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Abstract. A major challenge remains to understand the relative contributions of history,
dispersal, and environmental filtering to the assembly of hyperdiverse communities across spa-
tial scales. Here, we examine the extent to which biogeographical history and habitat specializa-
tion have generated turnover among and within lineages of Amazonian trees across broad
geographic and environmental gradients. We replicated standardized tree inventories in 102
0.1-ha plots located in two distant regions—the western Amazon and the eastern Guiana
shield. Within each region, we used a nested design to replicate plots on contrasted habitats:
white-sand, terra firme, and seasonally flooded forests. Our plot network encompassed 26,386
trees that together represented 2,745 distinct taxa, which we standardized across all plots and
regions. We combined taxonomic and phylogenetic data with detailed soil measurements and
climatic data to: (1) test whether patterns of taxonomic and phylogenetic composition are con-
sistent with recent or historical processes, (2) disentangle the relative effects of habitat, environ-
ment, and geographic distance on taxonomic and phylogenetic turnover among plots, and (3)
contrast the proportion of habitat specialists among species from each region. We found sub-
stantial species turnover between Peru and French Guiana, with only 8.8% of species shared
across regions; genus composition remained differentiated across habitats and regions, whereas
turnover at higher taxonomic levels (family, order) was much lower. Species turnover across
plots was explained primarily by regions, but also substantially by habitat differences and to a
lesser extent by spatial distance within regions. Conversely, the composition of higher taxo-
nomic levels was better explained by habitats (especially comparing white-sand forests to other
habitats) than spatial distance. White-sand forests harbored most of the habitat specialists in
both regions, with stronger habitat specialization in Peru than in French Guiana. Our results
suggest that recent diversification events have resulted in extremely high turnover in species
and genus composition with relatively little change in the composition of higher lineages. Our
results also emphasize the contributions of rare habitats, such as white-sand forests, to the
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extraordinary diversity of the Amazon and underline their importance as conservation
priorities.

Key words: beta diversity; climate; community assembly; flooded forest; forest structure; French Guiana;
Peru; soil properties; tropical rainforest; white-sand forest.

INTRODUCTION

The Amazon basin is home to the highest concentra-
tion of tree diversity in the world, boasting at least
16,000 species in its lowland rain forests alone (ter
Steege et al. 2020). Gentry (1981, 1986) hypothesized
that Amazonia’s extraordinarily high species totals were
related in large part to the substantial environmental
heterogeneity in the region causing selection for habitat
specialization by plants, contributing to high beta diver-
sity across space. Indeed, many studies since have
demonstrated significant correlations between tree spe-
cies composition and environmental variables including
climate (especially seasonality), soil resource availability,
and seasonal flooding (Wittman et al. 2004, Fine and
Kembel 2011, Baldeck et al. 2013, Van Breugel et al.
2019). Nevertheless, it remains unclear which environ-
mental gradients cause the strongest beta-diversity pat-
terns and how dispersal limitation interacts with
environmental variation to shape floristic composition
across the region.
Amazonia includes two major large-scale environmen-

tal gradients involving precipitation and soil fertility.
Northwestern Amazonia is covered by a seasonal ever-
wet rainforest, whereas eastern and southern Amazonia
experience dry seasons of 2–4 months (Terborgh and
Andresen 1998, ter Steege et al. 2006). The uplift of the
Andes and the erosion of newly deposited volcanic sedi-
ments created a large area of relatively fertile clay soils
in the western Amazon, which contrasts with the ancient
and highly eroded lateritic clays of the central and east-
ern Amazon basin and Guianan shields (Hoorn et al.
2010). Seasonal Andean snowmelt causes large fluctua-
tion in the water levels of its large rivers, with more sig-
nificant duration of flooding occurring towards the
West, whereas the Guianan shield and eastern Amazonia
have more predictable and shorter-duration seasonal
flooding (Wittman et al. 2010).
On top of these environmental filters, the mode and

average dispersal distance of tree taxa also influence the
diversity and composition of forests (Hubbell 2001, Con-
dit et al. 2013, Dexter et al. 2017). Some tree taxa are
excellent dispersers and may be able to maintain gene
flow across enormous geographic ranges, spanning the
Amazon basin (Dick et al. 2003). Others may be poor
dispersers, which could increase the probability that a
species becomes a geographic or habitat endemic, and
thereby increase beta diversity across regions.
Considering community assembly over larger time

scales, there may be historical reasons why certain lin-
eages have prospered in certain regions and habitats and
not others. One simple contributing factor may be the

relative age of different taxa. Some of the most diverse
lineages of Amazonian trees (e.g., Inga (Fabaceae)) are
thought to have radiated within the last few million years
(Richardson et al. 2001, Nichols et al. 2015), whereas
others, like Protium (Burseraceae) and Eschweilera, have
a longer history in the region (Fine et al. 2014, Vargas
and Dick 2020). In addition, some lineages could have
adapted traits that promote success to one habitat type,
and that habitat may have increased or decreased in land
area over the past millennia (Fine and Baraloto 2016).
Finally, major biogeographical events, like Andean uplift
and its influence on the hydrology of the basin, or Pleis-
tocene climate cycles, had major effects on tree composi-
tion and diversity, and the signal of these geologically
recent events can still be detected in contemporary for-
ests (Antonelli et al. 2009).
One way to investigate the relative importance of his-

torical and recent processes in assembling plant commu-
nities involves the comparison of taxonomic (species
level) with phylogenetic community structure patterns
across spatial scales (Graham and Fine 2008, Fine and
Kembel 2011, Kraft et al. 2011, Baraloto et al. 2012,
McFadden et al. 2019). For example, if ancient events
such as the appearance and disappearance of major geo-
graphic barriers (e.g., Lake Pevas dividing western and
central Amazonia [Hoorn et al. 2010]) have been impor-
tant in assembling these communities, we would expect
strong phylogenetic structure among regions, with coex-
isting species intermediately related within regions due
to a limited number of older lineages, each with many
young species (Gerhold et al. 2018). On the other hand,
if trans-Amazon dispersal has been common throughout
the past several million years, we would expect strong
taxonomic turnover but little phylogenetic structure
among regions (Fine and Kembel 2011, Dexter et al.
2017). At the same time, if local niche-related processes
such as environmental filtering and negative density
dependence are related to recent diversification events
within lineages, then we would predict higher taxonomic
but lower phylogenetic structure, due to convergent
adaptations within and among lineages (Fine and Bar-
aloto 2016).
Our understanding of the local and regional diver-

