from non-white-sand ancestors (ie., Protinm,
Fine et al. 2005, Fine et al. 2014, Fine & Baraloto 2010).

Strong environmental gradients, like white-sand habitats
adjacent to other more nutrient-rich soil habitats, are thought to
promote high levels of both phylogenetic and taxonomic beta
diversity across habitats reflecting the high turnover of lineages at
both shallow and deep phylogenetic scales. Such turnover of
entire clades might occur if certain traits associated with white-
sand specialization are conserved and phylogenetic niche conser-
vatism is responsible for such patterns (Graham & Fine 2008,
Anacker & Harrison 2012). Alternatively, 7z sitn diversification
may cause some groups to have many more species in certain
regions according to each lineage’s life history and biogeography
(Ricklefs 2006). A remarkable example of this phenomenon is
the diversification of the Protieae tribe which exhibits higher net
diversification rates in Western Amazonia compared to Central
Amazonia and the Guiana Shield with many species associated
with white-sand habitats (Fine ez a/ 2014). The role of dispersal
also likely plays an important role driving patterns of taxonomic
and phylogenetic beta diversity of white sand forests. Species with
differential seed dispersal capabilities may occupy new regions
with white-sand forests promoting gene flow between populations
which in turn may influence allopatric speciation and extinction
probabilities. Thus, across the Amazon basin, specialization and
speciation events through time in white-sand forests have been
influenced by (1) the frequency of lineages to evolve white-sand
specialization in different regions, and (2) the dispersal capability
of already-specialized white-sand taxa from white-sands in one
region to white-sand forests in other regions.

Here, we present a new and more complete depiction of the
floristic relationships of white-sand forests across the Amazon
basin using measures of both taxonomic and phylogenetic diver-
sity. In addition, we test the relative role of dispersal and in situ
radiation in the patterns of Phylogenetic beta diversity (PBD) of
white-sand forests within and across regions. If little opportunity
for dispersal and differential extinction rates have promoted
entire lineages or clades to be absent in certain regions we would
expect a significant increase in observed phylogenetic and compo-
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sitional dissimilarities compared with expected phylogenetic dis-
similarity as geographic distance increases. In this case we would
predict a strong pattern of turnover in taxa due to the long-term
disparate evolutionary histories of these taxa which in turn should
lead to strong spatial replacement of lineages (Fig. 1); meaning
that clusters of closely related lineages should be present in multi-
ple distinct regions of the Amazon basin. Alternatively, if small-
ranged taxa have evolved by i situ radiation, we expect a higher
compositional dissimilarity than expected. Furthermore, if such
in sitn radiation has occurred recently in evolutionary time, we
would expect a limited time to accumulate new distinct lineages
leading to a pattern of geographic neo-endemism. Finally, we pre-
dict low values of both taxonomic and phylogenetic beta diversity
if there have been many opportunities for dispersal among differ-
ent local communities of white-sand forests maintaining gene
flow and genetic cohesion across species with widespread geo-
graphic ranges (Fig. 1).

METHODS

Stupy AREA.—White-sand forests occur across the entire Amazon
basin spanning approximately 200,000 km? (Hammond 2005, Ter
Steege e al. 2013). Our study area includes three main regions:
Northwestern Amazonia (NWA), Central Amazonia (CA), and
the Guiana Shield (GS) (Fig. 2). The data set includes 91 plots,
ranging from 0.1 ha to 1 ha, from white-sand forests in Colom-
bia, Ecuador, Peru, Brazil, Guyana, French Guiana, and Suri-
name, representing a longitudinal gradient of almost 3000 km.
Because white-sand forests sometimes include vegetation types
that structurally are not ‘“forested” we excluded plots from our
analysis that had extremely low canopy cover (chamizales or caa-
tinga scrub in Anderson 1981, Fine ez a/ 2010) and white-sand
savannas (campinas; Adeney ez 2/ 2016). All plots were at least
0.1 ha in size and included all trees with dbh > 5 cm per ha
(most plots were 1 ha and had a dbh cut-off of 10 cm dbh). In
each plot, all individual trees were tagged and identified at the
species level in the field when possible. Voucher specimens for
most of the species and morphospecies were collected and subse-
quently deposited in Herbario Nacional del Ecuador (QCNE),
Missouri Botanical Garden (MO), Field Museum (F), Museo Her-
bario Amazonense (AMAZ), Herbdtio Instituto Nacional de Pes-
quisas da Amazonia (INPA), and ORSTOM-Cayenne Herbarium

(CAY).

