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Abstract

Aim: Amazonia hosts more tree species from numerous evolutionary lineages, both
youngand ancient, than any other biogeographic region. Previous studies have shown
that tree lineages colonized multiple edaphic environments and dispersed widely
across Amazonia, leading to a hypothesis, which we test, that lineages should not be
strongly associated with either geographic regions or edaphic forest types.

Location: Amazonia.

Taxon: Angiosperms (Magnolilds; Monocots; Eudicots).

Methods: Data for the abundance of 5082 tree species in 1989 plots were combined
with a mega-phylogeny. We applied evolutionary ordination to assess how phyloge-
netic composition varies across Amazonia. We used variation partitioning and Maran's
eigenvectar maps (MEM) to test and guantify the separate and joint contributions of
spatial and environmental variables to explain the phylogenetic composition of plots,
We tested the indicatar value of lineages for geographic regions and edaphic forest
types and mapped associations onto the phylogeny.

Results: |n the terra firme and varzea forest types, the phylogenetic composition var-
ies by geographic region, but the igapo and white-sand forest types retain a unigue
evolutionary signature regardiess of region. Overall, we find that soll chemistry, cli-
mate and topography explain 24% of the variation in phylogenetic composition, with
79% of that variation being spatially structured I:Ezzi'P?tE overall for combined spa-
tial/environmental effects). The phylogenetic composition also shows substantial
spatial patterns not related to the environmental variables we guantified I:Ejzzﬂ%}.
A greater number of lineages were significant indicators of geographic regions than
forest types.

Main Conclusion: Mumerous tree lineages, including some ancient ones (>=&&Ma),
show strong associations with geographic regions and edaphic forest types of
Amaronia. This shows that specialization in specific edaphic environments has played
a long-standing role in the evolutionary assembly of Amazonian forests. Furthermore,
many lineages, even those that have dispersed across Amazonia, dominate within a
specific region, likely because of phylogenetically conserved niches for environmental

conditions that are prevalent within regions.

KEYWORDS

communily assembly, dispersal limitation, environmental selection, evolutionary principal
component analysis, Indicator lineage analysis, Moran's elgenvector maps, neotropics, Niche
conservatism, troplcal rain forests
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1 | INTRODUCTION

A major goal of tropical biologists s to understand the processes
Imvolved in the orfgin, maintenance and coexistence of diverse spe-
cles in ecologlical communities. Processes that play out ower multiple
spatial and temporal scales influence the organization of ecological
communities {Ricklefs & Schiuter, 1993; Vellend, 20100, leaving an
Imprint on phylogenetic and functional compoesition. Detalled char-
acterization of compositional patterns can help o infer the ecolog-
jcal and evolutionary processes at play (Carlucel et al., 2017: Dray
et al., 2012; Graham & Flne, 2008; Kraft & Ackerly, 2010; Mclntire
& Fajardo, 2009, The assembly of tree communities in Amazonian
tropical rain forests is structured by ecological drift (Hubbell, 20015,
the local and regional dispersal of lineages [Dexter et al.. 2017), dif-
ferential recrultment inte heterogeneous forest habitats and envi-
ranments (Fine & Kembel, 2011; ter Steege et al, 20046; Tuomlsto
etal,, 2003), blotic interactions {Fine et al, 2004; Kursar et al,, 2009}
and historical contingency (Baker et al.; 2014; Dexter et al., 2012;
Flgueiredo et al., 2023),

Tree lineages that are iconic of present-day tropical rain for-
ests have existed since the mid-Cretaceous (Davis et al., 2005;
Jaramlllo et al., 200&; Wing et al,, 2009), but angiosperms only
came to dominate Amazania after the Cretaceous-Paleogene (K-
Pg) boundary (c.a. &6Ma) (Carvalho et al.. 2021). Amazonian trop-
jcal rain forests cover a huge area ([approximately 39% of South
America) and Lhere is 2 substantial turnover of species across ks
extent [Baraloto et al., 2021; Luize et al., submitted; ter Steege
et al,, 2006; Terborgh & Andresen, 1998), It also comprises het-
erogeneous geologic, edaphic and climatic conditiens (Hoorn
etal, 2010) and hosts the highest number of tree species of any
biosgeographic reglon on Earth (Raven et al, 20200 Ullea-Ulloa
et al, 2017). Locally, small topegraphic variation is enough to
cause edaphic differences (eg., physical, chemical and hydrolegi-
cal soll varlation} leading to major shifts in tree species compasi-
tion {Bohlman et al., 2008; Koponen et al, 2004; Marca-Zevallos
et al, 2022; Milton et al,, 2022; Phillips et al., 2003; 5abatier
et al, 1997 ter Steege et al, 1993). Such high species turnover
can make it challenging to understand large-ccale patierns as
many tree communities share no species at all, Evelutionary ap-
proaches based on analysing the shared evolutionary heritage
of communilies {e.g., Pavoine, 2014; Webb, 2000}, may provide
a path forwards, as all tree communities in Amazonia are dom-
inated by species derived from the same overarching clade, the
angiosperms.