sity patterns of Amazonian tree communities has
greatly improved with the publication of studies linking
hundreds of 1-hectare plots. ter Steege et al. (2013)
reported that half of all individual trees represented by
1,200 plots across the basin were represented by 227
hyperdominant trees that were generally habitat spe-
cialists restricted to one or two Amazonian subregions.
Yet, even though these plot network studies have given
us an unprecedented picture of Amazonian tree
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diversity patterns, they have some serious limitations.
First, the plots were set up haphazardly across the
landscape, usually in areas that were the most accessi-
ble for botanists (Hopkins 2007). Thus, reported pat-
terns of habitat specialization become difficult to
separate from patterns of geographic endemism
because habitats in any given subregion are usually
spatially autocorrelated. Second, taxonomic standard-
ization has not been attempted in any of these cross-
Amazonian studies. Many of the Amazon Tree Diver-
sity Network (ATDN) plots do not have vouchered
collections; and even when they do, no one has
checked to make sure that species identifications con-
form to a common standard. Thus, even the common
species (the hyperdominants) could be misidentified in
some cases, because so many of them belong to species
complexes that are often lumped together into one spe-
cies name (Damasco et al. 2019, Baker et al 2017).
The broad scale differences in seasonality and soil fer-

tility between western and eastern Amazonia are
marked, yet within each region there exists substantial
environmental heterogeneity, consisting of a mosaic of
contrasted edaphic habitats such as white-sand deposits,
clay-rich terra firme forests, and seasonally flooded for-
ests adjacent to large rivers at local scales that are repli-
cated across the landscape (Hoorn et al. 2010). Both
seasonally flooded and white-sand forests have been
shown to host a unique assemblage of endemic species
with suites of functional traits (Fine and Baraloto 2016)
adapted to the particular challenges of each habitat (e.g.,
nutrient availability, flooding, etc. [Wittman et al. 2004,
Fortunel et al. 2014, 2016]).
Here we investigate the assembly of Amazonian tree

communities from local to regional spatial scales, using
a balanced sampling design with tree species inventories
carried out in 102 0.1-ha plots across two regions located
at extreme geographic ends of Amazonia, one in the
Peruvian Amazon and the other in French Guiana,
2,500 km to the northeast. This sampling was designed
to cover the most representative habitats in both regions
(white-sand, terra firme, and seasonally flooded forests)
and thereby to disentangle the relative influences of geo-
graphic distance and habitat heterogeneity on the taxo-
nomic and phylogenetic composition of tree
communities. All tree species were vouchered in each
plot where they occurred, and all identifications were
standardized across the entire data set by the same bota-
nists using the largest reference collection of Neotropical
tree specimens, the Missouri Botanical Garden
(MOBOT). We address the following questions:

1) How different are eastern and western Amazonian
forests; and to what extent do taxonomic and phylo-
genetic turnover differ across Amazonia?

2) What is the relative strength of environmental factors
(climate, soil, and flooding) and spatial distance
(both regional and local) in explaining floristic and
phylogenetic differences among tree communities?

3) How strongly are species associated with different
habitats (white-sand, terra firme, and seasonally
flooded forests)? Is habitat specialization more fre-
quent in less seasonal forests with a steeper gradi-
ent of soil resource availability (Peru vs. French
Guiana)?

MATERIALS AND METHODS

Study areas

We established a nested experimental design with
replicated plots in habitats displaying contrasting soil
conditions characteristic of lowland Amazonian for-
ests—white-sand (WS), terra firme (TF), and season-
ally flooded forests (SF) (Baraloto et al. 2011,
Fortunel et al. 2014) —at both regional (c.100 km)
and basin-wide (2,500 km) distances. A total of 102
0.1-ha plots were inventoried between 2008 and 2018
in 10 subregions in French Guiana (hereafter FG; 64
plots) and between 2008 and 2011 in three subregions
in Peru (38 plots) (Fig. 1). Each plot was inventoried
once, with subregions visited during different field
missions within the mentioned period. We tried to
maintain at least 50 km between subregions, and at
least 500 m between plots.
French Guianan forests stand on a Precambrian

tableland, with old, highly weathered and nutrient-
depleted soils (Gourlet-Fleury et al. 2004). Mean
annual rainfall across inventory subregions ranges is
between 2,160 and 3,130 mm,13 and is distributed sea-
sonally throughout the year (Table 1). The wet season
stretches from December to July, and it is usually
interrupted in February or March by a short dry per-
iod; whereas the dry season occurs from August to
November with monthly rainfall never exceeding
100 mm. Mean daily temperatures oscillate between
23.0°C and 26.6°C, with low seasonal variation
(Gourlet-Fleury et al. 2004). Elevation among subre-
gions ranged from 42 to 529 m.
Western Amazonian forests in Peru occur on a more

heterogeneous series of substrates because of the
Andean uplift and the concomitant erosion of volcanic
sediments and marine incursions (Hoorn et al. 2010).
Climate conditions are less variable during the year.
Mean annual rainfall across inventory subregions ranges
between 2,405 and 2,750 mm14 and is less seasonal than
in French Guiana (Table 1). Mean temperature is more
stable between 26.3°C and 26.7°C with low seasonal
variation. Elevation among subregions was also much
less variable, from 95 to 173 m. Further details on the
climate and geology of the regions and subregions are
provided in Appendix S1.

13http://www.worldclim.com/
14http://www.worldclim.com/
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Tree species inventories

Trees were inventoried following a modified version of
the Gentry plots proposed by Phillips et al. (2003) and
described in Baraloto et al. (2013). Each plot consisted
of 10 parallel 50-m-long transects departing perpendicu-
larly from a main 190-m-long central line, successively in
alternate directions every 20 m along the line (a sche-
matic illustration of a plot is provided in Appendix S2).
All stems with a circumference ≥8 cm at 1.3 m above the
ground (c. 2.5 cm DBH) were inventoried over a 2-m
width along each transect. At least one individual of
every putatively distinct taxon encountered was collected
in the field to create plot-level herbarium vouchers. In

rare cases (0.2% of all stems sampled), no identification
was made, nor could vouchers be collected, because of
lack of leaves or obstructed canopies. Further sorting
resulted in standardized project type collections for all
distinct taxa, which were identified at regional herbaria
for the Peru (AMAZ) and FG (CAY) collections. We
then further standardized and resolved vouchers from
both these collections during a 2-month period at the
herbarium of the Missouri Botanical Garden
(MOBOT), such that any unnamed, putative novel spe-
cies could be compared to other congeners from the
other region. At the end, we provide a full detail of all
project vouchers describing our standardized inventories
(see Baraloto et al. 2021 for complete voucher list).

FIG. 1. Geographical distribution of the 13 subregions in the Amazon (red rectangles), showing the position of the plots (yellow
cross symbols) within the two study regions (Peru and French Guiana).
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Species diversity was characterized in each study sub-
region using species richness, as well as the effective
number of species expected from a random sample of
two individuals, to weight for species abundance (Dauby
and Hardy [2011]; Table 1).