ANALysis—We compiled 44,579 individual trees from the 91
white-sand plot inventories. For the analysis of taxonomic beta
diversity, we used a subset of 38,721 individuals from the dataset,
taking into account only species with valid names (1256 named
species). The omission of unnamed “morphospecies” from meta-
analysis has been hypothesized to not bias the detection of eco-
logical patterns (Lennon ez a/. 2001, 2004, Pos et al. 2014). In
order to avoid the well-known problem resulting from the use of
phylogenetic trees without fully resolved branches (Swenson e al.
20006), a subset of 420 species (representing 18,163 individuals)
for which we have a molecular phylogeny was used for the
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FIGURE 1. Three potential scenarios for compositional beta diversity (CBD) and phylogenetic beta diversity (PBD) in Amazonian white sand forests. The red

dashed line represents the null expectation of no influence of geographic distance in the patterns of taxonomic and phylogenetic beta diversity. (A) High taxo-

nomic and phylogenetic turnover with respect to the null expectation due to long-term disparate evolutionary histories of the taxa occupying white-sand forests

across the Amazon basin. (B) Potential scenario for iz situ radiation of small-ranged species. In this case we expect a higher compositional dissimilarity with

respect to both observed and expected phylogenetic dissimilarity. (C) Long-distance dispersal capabilities over long periods of evolutionary time among different

local communities of white-sand forests would cause lower values for both taxonomic and phylogenetic beta diversity.

analysis of phylogenetic beta diversity. The molecular phylogeny
used in our analysis of phylogenetic beta diversity, is a pruned
version of the one used by Zanne ¢f a/. (2014) (Fig. S1). PBD
was calculated with the Phylo Sorenson index as a measure of
the degree of phylogenetic relatedness between pairs of local
communities. The Phylo Sorenson index measures the fraction of

branch lengths (Phylogenetic distance) shared by two communi-
ties or samples (Bryant e# a/. 2008, Graham ez a/. 2009). However,
in order to match the metrics used to evaluate taxonomic
beta diversity, we used the complement of the Phylo Sorenson
index to establish a phylogenetic dissimilarity metric (1-Phylo
Sorenson).
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FIGURE 2. Map of the locations of the 91 ATDN plots established in white-sand forests across Amazon basin. Light blue: North Western Amazonia, Blue:

Upper Rio Negro basin, Magenta: Guiana Shield, Black: Central Amazonia.

BL,

D, —
I b)’/omr!/ = (BL;- T BLj) %
Where BL; is the sum of branches length shared by communities
7and j, BL; is the sum of the length for branches present only in
community 7 and B, is the sum of the length for branches pre-
sent only in community .

To test the influence of geographic distance as a predictor
of both compositional beta diversity (CBD) and PBD, we fitted a
Loess curve to our data. This non-parametric regression method
fits a regression surface to the data based on multivariate
smoothing and does not consider any a priori regression function
between the descriptor and the response variable. By using a local
fitting regression we can estimate a wide vatiety of smoothing
functions such as polynomial functions based on Ordinary Least
Squares regression (Cleveland & Levin 1998).

In order to test if CBD is a good predictor of PBD, we
compared the observed values of PBD (1-Phylo Sorenson) with
CBD. Additionally, we compated the observed PBD to the
expected values of PBD based on a null model that makes ran-
dom draws from the regional species pool (here defined as the
total number of species in our plot network). This null model
maintains species richness for each local community and the
number of species shared between communities with equal prob-
ability to colonize them. The basic assumption under this model
is that species in the phylogeny have equal probability of coloniz-
ing a local community in such a way that dispersal limitation or
long-distance dispersal has only minor effects on the assembly of
communities. Thus, when interpreting the results, if the observed

values of PBD ate less than the expected values based on the
null model, we infer that pairs of compared communities are
composed of lineages that are closely related. Conversely, if val-
ues of PBD are greater than expected based on the null model
pairs of communities, then pairs of communities are composed
of lineages that include distant relatives. Paired #tests were per-
formed in order to detect significant differences between
observed PBD and expected PBD.