Environmental data

Soil conditions were characterized in each plot using
nine physicochemical properties: texture (percentages of
sand, silt, and clay), bioavailable cations content (Ca,
Mg, and K), available phosphorus content (AP), organic
matter (OM), and carbon (OC) contents, total N content
(TN), and C:N ratio. Variables were measured from
bulked soil cores collected at 0–15-cm depth within each
plot. Cores were mixed into a 500-g sample that was
dried to constant mass (at 25°C) and sieved (2-mm
mesh). Samples were shipped to the University of Cali-
fornia, Davis DANR laboratory for physical and chemi-
cal analyses (see Baraloto et al. 2011 for full details).
We calculated environmental data including a dry sea-

son index (DSI), which was calculated for each plot, as
the sum (over 12 months) of the ratios between the mean
monthly temperature and the mean monthly rainfall.
This provided an estimate of the potential hydric stress
accumulated during the dry seasons. Rainfall and tem-
perature data were extracted from worldclim data15 via
the raster package (Hijmans 2018) in R statistical

environmental (R Development Core Team 2020). The
larger number of soil variables (nine) compared to the
unique climate variable (DSI) was taken into account by
analyzing the relative effect of each variable (see the
Data analysis section).

Data analysis

Taxonomic and phylogenetic heterogeneity.—To investi-
gate Question 1 (How different are eastern and western
Amazonian forests; and to what extent do taxonomic and
phylogenetic turnover differ across Amazonia?), a non-
metric multidimensional scaling analysis (NMDS) was
performed on taxonomic dissimilarity among plots cal-
culated at the species, genus, family, and order levels.
For each level, taxonomic dissimilarity was calculated
using Euclidean distance on Hellinger-transformed
abundances (Legendre and Gallagher 2001). The latter
transformation prevented the floristic composition vari-
ation from being overly weighted by the most abundant
species. We also considered taxonomic identities only, by
calculating the Jaccard dissimilarity on the plot × pres-
ence–absence of taxa. As a complementary approach,
we computed phylogenetic dissimilarity using metrics
that provided relatively more weight to either recent
diversification events (the unique fraction of branch
length UniFrac [Lozupone and Knight 2005]) or to rela-
tively deeper evolutionary differences among taxa (Bst

and Пst statistics [Hardy and Senterre 2007]). Finally, we
used the geographical node divergence (GND) score to

TABLE 1. Sampling and geographical characteristics of each subregion.

N Alt MAP MAT S ENS2

Guianas 64 42–529 2,157–3,129 23.0–26.6 81.2 (3.5) 49.5 (5.2)
Saül-Limonade 12 196–253 2,421 24.6 66.1 (4.2) 24.4 (4.5)
Trinité 6 126–320 2,671 25.1 112.8 (12.0) 78.0 (14.3)
Itoupé 3 521–529 2,530 23.0 79.7 (6.9) 30.1 (7.0)
Mitaraka 9 317–347 2,157 24.9 70.9 (10.6) 66.1 (17.2)
Laussat 10 49–57 2,402 26.2 73.1 (3.4) 28.3 (3.6)
Nouragues 8 108–345 3,328 24.8 86.6 (14.0) 67.9 (20.4)
Petite Montagne Tortue 9 47–136 3,729 25.4 95.6 (10.6) 66.3 (17.0)
Center spatial Guyanais 4 43–63 2,932 25.8 75.8 (9.1) 25.3 (5.1)
Kaw 2 254–282 3,720 24.5 96.0 (6.0) 74.0 (18.3)
Suriname 2 196–229 2,241 26.6 35.5 (3.5) 9.4 (5.7)
Terra firme 20 45–347 2,775 25.2 96.6 (4.4) 69.7 (7.4)
Seasonally flooded 35 43–529 2,723 24.9 64.4 (5.2) 24.4 (4.2)
White-sand 10 39–345 2,908 25.7 64.6 (5.4) 23.8 (5.3)
Peru 38 95–173 2,405–2,750 26.3–26.7 101.6 (5.00) 61.4 (6.8)
Morona 6 143–173 2,405 26.7 108.3 (5.9) 89.6 (17.2)
North Loreto 18 105–149 2,750 26.3 101.6 (8.7) 60.0 (10.6)
South Loreto 14 95–139 2,499 26.8 98.6 (7.6) 51.0 (9.1)
Terra firme 11 95–158 2,597 26.6 129.1 (5.6) 102.0 (9.6)
Seasonally flooded 13 106–156 2,636 26.5 87.8 (6.1) 53.6 (9.2)
White-sand 14 106–173 2,625 26.6 86.8 (7.9) 29.8 (5.0)

Notes: N = number of plots; Alt = altitudinal range (m); MAP = mean annual precipitations (mm); MAT = mean annual tem-
perature (°C). S = mean number of species per plot; ENS2 = mean (calculated at the plot level) effective number of species expected
from 1,000 random samplings (with replacement) of two individuals. The three last lines of each region represent the same informa-
tion for each habitat. Numbers in parentheses correspond to the standard deviation of the mean.

15http://www.worldclim.com/
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evaluate the degree of geographical differentiation of (1)
each node separating taxa from the family level to (2)
the most basal branch separation (Borregaard et al.
2014).

Environmental heterogeneity.—The environmental
heterogeneity among plots was decomposed using a
principal component analysis, after normalizing (using a
Box-Cox transformation) then standardizing (z-score
transformation) all environmental variables. We also
used a two-way ANOVA to test (1) the mean difference
of each environmental variable across habitats and
regions, and (2) the interaction between regions and
habitats.

Relative influence of habitat vs. spatial distance effects on
taxonomic and phylogenetic composition.—To investigate
Question 2 (What is the relative strength of environmental
factors [climate, soil and flooding] and spatial distance
[both regional and local] in explaining floristic and phylo-
genetic differences among tree communities?), we used
multiple regression on distance matrices (MRM [Lich-
stein 2007]). MRM is an adaptation of multivariate
regression to distance data, in which dissimilarity matri-
ces are vectorized for each predictor and the response
variable. Four different MRM models were performed,
each one integrating different combinations of predic-
tors (habitat, environmental, and/or spatial dissimilar-
ity). For each model, we quantified the adjusted
coefficient of determination (R2) corresponding to the
effect of all predictors combined, as well as the relative
effects of each predictor using partial coefficients of
determination (R2) averaged over orderings using the
Lindeman, Merenda and Gold (LMG) statistic of Lin-
deman et al. (1980). More specifically, the LMG value
of a predictor is calculated as the increment in the coeffi-
cient of determination (R2) obtained when adding this
predictor in the model, averaged over all possible
sequences of ordering among the predictors.
In the first MRM model (Model 1), we calculated the

relative effects of habitat, region, and subregion differ-
ence on taxonomic and phylogenetic dissimilarity. Dif-
ferences in habitat, region, and subregion within region
were characterized using dummy variable columns con-
taining 0 or 1 (= same or different habitats, regions or
subregions). In the second MRM (Model 2), we quanti-
fied the relative effects of each habitat comparison (TF-
SF, WS-TF, and WS-SF) to test further whether compo-
sitional turnover was stronger or weaker between
flooded vs. nonflooded habitats compared to white-sand
vs. non–white-sand habitats. Model 3 was similar to
Model 1, but instead of analyzing habitat difference, we
calculated the relative effects of quantitative environ-
mental dissimilarities, corresponding to climatic dissimi-
larity (in altitude and DSI) and soil dissimilarity (in the
nine physico-chemical variables described in Environ-
mental Data) separately. A fourth model (Model 4)
tested the relative effects of each environmental variable.