Non-Metric Multidimensional (NMDS) Analysis with both
taxonomic and phylogenetic dissimilarity matrices was performed
in order to have a graphical depiction of the floristic relationships
of white-sand plots across different regions of the Amazon basin.
We used two dimensions in the ordination and 100 random
starting iterations in order to obtain the lowest stress value that
determines the best solution for that ordination. The difference
between 1 and Sorensen index (1-Sorenson) was used as the dis-
similarity metric for the NMDS ordination based on taxonomy,
while the difference between 1 and Phylosorenson (1-Phylosorenson)
was used to create a phylogenetic distance matrix for the phylogenetic
NMDS ordination.

To determine if species co-occurring in the same local
community (plot) are more closely related than expected by
chance, we calculated the Mean Phylogenetic Distance (MPD) —
the pairwise comparison of phylogenetic distances between all
species in the local community (Webb 2000). This value was
compared with the expectation based on a null model; if
MPD gy is < MPD oy the communities are phylogenetically even
and conversely if MPD(y,g > MPD, the communities are
phylogenetically clustered.
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The net relatedness index, hereafter NRI, measures the phy-
logenetic clumpedness of taxa over the entire community phy-
logeny (Webb 2000). By contrast, the phylogenetic nearest taxa
index, hereafter N'TI, measures the extent to which taxa are ‘lo-
cally clustered” within a clade irrespective of the relation among
those clades (Webb 2000). In order to test the effect of ecological
dominance and composition in the phylogenetic community
structure of white-sand local communities we used taxon (pres-
ence/absence) and individuals (relative abundance) based analysis
to calculate both NRI and NTT. Therefore:

NRI; = Net Relatedness Index based on tree species abun-
dance

NTI; = Nearest Taxon Index based on tree species abun-
dance

NRI, = Net Relatedness Index based on taxon information
NTI; = Nearest Taxon Index based on taxon information

To test whether there is a significant difference in the patterns of
NRI and NTT at regional scale we compared observed NRI and
NTI values for each region to those calculated using a null
model. The null model maintains both the species richness and
abundance constant for each sample while species or individuals
are drawn without replacement from the list of all species in the
phylogeny pool. This model assumes that null communities are
structured by random draws of the 420 species present in the
phylogeny.

All analyses were carried out with the functions of the pack-
ages ecodist, picante, labdsv, and custom functions in the R soft-
ware platform (R Core Development Team 2011).

RESULTS

Froristics PATTERNS.—From a total of 44,579 individuals
observed, we recorded 1482 morphospecies identified at the fam-
ily level, 672 at genus level, 1256 at species level, and 17
remained undetermined at all levels. We found on average a
lower diversity in white-sand plots compared with the Zerra firme
forests, a pattern that has been reported repeatedly (Anderson
1981, Ter Steege and Hammond 2001, Fine ez o/ 2010, Stropp
et al. 2011). However, patterns of diversity varied across regions;
white-sand forests from GS have fewer species than plots from
NWA and CA (Table 1).

Fabaceae was by far the most dominant family across the
basin accounting for 26 percent of the total stems (11,618 indi-
viduals) followed by Chrysobalanaceae with almost 10 percent of
individuals (4288 ind.), Malvaceac with 8 percent (3482 ind.),
Sapotaceae with 6 percent (2596 ind.), and Euphorbiaceae (2471
ind.) with 5 percent. A different pattern arises when we consider
(valid) species richness per family; the greatest number of species
was concentrated in Fabaceae (234 spp.) followed by Lauraceae
(86 spp.), Sapotaceae (81 spp.), Chrysobalanaceae (78 spp.), and
Rubiaceae (76 spp.).

At the genus level, Licania with 46 (valid) species was the

most species -rich genus in white-sand forests. Genera like Poute-

TABLE 1. Structural and ecological attributes of the 91 white-sand plots from the
Amazon Tree Diversity network (ATDN). Number of species and

individuals are based on the total of trees sampled (including

unidentified morphospecies).

Western Central Guiana
Amazonia Amazonia  Shield Overall

Number of ha sampled 20 23 48 91
Number of individuals 8789 8121 27011 44579
Number of species 594 545 914 1482
Number of families 59 63 54 77
Number of hyperdominant 10 11 17 34

species sensu (Ter Steege

et al. 2013, Pitman

et al. 2001)
Mean species per plot 59 55 60 60
Mean stems per plot 470 353 565 490
Number of singletons 174 167 200 318
% stems that belongs single 12.1 3.7 12.4 7.6

most common species
% stems that belongs to the 29.5 14 30.3 19

five most common species
Mean taxonomic dissimilarity 0.84 0.84 0.86 0.9

(1-Sorenson)
Mean phylogenetic dissimilarity 0.52 0.6 0.48 0.56

(1-Phylosorenson)

ria (36 spp.), Protium (34 spp.), Swartzia (30 spp.), Inga (30 spp.),
and Ocotea (28 spp.) were also remarkably diverse. With the
exception of Licania (3228 individuals), species-poor genera domi-
nate white sand forests at both local and regional scales. Eperua
(6101 ind.) was by far the most abundant genus in white-sand
forests followed by Catostenma (1960 ind.), Pachira (1611 ind.),
and Murandra (1494 ind.). The most common species was Eperua
falcata, accounting for 3343 individuals, almost 8 percent of the
total number of individuals. The five most common species
account for 19 percent of the number of individuals (8407 ind.),
a number that was two-fold lower than patterns of dominance
reported in Peru (Fine ez al. 2010).

The NMDS ordination based on taxonomic and phyloge-
netic dissimilarity matrices produced contrasting patterns (Fig. 3).
The ordination based on taxonomic dissimilarity matrix exhibited
a clear gradient along the axis by defining four floristic regions
(Fig. 3A). The first one corresponded to some of the plots
defined in axis 2 of the ordination and located in the core of the
Guiana Shield. These plots were characterized by the predomi-
nance of Fabaceae, especially species from genera like Eperua,
Dicymbe, Elizabetha, Dicorynia, Alexa, or Aldina, as the results of
the indicator species analysis demonstrates (Appendix S1). Other
remarkably conspicuous elements of this region were Catostenmma
(Malvaceae s.l.), Cyrilla racemiflora (Cyrillaceae), the extremely rare
Cyrillopsis - paraensis (Ixonanthaceae), and two species from the
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FIGURE 3. Non-Metric Multidimensional ordination for 91 white-sand plots across the Amazon basin: (A) NMDS based on compositional data dissimilarity

matrix (B) NMDS based on phylogenetic distance matrix. Ellipses represent the 95% confidence interval in grouping plots as part of a particular cluster of similar

floristic units. Abbreviations for regions are as follows; NWA = North Western Amazonia, CA = Central Amazonia, GS = Guiana Shield, URN = Upper Rio

Negro, VIR = Virua National Park.

genus Acioa (Chrysobalanaceae). The second group of plots
defines the northeastern portion of Central Amazonia white-sand
forests; the great majority of these plots are located in Virud
National Park. This group of plots, mainly defined along axis 1
of the ordination, constitutes a region of confluence of the two
regional floras of GS and CA, but was also characterized by the
extremely rare and species-poor genera Elasia (Ochnaceae),
Euphronia (Euphroniaceae), Excellodendron (Chrysobalanaceae), and
Chaetocarpus (Euphorbiaceae). A third floristically distinctive group
in the ordination included communities spanning the Amazon,
with plots from the Guiana Shield, Central and Western Amazo-
nia. These plots are remarkably similar in floristic terms
despite the large distance between them. Some of the most
predominant groups in this cluster of plots include genera like
Adiscanthus (Rutaceae), Lorostemon (Clusiaceae), Ambelania (Apocy-
naceae), Pachira (Malvaceae s.l.), and Cinchongpsis (Rubiaceae)
(Appendix S1). Finally, plots located in the Upper Rio Negro,
including areas of Colombia, Brazil and Venezuela; mostly define
the fourth floristic region. Conspicuous groups in this region are
Couma (Apocynaceae), Parahancornia (Apocynaceae), Haploclathra
(Clusiaceae), Micrandra (Euphorbiaceae), Digymbe (Fabaceae sl.),
Eperna (Fabaceae s.1.) Emmotum (Icacinaceae) as the results of the
Indicator Species Analysis at genus level demonstrated.