To take spatial autocorrelation into account, the
adjustd R2 values of the four MRM models were tested
by comparing their observed values with 4,999 null val-
ues obtained after performing Moran spectral random-
izations (Wagner and Dray 2015) of each composition
data matrix. The MSR is a spatially constrained permu-
tation procedure allowing an explicit consideration of
the multiscale spatial autocorrelation structures in any
quantitative variable. The MSR uses information on the
spatial connectivity among sampling points obtained
when selecting Moran’s eigenvector maps (MEMs [Dray
et al. 2006]), which are commonly used to model multi-
scale spatial structures in ecological data. Connections
among plots were defined using a Gabriel’s graph, which
has been shown to be appropriate even in the case of a
highly irregular sampling design (Bauman et al. 2018a).
The selection of the MEMs was optimized following a
forward selection procedure (Blanchet et al. 2008) that
provides correct Type I error rates for the selection of
spatial eigenvectors (Bauman et al. 2018b). In the MSR,
the connectivity information among plots, obtained dur-
ing the selection of MEMs, is then used in a constrained
randomization algorithm to reproduce variables that
accurately mimic the observed spatial structures of the
randomized variable(s) (Wagner and Dray 2015).

Habitat differentiation and proportion of specialist species
in each habitat.—Several analyses were performed to
address our third question (How strongly are species
associated with different habitats [white-sand, terra firme
and seasonally flooded forests]? Is habitat specialization
more frequent in less seasonal forests with a steeper gradi-
ent of soil resource availability [Peru versus French Gui-
ana]?). These analyses were performed for each region
separately, because of the low percentage of shared spe-
cies between FG and Peru (8.8%). Only the species rep-
resented by at least four individuals were analyzed (621
and 566 species in FG and Peru, respectively), a thresh-
old representing the minimum abundance to detect a sig-
nificant habitat indicator value (indval) (Dufrêne and
Legendre 1997).
First, overall species differentiation in habitat prefer-

ences was tested in each region using a procedure derived
from the D statistic described in Vleminckx et al. (2015),
calculated as follows:

D¼∑
i
∑
h

Oih�E0
ih

� �2
=E0

ih

h i
,

where E0
ih is the expected relative abundance of species i

in habitat h, in the absence of niche differentiation
among species. E0

ih is calculated as

E0
ih ¼ O:hOi:ð Þ=O::,

where O.h, Oi. and O.. correspond, respectively, to the
total number of individuals (all species) sampled in habi-
tat h, the abundance of species i (across all habitats), and
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the total number of individuals in the data set. The
observed D value was compared with 4,999 values
obtained after randomizing the overall community
structure using the MSR method described in the previ-
ous section to account for spatial autocorrelation in spe-
cies distributions.
Species were considered specialists if displaying a sig-

nificant indval score for one of the three habitats (white-
sand, terra firme, or seasonally flooded forests). Indval
scores for each species were compared with 4,999 score
values obtained with the MSR method.
We further examined whether specialization for one of

the three habitats occurred in certain clades (families
and higher levels) more often than expected by chance,
following the approach of Fine and Kembel (2011). For
each clade (from the family level to the most basal lin-
eages) and each habitat, we compared the observed num-
ber of descendent species (not weighting for their
abundances) with the number of species obtained after
randomly shifting the tips of the phylogeny (null model
with 4,999 randomizations). We considered that clades
with observed values for one habitat type higher than at
least 95% of null values had more descendants than
expected by chance in this habitat.
All statistical analyses were performed in R statistical

environment version 3.5.1 (R Development Core Team
2020), using packages referenced in the provided R code.
Species abundance, environmental data sets and the R
code are provided in Baraloto et al. (2021).

RESULTS

Floristic diversity and dominance across subregions and
habitats

We inventoried 26,386 trees, of which we identified
25,397 (96%) to the genus level. We assigned them to
2,745 named species or putative novel species with dis-
tinct standardized names, from 473 genera and 90 fami-
lies (Baraloto et al. 2021).
Floristic diversity was lower overall in FG plots than

in Peruvian plots: the average number of species at the
plot level reached 81.2 (� standard error = 3.5) and
101.6 (�5.0), and the average expected number of species
based on random samplings of two individuals (to give
more weight to the most abundant species) reached 49.5
(�5.2) and 61.4 (�6.8) in FG and Peru, respectively
(Table 1). Terra firme hosted the highest species diver-
sity, followed by seasonally flooded and white-sand, and
within each habitat, species diversity was also lower in
FG than in Peru (Table 1).
Only 2 of the 10 most abundant species across both

study regions occurred in both study regions (Appen-
dix S3: Table S1). Eschweilera coriacea (Lecythidaceae)
dominated both TF and SF forests in Peru, and SF
forests in French Guiana (Appendix S3: Table S2).
Chrysophyllum sanguinolentum (Sapotaceae) was
among the most abundant taxa across both regions

(Appendix S3: Table S1) but occurred in moderate
densities in Peru and in low densities in FG (Appendix
S3: Table S2). The other dominant species were gener-
ally dominant in a single habitat in one of the two
regions. For example, Euterpe oleracea (Arecaceae;
2.83% of all stems) was dominant in SF habitats in
FG, Pachira brevipes (Malvaceae; 2.79%) was domi-
nant in WS forests in Peru, and Clusia fockeana (Clusi-
aceae; 1.50%) was dominant in WS forests in FG.
Moreover, very few species dominant in each habitat
actually occurred in both regions, and none, other
than Eschweilera coriacea, was dominant in both
regions (Table S2 in Appendix S4). For example,
Guarea pubescens (Meliaceae) was dominant in French
Guiana TF forests (Table S2 in Appendix S4), was also
found occasionally in other habitats in FG, but was
relatively rare in Peru (only 12 of 203 individuals
observed). Similarly, Anaxagorea dolichocarpa (Anno-
naceae) was dominant in French Guianan SF forests
(Appendix S3: Table S2), also found occasionally in
other habitats in FG, but was very rare in Peru (only
6 of 182 individuals observed).