When the phylogenetic distance matrix was used as input
for the NMDS, a different pattern arises. The gradient along axis
1 of the NMDS still remained, yet the regional clusters disap-
peared (Fig. 3B). More than 50 percent of the local communities
in CA were structured by lineages phylogenetically closely related
to those lineages that contribute strongly to the local communi-

ties in GS. Furthermore, all the NWA white sand plots were
composed of lineages phylogenetically closely related to lineages
that dominate GS white-sand plots. Only a small fraction of CA
plots including those of Upper Rio Negro and Virud National
Park were structured by distantly related lineages compared to all
GS and NWA plots, meaning that the this group of CA plots

were composed by evolutionary distinctive lineages.

COMPOSITIONAL AND PHYLOGENETIC DISSIMILARITY.—Overall analy-
sis of phylogenetic beta diversity demonstrates that a weak but
significant correlation of phylogenetic dissimilarity and geographic
distance exists in white-sand forests across the Amazon basin
(Mantel = 0.18, P = 0.003). When we consider each regional
flora independently we found on average a higher phylogenetic
dissimilarity in Central Amazonian and Western Amazonian
white-sand plots than in white-sand plots of the Guiana Shield
(Fig. 4; Table 1). However, the white-sand forest plots in the
Guiana Shield exhibited a higher correlation of phylogenetic dis-
similarity with respect to geographic distance (Mantel » = 0.54,
P =0.001). White-sand plots in Central (Mantel 7= 0.35,
P =10.001) and Western Amazonia (Mantel » = 0.38, P = 0.002)
exhibit similar values for this relationship. Additionally, the influ-
ence of the regional pool in patterns of phylogenetic turnover is
evident. White-sand forests in NWA and CA are more distinct
from one another than cither of them is with the plots from the
Guiana Shield (Fig. 4B and C).

Overall phylogenetic dissimilarity was also significantly lower
between plots than taxonomic dissimilarity (Fig. 4D and H).
Thus, pairs of local communities exhibited higher compositional
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turnover than phylogenetic turnover with respect to geographic
distance, meaning that on average plots that were spatially close
were taxonomically more dissimilar than phylogenetically dissimi-
lar (Fig. 4). The slope of both compositional and phylogenetic
dissimilarity decreased considerably at geographic distances larger
than 500 km as the Loess curve shows in Fig 4. However, the
compositional dissimilarity continued to increase with distance
while phylogenetic dissimilarity tends to decrease. In other words,
even if pairs of communities are separated by thousands of kilo-
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meters, they are generally composed of the same lineages. Simi-
larly, the observed values of phylogenetic dissimilarity were
significantly lower than those expected based on the null model
(r = 78.80, P < 0.0001) (Fig. 4H).

PHYLOGENETIC COMMUNITY STRUCTURE.—We found non-random
phylogenetic community structure for white-sand forests at
regional scales which can be attributed to large-scale evolutionary
processes shaping the assembly of these habitats. Overall, values
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FIGURE 4. Phylogenetic dissimilarity as a function of geographic distance in white-sand forests across the Amazon basin. Phylogenetic dissimilarity is measured

as the complement of Phylosorenson index (1-Phylosor). The lines represent a Loess non-parametric regression that best describes the patterns of distance decay

curve in phylogenetic beta diversity. The results of #tests to determine significant difference between observed average PBD and expected average PBD are

shown. Confidence intervals for both observed and expected overall phylogenetic dissimilarity lowess curves are shown in Figure 4H.

of NRI and NTI were significantly positive, but some regional
differences arose when considering regional pools separately
(Fig. 5; Table S2). However, overall values of NTI; were not sig-
nificantly different from our null expectation. The predominant
pattern in white-sand forests in Western and Central Amazonia,
and in the Guiana Shield, was that NRI values were significantly
positive when relative abundance of species (NRI;) was taken into
account (Fig. 5B; Table S2).

The NTI; also indicated regional differences in how taxa
within local community are distributed toward the tips of the

community phylogeny. For instance, close relatives within the
same clade significantly structured communities of white-sand
forests in Central Amazonia and the Guiana Shield. This is in
contrast to patterns found for Northwestern Amazonian white-
sand forests that on average exhibited values close to zero,
suggesting a random pattern of phylogenetic structure. When
overall NRI, values are considered, a remarkably different pat-
tern arises. Most of the local communities of white-sand for-
ests across the basin exhibit negative values indicating that
communities  are across the

phylogenetically  overdispersed
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FIGURE 5. Phylogenetic local community structure in white-sand forests across the Amazon basin. The red dashed lines represent the confidence interval that

is the null expectation under the ‘richness’ null model; asterisks represent both significantly positive and negative values of Near Relatedness Index (NRI) and

Neatest Taxon Index (NTI) based on a #test (P < 0.001).

whole community phylogeny. Interestingly, the values for NTI

indicated that communities were phylogenetically clustered
toward the tips of the phylogeny of the regional pool (Fig. 5;

Table S2).