Floristic and phylogenetic heterogeneity

Overall, forests in Peru and FG had very little overlap
in species composition. Only 8.8% of all observed species
(n = 231) were present in both regions (Appendix S4).
This percentage reached 52.9%, 80.0%, and 92.9% for
genera, families, and orders, respectively. This strong dif-
ference in species composition between Peru and FG
was observed along the first axis of the NMDS analysis,
with a marked contrast between WS and the two other
habitats (TF and SF) observed along Axis 2 (Fig. 2a, b).
Compositional differences among plots decreased when
analyzing higher taxonomic levels, although differences
remained clearly distinguishable between regions and
across habitats at the genus level (Fig. 2c, d), and to a
lesser extent when using family abundance data (Fig. 2e,
f). Only the WS plots from FG and Peru remained well
separated on all NMDS plans (Fig. 2a–h). The relatively
high abundance of Euterpe oleracea (Arecaceae), a spe-
cies not present in Peru and representing 4.95% of all
stems in FG, likely explained that SF plots from this
region were set distinctly apart from the other plots on
the NMDS plan when using abundance instead of pres-
ence–absence data for species (Fig. 2a, b). The NMDS
obtained using phylogenetic composition calculated with
the Unifrac index, which gives more weight to phyloge-
netic distance among recent nodes, produced a similar
ordination to the one obtained with genus composition
data (Appendix S5). When using Bst and Пst values,
which give more weight to phylogenetic distance among
older nodes, ordination patterns rather resembled those
obtained with family presence–absence or order compo-
sition data (Appendix S5). Phylogenetic differences
across regions were further emphasized by relatively high
geographic node divergence (GND) values (>0.6)
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FIG. 2. Projection of plot scores on Axes 1–2 of a nonmetric multidimensional scaling (NMDS) analysis performed on the
abundance (left) and presence–absence (right) of different taxonomic levels (species, genus, family, and order). The projection of
plots emphasizes both the two study regions using colours and the different habitats using symbols (seasonally flooded = SF, terra
firme = TF, white-sand = WS). A complementary analysis using phylogenetic distance is provided in Appendix S5.
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observed in both basal lineages and near the tips of the
phylogeny (Appendix S6).

Environmental heterogeneity

Differences in soil texture and nutrient availability
were associated with substantial shifts in species compo-
sition. The first axis of the PCA (accounting for 46.3%
of the overall environmental variation) was the only axis
that explained more variation than expected under a
broken stick model. This axis separated plots with rela-
tively high soil nutrient contents and clayey texture from
plots located on relatively more nutrient-depleted and
sandy soils (Fig. 3a, c). The variables most significantly
associated with this axis (r-Pearson between variables
and PCA plot scores ≥0.7; P ≤ 0.05; t-test of Pearson’s
product moment correlation) were TN, Mg, OC, and
percent clay (see Baraloto et al. 2021 for details). The
second axis (14.7%) was mostly associated with orthogo-
nal variation of percent sand and P content (r = 0.56
and 0.64, respectively; P ≤ 0.001). The third axis
(10.4%) was not clearly associated to any particular vari-
able, whereas the fourth axis (9.2%) represented a gradi-
ent of DSI (r = −0.78; P ≤ 0.001; Appendix S8 in
Baraloto et al., 2021).
Environmental conditions did not show any clear dif-

ference between regions in the PCA (Fig. 3b), which was
not surprising, given that the experimental design aimed
to capture the breadth of habitat and soil conditions
found in each region. WS habitats were markedly distin-
guishable from the two other habitats along the first PC
axis (Fig. 3c), and TF and SF exhibited similar soil fer-
tility. The distinct conditions of WS plots were further
illustrated by the significant differences for each soil
variable between WS and the two other habitats
(Table 2). Differences among habitats were highly signif-
icant for all soil variables (Table 2), especially when
comparing WS with TF or SF.

Environmental vs. spatial effects on species and
phylogenetic turnover

Habitat, region, and subregion differences together
explained 46.2 and 51.5% of the variation in species
abundance and presence–absence dissimilarity (P ≤
0.001; Model 1 in Table 3), respectively, with regional
difference representing the strongest effect among pre-
dictors (LMG = 0.249 and 0.319), followed by habitat
difference (0.144 and 0.109), and subregion difference
within region (0.069 and 0.088). Conversely, the compo-
sition dissimilarity of higher-ranked taxa (≥genus) was
better explained by habitat than by spatial differences
(using both abundance and presence–absence data),
although all three effects progressively decreased from
the genus to the order level. The latter observation was
consistent when comparing Model 1 built using response
variables quantifying phylogenetic dissimilarity while
weighting recent (UniFrac index) vs. deeper evolutionary

differences among taxa (Bst and Пst statistics [Baraloto
et al. 2021]).
Examining the relative effect of each pair of different

habitats (Model 2) showed that the habitat effect on spe-
cies abundance dissimilarity was stronger when compar-
ing WS with another habitat (LMG = 0.090 and 0.069
for the WS-TF and the WS-SF pairs, respectively) than
when comparing TF and SF (LMG = 0.025; Table 3). A
consistent trend was observed when using presence–ab-
sence data. Within each region, comparing two plots
from a same habitat (TF-TF, SF-SF, or WS-WS) gener-
ally led to lower species turnover than when comparing
different habitats (see Baraloto et al. [2021]). At the
same time, intra- vs. interhabitat differences in composi-
tion dissimilarity were almost completely masked by
regional effects when comparing plots from Peru and
FG.
In Model 3, we found that, in addition to the region

and subregion difference effect for species dissimilarity
(LMG = 0.204 and 0.059, respectively), the continuous
measure of soil dissimilarity represented a relatively sub-
stantial driver of composition turnover from the species
up to the family level (LMG > 0.10) and relatively less
at the order level (Table 3). Subregion differences within
region and climate dissimilarity had generally weaker
relative effects. The environmental variables that best
explained composition dissimilarity (LMG > 0.045)
were Ca and C:N ratio (Model 4; Table 3), with DSI
also showing relatively high effect (LMG > 0.035).
In agreement with the NMDS (Fig. 3) and the regres-

sion results (Table 3), phylogenetic dissimilarity was gen-
erally more weakly associated with region, subregion,
habitat and environmental (soil, climate) dissimilarity
across plots than taxonomic dissimilarity, with phyloge-
netic composition distance among plots showing inter-
mediate levels when using the Unifrac index (Baraloto
et al. 2021).

Habitat specialization across subregions and regions

A significant differentiation in habitat preferences was
found at the whole community level, both in Peru and
FG (P ≤ 0.001; D tests of habitat differentiation; not
shown in a table). Habitat specialist species were repre-
sented by at least four individuals, which was the mini-
mum number of individuals with a significant indval
(P ≤ 0.05). The percentage of specialists among all spe-
cies represented by at least four individuals (minimum
number of individuals for which a significant signal of
specialization could be detected) within SF, TF, and WS
habitats reached, respectively, 7.76, 10.58, and 13.76% in
Peru, and 3.40, 11.72, and 11.34% in FG (Table 4). The
five specialists most strongly associated with each habi-
tat and each region are presented in Table 4. In Peru, the
overall five highest indval values were obtained for WS
specialists, while in FG they were obtained for two SF
and three WS specialists. All indval values for each spe-
cies represented by at least four individuals are available
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FIG. 3. Projection of (a) variables and (b), (c) plot scores on Axes 1–2 of a principal component analysis performed on the envi-
ronmental data. The projection of plots emphasizes either (b) the two study regions (Peru vs. French Guiana) or (c) the different
habitats characterized on the field (seasonally flooded = SF, terra firme = TF, white-sand = WS).
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in Appendix S4. The latter values are also represented in
a radial phylogenetic tree, in which we also show lineages
having more descendant species in one of the three stud-
ied habitats than expected by chance (Fig. 4). We
detected that Malpighiales, Fabales, and Monocots had
more descendent species than expected by chance in SF
habitats, whereas the Magnoliales, Ericales, Oxalidales,
Rosales, and Sapindales were overrepresented in TF, and
the Campanulidae, Lamiidae, and especially the Gen-
tianales, contained significantly more species in WS.

DISCUSSION

Diversity and dominance—our results compared with
previous studies

Several studies have compared plant diversity across
different regions of the Amazon basin and evaluated the
relative importance of geographic distance and environ-
mental variables in driving compositional differences
(Tuomisto et al. 2003, ter Steege et al. 2006, 2013,
Stropp et al. 2009). Our effort expands upon their work
in three important ways. First, our plot size and diame-
ter cutoff (2.5 cm) for trees were more inclusive than that
of previous large-scale Amazonian studies, almost all of
which have used a minimum size threshold of 10-cm
diameter at breast height (dbh), surveyed over 1 ha. We
sampled smaller trees using modified Gentry plots char-
acterized by a herringbone arrangement of 50-m tran-
sects over a 2-ha area (Baraloto et al. 2013). Compared
to other 1-ha samples, our plots included a wider range
of size classes, and thus include small understory trees
(and some shrubs) and juveniles of large trees in addi-
tion to the largest emergent canopy trees. In addition,
the fact that our transects are spread out over a larger
area means that the most common tree species (which
often can have clumped distributions [Condit et al.
2000]) are less likely to show strong dominance patterns
and are more likely to capture rare species than in analy-
ses from 1-ha plot networks (see Draper et al. 2021).
A second contribution of our study is that we sampled

terra firme, white-sand, and seasonally flooded forests
within subregions in each region, so that we could opti-
mally disentangle geographic distance from environmen-
tal effects. Other large plot networks that have
investigated floristic turnover in Amazonia generally
have located plots along rivers or have sampled a large
forest area with many plots evenly distributed in latitude
or longitude ( Tuomisto et al. 1995, 2003, Ruokolainen
et al. 1997, Pitman et al. 2001, 2008, ter Steege et al.
2013, Stropp et al. 2009). In such designs, because habi-
tats are often spatially autocorrelated (i.e., two nearby
plots are likely to occupy more similar habitats than
expected by chance), it may be difficult to discern the
extent to which changes in species composition are dri-
ven by environmental factors versus dispersal limitation.
Within each region, we sampled several subregions, and
in (almost) each subregion we sampled terra firme,T
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white-sand forest, and seasonally flooded plots that were
relatively evenly spaced from one another. Thus, plots of
a given habitat were rarely closer to each other in space
than plots of different habitats.
Third, our attention to taxonomic precision is criti-

cal to emphasize. Previous efforts by networks includ-
ing the Amazon Tree Diversity Network (ter Steege
et al. 2013) and RAINFOR (Malhi et al. 2002) and
taxonomic specialists such as Cardoso et al. (2017)
have compiled species lists from plot inventories into a
single database and cleaned the taxonomic names by
checking published sources and eliminated synonyms
and errors. However, in none of those efforts have
botanists actually reviewed the voucher specimens of
all of the plots at the same time and in the same place
to determine if, for example, individuals identified as
Protium opacum in one plot matched those identified
as P. opacum from every other plot. Exercises to check
the accuracy of the taxonomy of species from three
common and diverse genera in subsamples from across
a large existing plot network (RAINFOR) uncovered
error rates of 20–45% (Baker et al. 2017). In our plots,
each species (or putative novel species) was collected
at least once per plot, and all voucher specimens were

evaluated multiple times by several botanists in the
home herbaria (AMAZ in Iquitos and CAY in French
Guiana). Importantly, six botanists were involved in
both Peru and French Guiana to collect plants and
identify species. In addition, four of these six botanists
with field and herbarium knowledge of both floras vis-
ited Missouri Botanical Garden (MO) with all speci-
mens from both countries and worked for weeks
comparing these vouchers with existing collections
from across the Amazon. The end result of this careful
work is a data set that gives a more accurate estimate
of plot-level and region-wide diversity than any previ-
ous published work of Amazonian tree plots.
Our vouchered database of species and morphospecies

(Baraloto et al. 2021 and accompanying digital voucher
library) represents an extremely valuable resource. First,
our collections have been compared to reference collec-
tions at MO, the best Neotropical plant collection on
the planet, so we have high confidence in our species
determinations. Second, when we did not find a species
in MO to match our voucher, we believe that this repre-
sents strong evidence for a putative novel species, which
systematists can pursue in future research to describe
new tree species. The fact that our collections come from

TABLE 3. R2 values quantifying the effects of different assemblages of predictors (Models 1–4) on taxonomic dissimilarity among
plots, and Lindeman, Merenda and Gold values corresponding to the decomposition of the model R2 and quantifying the
relative effect of each predictor.

SD1 GD1 FD1 OD1 SD2 GD2 FD2 OD2

Model 1 0.462*** 0.355*** 0.203*** 0.113*** 0.515*** 0.309*** 0.122*** 0.024*
Habitat 0.144 0.228 0.156 0.088 0.109 0.139 0.101 0.019
Region 0.249 0.098 0.036 0.016 0.319 0.132 0.016 0.003
Subregion 0.069 0.029 0.011 0.009 0.088 0.037 0.005 0.002
Model 2 0.184*** 0.29*** 0.228*** 0.107*** 0.154*** 0.188*** 0.187*** 0.039**
TF-SF 0.025 0.038 0.015 0.028 0.014 0.021 0.007 0.001
WS-SF 0.069 0.146 0.121 0.063 0.064 0.101 0.101 0.028
WS-TF 0.09 0.106 0.092 0.015 0.076 0.065 0.078 0.01
Model 3 0.422*** 0.324*** 0.203*** 0.116*** 0.511*** 0.308*** 0.168*** 0.059*
Soil 0.129 0.207 0.147 0.076 0.134 0.151 0.137 0.04
Climate 0.031 0.023 0.029 0.031 0.039 0.026 0.02 0.017
Region 0.204 0.07 0.021 0.007 0.262 0.1 0.008 0.001
Subregion 0.059 0.023 0.006 0.003 0.075 0.031 0.003 0.001
Model 4 0.26*** 0.321*** 0.233*** 0.138*** 0.301*** 0.271*** 0.201*** 0.077*
Altitude 0.008 0.01 0.006 0.009 0.01 0.006 0.002 0.003
Dry season Index 0.035 0.015 0.021 0.016 0.048 0.029 0.019 0.015
Clay 0.022 0.032 0.027 0.014 0.018 0.016 0.02 0.002
Sand 0.015 0.015 0.006 0.003 0.016 0.01 0.009 0.004
OC 0.008 0.018 0.018 0.008 0.01 0.018 0.021 0.006
TN 0.025 0.021 0.026 0.026 0.03 0.021 0.018 0.003
C:N ratio 0.045 0.093 0.058 0.013 0.048 0.056 0.065 0.017
P 0.014 0.019 0.012 0.019 0.016 0.019 0.013 0.017
Ca 0.05 0.06 0.036 0.021 0.063 0.063 0.011 0.003
Mg 0.031 0.024 0.01 0.005 0.034 0.023 0.005 0.001
K 0.007 0.014 0.013 0.004 0.008 0.009 0.019 0.006

Notes: SD/GD/FD/OD = Species/genus/family/order composition dissimilarity (1 = Hellinger-transformed abundance; 2 = -
presence–absence data). Asterisks indicate the P values of the MSR test of the adjusted R2 of each model: *** P ≤ 0.001;
** P ≤ 0.01; * P ≤ 0.05.
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a georeferenced plot that can easily be revisited is also a
benefit (Baker et al. 2017). Finally, many of the putative
novel species in our data set belong to species complexes,
some of which have been agglomerated in regional
checklists of species, such as in ter Steege et al. (2020).
For example, Protium heptaphyllum, the 12th most abun-
dant species in ter Steege et al. (2013), is now known to
represent at least seven different taxonomic entities
(Damasco et al. 2019, 2021).