DISCUSSION

FLORISTIC PATTERNS.—Previous attempts to characterize the spe-
cies composition and structure of white-sand forests have been
done only at local or within one region of Amazonia. Our results

are the first attempt to describe floristic patterns of white-sand
forests across the entire Amazon basin. It is important to note,
however, that the plot network, while extensive and covering a
large geographical extent that includes most of the major white-
sand forests of the Amazon basin, certainly has overrepresented
certain regions (Ze., the Guiana Shield) compared to others and
this spatial bias likely has influenced our results and interpreta-
tions somewhat.

The NMDS ordinations indicated two gradients in species
composition. The first one defined a longitudinal gradient in spe-



cies composition with plots from Guiana, Suriname and French
Guiana at the left of the ordination and the CA and NWA plots
in the center and right side of the ordination (Fig. S2). This pat-
tern reflects a strong spatial component. The Loess regression
comparing longitude with the first axis of the NMDS ordination
explained 94 percent of variation in floristic data (Fig. S2). Fur-
thermore, the floristic composition changed very rapidly from
plots in the Guiana Shield to Central Amazonia and then more
gradually from plots in Central Amazonia to plots in Western
Amazonia. Terborgh and Andresen (1998) proposed that, due to
different climates and geologic histories leading to edaphic gradi-
ents across the Amazon, differences in tree-species composition
of forests in Northwestern Amazonia should be remarkably dif-
ferent than those of Central Amazonia. Based on the results of
the NMDS, and compositional beta diversity, we found support
for the hypothesis of strong species turnover across a longitudinal
gradient (Fig. S2). Turnover in white-sand forests also showed a
latitudinal gradient in the NMDS ordination, especially for white-
sand plots from Central Amazonia (Fig. S3). This latitudinal gra-
dient in floristic composition is mostly defined along axis 2 of
the NMDS and suggests that there are two distinct white-sand
floras of comparatively high diversity on each side of the Ama-
zon basin. This pattern appears to be driven in large part by the
high diversity, dominance and endemism of Fabaceae and
Chrysobalanaceae in Guiana Shield forests (ter Steege 2000, Ter
Steege ¢t al. 20006).

Although species composition varies among regions, we
found a geographically idiosyncratic dominance of a small num-
ber of white-sand specialist lineages. For instance, Protium spp.,
Pachira spp. and Caraipa spp. exhibited high dominance across the
east-west gradient of WS patches. In some plots, this dominance
may account for more than 70 percent of total tree abundance
(Fine ¢t al. 2010). In contrast, lineages as Eperua spp., Aldina
spp., ot Licania spp, drive the patterns of white-sand forests com-
position and structure along the north—south gradient including
Guiana Shield.

COMPOSITIONAL AND PHYLOGENETIC BETA DIVERSITY.—From our
results, it is clear that the regional species pool has a strong influ-
ence on shaping patterns of both CBD and PBD. The distance-
decay curves of CBD and PBD for central and Northwestern
Amazonian white-sand plots were steeper than for Guiana Shield
plots. This may be due to higher levels of dominance of a small
number of lineages in Guiana Shield white-sand forests, which
may be mediated by the combination of local adaptations, envi-
ronmental suitability, and dispersal capability (Struwe & Albert
1997, Emerson & Gillespie 2008, Fine & Kembel 2011). White-
sand specialist taxa may be able to colonize and become estab-
lished more easily in the larger tracts of white-sand forest in the
Guiana Shield, compared to the patchy distribution of suitable
habitat in other regions. Dispersal limitation should be less severe
if a contiguous suitable environment is available. Moreover, if
low levels of disturbance permit environments to remain
unchanged, lineages can persist over long periods of time, and
therefore low phylogenetic turnover would be expected to occur
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in large areas with relatively stable environmental conditions
(Emerson & Gillespie 2008). Satellite images from the upper Rio
Negro and other areas of the Guiana Shield show that the extent
of white-sand forest in this region is massive and can reach thou-
sands of hectares (Stropp ¢ al. 2011, Adeney e al. 2016). In con-
trast, the great majority of the plots established in central and
Northwestern Amazonia are scattered over large tracts of adja-
cent zerra firme forests making dispersal to neighboring white-sand
habitats more challenging for white-sand specialists (Adeney ef al.
2010).