How different is the diversity and composition of eastern
and western Amazonian tree communities?

Our attention to taxonomic detail means we have the
first reliable estimate of the overlap in species composi-
tion across Amazonia. The 8.8% overlap we report
between Peru and French Guiana therefore is not sub-
stantially inflated by the conflation of species complexes

into single species. The most common tree species in our
plots in both Peru and French Guiana do sometimes
match the list of Amazonian hyperdominants of ter
Steege et al. (2013). In Peru, 7 of our top 15 species are
ATDN hyperdominants, and in French Guiana, 4 of our
top 15 species are ATDN hyperdominants. Nevertheless,
some species in our most-common list are white-sand or
seasonally flooded specialists, which were perhaps
underrepresented in the ATDN (and overrepresented in
our data because of our sampling design). Some species
are also likely to have been misidentified in networks
such as ATDN. For example, some of our common spe-
cies are listed as extremely rare in the ATDN. Notably,
Eschweilera coriacea, the only common species found in
both countries in our data set, is now known to include
many species and the complex itself does not represent a
monophyletic group (O. Vargas, personal communica-
tion).

TABLE 4. Species displaying the five highest Indicator values (Indval) within each habitat (columns 4–6) in each region.

Species Family Ab SF TF WS P

Peru
Brosimum lactescens Moraceae 52 0.629 0.037 0.016 0.001
Campsiandra angustifolia Fabaceae 20 0.609 0.003 0 0.001
Tapura acreana Dichapetalaceae 19 0.549 0.021 0 0.001
Euterpe precatoria Arecaceae 18 0.520 0.004 0 0.001
Garcinia madruno Clusiaceae 16 0.518 0 0.004 0.001
Rinorea racemosa Violaceae 43 0 0.615 0 0.001
Tetrastylidium peruvianum Olacaceae 12 0 0.615 0 0.001
Nealchornea yapurensis Euphorbiaceae 31 0.060 0.539 0 0.002
Leonia cymosa Violaceae 26 0 0.538 0 0.001
Ophiocaryon heterophyllum Sabiaceae 20 0 0.529 0.034 0.001
Matayba inelegans Sapindaceae 58 0 0.001 0.981 0.001
Chrysophyllum sanguinolentum Sapotaceae 136 0 0.008 0.877 0.001
Roucheria punctata Linaceae 26 0 0 0.857 0.001
Macrolobium microcalyx Fabaceae 128 0 0.003 0.843 0.001
Macrolobium bifolium Fabaceae 90 0.001 0.004 0.825 0.001
% specialists 7.76 10.58 13.76

French Guiana
Euterpe oleracea Arecaceae 664 0.898 0 0 0.001
Pterocarpus officinalis Fabaceae 122 0.796 0 0 0.001
Symphonia globulifera Clusiaceae 37 0.541 0 0 0.001
Anaxagorea dolichocarpa Annonaceae 176 0.504 0.047 0 0.003
Inga cylindrica Fabaceae 58 0.463 0.011 0 0.002
Cordia nodosa Boraginaceae 42 0.008 0.515 0 0.001
Unonopsis rufescens Annonaceae 61 0.005 0.474 0.020 0.005
Siparuna decipiens Siparunaceae 51 0.024 0.433 0.006 0.006
Geissospermum argenteum Apocynaceae 34 0 0.412 0 0.002
Pouteria gongrijpii Sapotaceae 32 0 0.412 0 0.004
Pachira flaviflora Malvaceae 209 0.004 0 0.781 0.001
Clusia fockeana Clusiaceae 518 0.005 0 0.772 0.001
Calycolpus revolutus Myrtaceae 54 0.002 0.002 0.653 0.001
Cassipourea guianensis Rhizophoraceae 80 0.013 0.003 0.642 0.001
Manilkara bidentata Sapotaceae 74 0 0.004 0.580 0.001
% specialists 3.40 3.72 11.3

Notes: Ab: total abundance of the species in the region. P: P value for the test of Indval differences among habitats. For each
region, the last line shows the percentage of specialist species among all species represented by at least four individuals in Peru
(n = 566) and French Guiana (n = 621).
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FIG. 4. Radial phylogenetic tree representing all species inventoried in French Guiana and Peru, with colors indicating whether
they are significantly indicative of one of the three studied habitats (inner ring) and whether they are represented in Peru, French
Guiana, or both regions (outer circle; see legend in the upper rectangle). Colored branches and colored family names indicate,
respectively, lineages (>families) and families having more descendant species than expected by chance in one (or two) of the three
studied habitats, as indicated by the legend in the lower rectangle. Only the position of families represented by at least 200 individu-
als is shown for clarity.
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Interestingly, only 1 of our top 15 species from Peru
was shared with the Pitman et al. (2008) lists of oligarchs
from Yasunı́ National Park in Ecuador and Manu
National Park in Peru. Yasunı́ and Manu lie on fertile
clay terra firme forests, but our sampling of these habi-
tats in Peru was rather limited. Our plots included a
mosaic of terra firme soils, corresponding to older geo-
logic sediments for the most part (Pitman et al. 2008).
Similarly, Pitman et al. (2008) found a strong disconti-
nuity of tree species composition along the Napo River
between Ecuador and Peru, and they reported that plots
in the east did not contain the Yasunı́/Manu oligarchs.
Our study thus represents an important complement to
existing work and paves the way for the integration of
phylogeographic analyses of widespread species to
resolve species complexes (Prata et al. 2018).

To what extent are there similar versus contrasting
patterns of taxonomic and phylogenetic turnover across

Amazonia?

The phylogenetic beta-diversity analyses towards the
tips showed significant, nonrandom patterns of tree
composition with respect to both region and habitat
(Fig. 4). In other words, both countries harbor many
habitat specialists only found in that region. The fact
that we found nonrandom phylogenetic signal means
that different genera and/or families dominate the three
habitats in each region. Terborgh and Andresen (1998)
reported that seasonally flooded forests were dominated
by Chrysobalanaceae and Lecythidaceae in eastern
Amazonia, but Moraceae and Myristicaceae in western
Amazonia. We report a similar signal, with regional flo-
ras being distinct from each other and habitats within
regions being composed of assemblages from each regio-
nal flora. As detailed in Fig. 4, we also found that differ-
ent lineages were more represented than expected in
each habitat, with Arecaceae, Annonaceae, Fabaceae,
and Malvaceae diversifying particularly in SF habitats;
Meliaceae, Moraceae, and Sapotaceae overrepresented
in TF; and Chrysobalanaceae, Clusiaceae, and Sapin-
daceae in WS forests.
Yet, the variance in phylogenetic signal across the

regions suggests that deeper-time events influenced dis-
persal and speciation for some tree lineages. One series
of events that influenced Peru differently than French
Guiana was the Andean uplift, the concomitant erosion
of volcanic sediments, and the formation of large lakes
and/or marine incursions (Hoorn et al. 2010). These
events likely caused the formation of large areas of fertile
soils and massive changes in the area and location of
seasonally flooded habitat. This, in turn, would have
promoted speciation in the late Miocene in western
Amazonia (Fine et al. 2014), while habitat heterogeneity
in eastern Amazonia probably remained more stable
over this time frame. In contrast to strong taxonomic
turnover and tip-weighted phylogenetic beta diversity
(Fig. 2a–d), we found no clear basal-weighted

phylogenetic structure across regions and habitats
(Fig. 2e–f). This result is consistent with previous
broader analyses of the Neotropical flora (Guevara et
al. 2016, Dexter et al. 2017).
These phylogenetic beta-diversity differences became

blurred when taking species abundance into account,
maybe because of the presence of widespread and locally
abundant genera that comprise numerous closely related
species (Guevara et al. 2016). Examples of these patterns
can be found within the genera Protium (Burseraceae)
and Pachira (Malvaceae). In both genera, relatively few
species are shared across regions, although both genera
contain widespread generalists (e.g., Protium opacum,
Pachira insignis). Nevertheless, both lineages are charac-
terized by specialists, not only among habitats within
regions (Fine and Baraloto 2016), but also specialists of
the same habitat 2,000 km apart (e.g., white-sand spe-
cialists Pachira brevipes in Peru and P. flaviflora in
French Guiana). The existence of specialists of contrast-
ing habitats in the same genera in both regions further
suggests recent habitat-mediated speciation in each
region is a common phenomenon. Moreover, the
absence of strong habitat difference and soil dissimilarity
on phylogenetic turnover among plots may indicate that
habitat specialization occurred relatively recently and
repeatedly within clades.

What is the relative strength of environmental factors and
spatial distance in explaining floristic and phylogenetic

differences among tree communities?

We found a very strong effect of habitat in driving tree
species composition (Fig. 2). It is worth noting that our
study design replicated the three habitats within subre-
gions for each country. Thus, the strong separation of
WS from SF and TF is likely due to environmental dif-
ferences rather than geographic distance or dispersal
limitation. Similarly, environmental distance induced
stronger species turnover than dispersal limitation in
ferns and Melastomataceae shrubs (Ruokolainen et al.
1997, Tuomisto et al. 2003). Analyzing 55 Amazonian
RAINFOR plots, Honorio Colorado et al. (2009) con-
cluded that at very large spatial scales (encompassing
several regions), spatial distance was the main determi-
nant of species turnover, followed by habitat and climate
differences within regions. We found that spatial distance
between subregions was also a significant factor, yet
clearly much less important than environmental vari-
ables within regions. Our design allows us to report this
with great confidence. Nevertheless, the relatively small
number of plots we assessed within regional blocks does
not allow us to disentangle whether dispersal limitation
or sampling error within such a diverse tree flora
explains such low turnover between plots of a similar
habitat type.
The spatial scale encompassed by our study also

allowed us to detect species composition variation driven
by spatially structured climatic variables (DSI and
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altitude). The seasonality effect suggests that, indepen-
dently from spatial processes, hydraulic stress represents
a major factor influencing species performance, corrobo-
rating other recent analyses (Comita and Engelbrecht
2014, Fortunel et al. 2014, Dexter et al. 2017) and
underlining the potential impacts of a changing climate
on community composition (Esquivel-Muelbert et al.
2018).

How strongly are species associated with different
habitats? Is habitat specialization more frequent in less
seasonal forests with a steeper gradient of soil resource

availability (Peru vs. French Guiana)?

Within regions, species composition was substantially
more dissimilar between different habitats than within
similar habitats, with WS differing from TF and SF
(Fig. 2; see Baraloto et al. [2021]). Moreover, within
each region, white-sand forests hosted a higher propor-
tion of specialists compared to the two other habitats.
These results further confirm that white-sand soils (with
extremely poor nutrient content and low water retention
capacity) are particularly strong filters favoring plant
species investing in resource conservation and protection
against enemies (Fortunel et al. 2014, Fine and Baraloto
2016). In addition to their strong contribution to Ama-
zonian biodiversity (Frasier 2008), white-sand endemics
also represent a potential major species pool that may
display greater resilience in response to more intense
drought events predicted in eastern Amazonia (Fortunel
et al. 2014, Guevara et al. 2016, Esquivel-Muelbert et
al. 2018).
The higher similarity in the floristic composition

between TF and SF could be explained by relatively rare
flooding events and the substantial overlap of environ-
mental conditions across these two habitats, allowing
many TF species to establish on soils that are not con-
stantly water saturated, and conversely enabling many
swamp species to be competitive on soils with stronger
drainage. Species distributed on TF and SF soils may
also exhibit greater plasticity than WS species, which
allocate costly adaptation mechanisms to survive on
these relatively extreme habitats (Fortunel et al. 2020).
Consistent with overall patterns of diversity and com-

position, and in accordance with our predictions, the
proportion of habitat specialists was higher in all three
habitats in Peru than in French Guiana (Table 4). In
particular, Peruvian forests comprised nearly twice the
proportion of terra firme specialists as French Guianan
forests (10.3% vs. 5.8%). White-sand specialists were
more frequent than for other habitats in both regions,
with relatively consistent proportions in Peru (13.8%)
and French Guiana (10.6%; Table 4). Why would habitat
specialization be more common in Peru? One reason
may be that biotic interactions can interact with environ-
mental gradients to promote habitat specialization in
trees (Fine et al. 2004). The more aseasonal climate and
more fertile soils in Peru are linked to more productive

forests with higher disturbance rates (with faster genera-
tion times) (Baker et al. 2014). These highly productive
western Amazonian forests harbor greater insect popula-
tions with less seasonal dormancy, which should cause
more intense and more consistent herbivore pressure in
Peru compared to French Guiana. Moreover, with
greater climatic stability over the past several million
years in the west vs. the east, we would expect a higher
potential for habitat specialization by trees in western
Amazonia than in the east (Fine 2015).

CONCLUSIONS

Our unique and comprehensive experimental design
and analyses represent an advance in the understanding
of diversity, dominance, and composition in lowland for-
est tree communities of Amazonia. We refine previously
reported patterns of family and genus dominance, and
we report an overlap of only 8.8% of species composi-
tion on opposite ends of the Basin. Together, these
results emphasize the importance of recent processes in
the diversification of tree lineages across these communi-
ties, and the role of environmental filtering in generating
and maintaining the diversity and composition of these
forests.
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