Alternatively, one could explain these striking differences in
PBD as the result of the different geological origins of white
sand forest across the basin and the different biogeographic his-
tories of Amazonian forests. While WS habitat in Northwestern
Amazonia is interspersed in a geologically more heterogeneous
landscape that varies from Cretaceous to Pliocene sediments,
most of the white-sand soils in the Guiana Shield are derived
from Precambrian geological formations (Wesselingh ez a/. 2000,
Hoorn et al. 2010). Andean uplift has undoubtedly played a major
role in the evolution of white-sand habitat patches becoming
fragmented in waves of deposition of newer sediments which in
turn would influence divergence times for different lineages that
arrived to these habitat islands in Northwestern Amazonia.
Nonetheless, this kind of close match between geological history
and lineage formation would not be found if plants are good dis-
persers and easily colonize distant patches of suitable habitat.

We found evidence for regional neo-endemism in Amazonian
white-sand forests. CBD was much higher than PBD meaning that
local communities occurring in different regions have very differ-
ent taxonomic composition even though they are derived from the
same lineages. Moreover, pairwise comparisons of plots across the
basin revealed significantly lower PBD values compared to the null
expectation, indicating that local communities across the entire
Amazon basin tend to share close relatives. In this context, our
results indicate that most of the white-sand specialists appear to be
geographic neo-endemics with small distributional ranges. This is
also consistent with a plausible scenario of i situ radiation in
white-sand forests by sequential allopatric speciation by white-sand
specialist lineages across the basin. Therefore, pairs of compared
local communities can be very different in floristic terms but at the
same time exhibit low PBD if the communities compared are
within 7 situ radiation centers (Graham & Fine 2008, Fine & Kem-
bel 2011). This appears to be the case for Guiana Shield and
Northwestern Amazonia white-sand forests that presumably are
centers of radiation for many Fabaceae clades (ie., Aldina, Eperua,
Digymbe, Dimorphandra, Clathrotropis, Swartzia) as well as other
groups like Chrysobalanaceae and Inga, respectively. Some of these
clades have three-fold the number of species in these regions com-
pared with other regions of the Amazon basin (Richardson ef al.
2001, Bardon e al. 2013). The source-sink model of diversification
assumes that a source region will exhibit higher origination rates
relative to other regions and also higher levels of endemism. This
model could explain the potential origination centers for these
clades (Ricklefs & Schluter 1993, Rosenzweig & Sandlin 1997,
Goldberg et al. 2005). A plausible scenario under the source-sink
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model, assuming that the Guiana Shield is the source and central
and Northwestern Amazonia are sinks, would have allowed more
time for ancient lineages to expand their ranges from the Guiana
Shield toward the west, thus sink communities would be composed
predominantly by eatly diverging lineages. However, the average
age distribution and estimates of speciation, extinction, and disper-
sal rates of clades between regions need to be simulated in order to
support a plausible source-sink scenario (Goldberg ez a/. 2005, Roy
& Goldberg 2007).

PHYLOGENETIC COMMUNITY STRUCTURE.—Qur results indicate that
on average Amazon white-sand forests are phylogenetically clus-
tered at regional scales (Fig. 5; Table S2). While our results of
phylogenetic clustering at regional scales is in agreement with pre-
vious studies (Fine & Kembel 2011, Eiserhardt ez o/ 2013); we
found contrasting results in the phylogenetic community structure
of white-sand forests at the subregional scale. We argue that these
results are not just the by-product of differences in phylogenic
resolution and spatial scale, but instead are the result of the
strong influence of large-scale evolutionary process underlying
the nature of these communities (Cardillo 2011). For instance,
the strength of environmental filtering may also be different in
Western Amazon compared to the Guiana Shield, and this effect
could be driving some of the differences in local phylogenetic
structure. In this way, because the difference in soil fertility
between white-sand and zerra firme forests is less marked in the
Guiana shield (Hammond 2005, Fine & Baraloto 2016), there
may be a larger species pool able to colonize WSF in the Gui-
anas. Therefore, we would expect more close relatives inhabiting
white-sand communities in Guiana Shield forests with respect
Western Amazonia white-sand forests because as the species pool
able to colonize increase the probability for two species randomly
chosen from this pool to be close relatives will increase as well.

Convergent adaptation to white-sand habitats could create a
pattern of phylogenetic evenness if traits enhancing fitness
evolved independently in distant relatives (Fine & Kembel 2011).
It has been largely argued that phylogenetic clustering is the pro-
duct of environmental filtering when close relatives share ecologi-
cal resemblance in traits that allow them to coexist in sympatry
(Webb 2000, Cavender-Bares e al. 2004). Alternatively, phyloge-
netic clustering in local communities could also be the result of
many different processes including competition, pollinator facilita-
tion, adaptive radiation and herbivore-plant interactions (Gillespie
2004, Emerson & Gillespie 2008, Cavender-Bares ef a/. 2009,
Mayfield & Levine 2010). Thus, the spatial and phylogenetic scale
of our analysis allows us to posit that biogeographical processes
may be more important in the determination of phylogenetic
structure of white-sand forests than processes operating at local
scale (Hardy & Senterre 2007, Ricklefs 2007). Taken together, the
results of overall phylogenetic clustering at regional scales
together with low phylogenetic beta diversity support the hypoth-
esis of regional neo-endemism mediated by recent diversification
on white sand forests across the Amazon basin.

Our results contradict the main paradigm of white-sand for-
ests as habitats structured by early divergent lineages that have

colonized ‘ancient’ white-sand habitat islands that predate the
Middle Miocene (Frazier ez al. 2008, Hoorn et al. 2010, Penning-
ton & Dick 2010, Fine & Kembel 2011). The arguments given
for this hypothesis are that the sediments that originated in Gui-
ana, and Brazilian Shield Precambrian geological formations were
widely distributed across the basin previous to the Miocene in
such a way that large portions of today’s Amazon basin were
covered by extremely poor quarzitic sandstones (Hoorn 1993,
Struwe & Albert 1997). In this way similar soil conditions as cur-
rent white-sand habitats predate the diversification of many Ama-
zonian tree clades promoting early divergence, colonization, and
habitat specialization mediated by strong conservatism of traits
that enhanced fitness in this stressful environment (Struwe &
Albert 1997). On the basis of this assumption, we would expect
carly diverging linecages to dominate white-sand habitats.
Nonetheless, Fine ez a/ (2005) demonstrated that most of the
members of the tribe Protieac that inhabit white sand forest
evolved from close relatives on adjacent zerra firme forest suggest-
ing that, at least in some lineages, recent ecological divergence
from richer to poorer soils had occurred (Fine & Baraloto 2016).
Similar patterns of neo-endemism have been suggested for Peru-
vian white-sand bird communities resulting from recent iz situ
diversification in the Western Amazon (Alvarez Alonso ¢t al.
2013, Matos ez al. 2016). While endemism could be promoted by
habitat specialization, our results show that geographical ende-
mism driven by dispersal limitation of white-sand specialist lin-
eages may also be important in explaining floristic dissimilarity
across white-sand patches. Rather than a single flora that origi-
nated in the Guianas, specialization to sandy soils appears to have
evolved independently in different plant lineages over many dif-
ferent white-sand patches across the Amazonian landscape.

Because our analyses have some limitations, our assumptions
should be considered cautiously, and our intent is that subsequent
analyses will help us to identify the evolutionary processes that
underlie the patterns we describe. The degree of patch isolation,
asymmetries in speciation, extinction, and dispersal rates, or
any specialization mediated by niche conservatism for white-
sand environments could influence the divergence of plant lin-
eages and yield patterns of geographic endemism. Therefore, to
understand the floristic variation and the species turnover of
white-sand forests across the Amazon basin, it is fundamental to
investigate the processes responsible for local dominance, the
evolutionary mechanisms for geographic endemism, and the rela-
tionship between ecological filters and species traits that allows
some successful lineages from the regional species pool to
establish and become common in local communities.
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