Tropleal tree communities tend to have clustered phylogenetic
structures (Baldeck et al, 201é; Baraloto et al, 2012; Kembel &
Hubbell, 2004; Webb, 2000), which ks interpreted as the signal of
evolutionarily conserved preferences of tree lincages for specific
environments, although other factors, such as biotic interactions
and disturbances. could alsa result in phyvlopenetic clustering.
Phylogenetic clustering has been found not only In local and re-
ghanal studies {Baraloto et al, 2012; Fine & Kembel, 2011; Guevara
etal, 2016; Kraft et al, 2007), bul slsa at the scale of all of Amazonia

[Carluce et al., 2017 Honorlo Coronado et al,, 2015} This broad-scale
phvlogenetic clustering in Amazon-wide studies (Honarlo Coronado
el al, 2015) may result from a deep phvlogenetic eonservatism for
edaphic environments. Conversely, edaphic reglme switching {Le.,
the shift from one forest edaphic habitat to another), associated with
restricted inter-habitat gene flow, has been suggested to be a major
driver of plant speciation in Amaronla (Brousseau et al, 2021; Fine
et al, 2005 Gentry, 1981). f edaphic regime switching is frequent,
Hineages should nol show strong associations with forest édaphic re-
glmes and tree communitles should not show a phylogenetic compo-
sition arganized within forest types.

At the spatial scale of Amazonia, the clustering of closely related
species within communities and regions can alsa result from specla-
tion within geagraphic regions. be it sympatric, parapatric or allopat-
rie, with limited subsequent dispersal (Fine et al, 2004; Misiewicz
el al, 2020). Phytogeographical analyses have found geographic
turnaver in the compasition of tree species, which suggests that the
dispersal of Amazonian trees can be limited {Prance, 1982; ter Steege
et al, 2003, 2006 Terborgh & Andresen, 1998). Nevertheless, some
tree lineapes have dispersed widely across Amazonia over their ove-
lutlonary history {Dexter et al,, 2017} and do not present any reglon-
specific phylogenetic clustering. A recent study from a theoretical
perspective also suggests widespread dispersal of lineages across
Amaronia (Pos et al, 2023}, Finally, while the largest Amazonian riv-
ers can provide effective geographic barriers limiting the distribu-
tion of some organisms, particularly animals, rivers do not seem Lo
be effective barriers for most tree species {Dexter et al, 2012; Luize
el al, submitied; Nazareno et al., 2017, 2019).

Assurning that dispersal allows tree lineages to achieve wide-
spread ranges and that migration across landscapes allows tree
limeages to achieve broad niche breadths, a reasonable hypothe-
sis might be thal neither peography nor ecology are major drivers
of tree-ineage distribution. If so, the phylogenetic compasition of
Amazonian tree communities will not align closely with geographic
or environmental conditions. There is mixed evidence for the na-
ture of the phylogenetic structure of Amazonian tree communitics,
including communities which do not show any clear phylogenetic
strocture, although most forest types tend to be phylogenetically
clustered at the landscape to regional scales (Baraloto et al., 2012:
Fine & Kembel, 2011: Guevara et al,, 2014). The strongest evidence of
phylogenetically clustered communities tends to be found in habltats
with the maost stressful ecological conditions, such as seasonally dry
forests, white-sand forests-and seasonally flooded forests {Baraioto
et al, 2021 Guevara et al., 2014 Honorio Coronado et al., 2015).
However, o date, most phylogenetlc analyses of tree communlthes
have focused on limited geographic areas (eg., Aldana et al., 2017;
Cardenas et al,, 2017, Gonzalez-Caro et al., 2021) or relied on phylog-
emnes with relatively low phylogenetic resolution [Honorio Coronado
et al, 2015). The growing avaidability of DNA sequences allows the
production of phylogenetic hypotheses with a better sampling and
resalution of relationships {Baraloto et al., 2021; Chave et al., 2020:;
Dexter & Chave, 2018}, which in turn enables a deeper exploration
of varation in the phylogenetic composition of Amazonian forests,
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I this study, we characterize the phylogenetic composition of
trepical rain Fforests across the entire Amazonian region, guantifying
the roles of spatial and environmental variables in shaping the phiy-
logenetic composition of tree communities, with the alm to discern
the key evolutionary and ecological processes structuring these hy-
perdiverse forests, We test the null hypothesis that widespread geo-
graphic dispersal of linsages and frequent edaphic-regime switching
have erased phylogenetic signal for peographic regions and forest
edaphic rogimes. Previous studies that have found significant phyla-
genetle clustering may have done so because of poorly resolved phy-
logenies or restricted spatial and environmental scales. In addition,
we evaluated if there were significant indicator lineages for specific
geographic regions or edaphic forest types, and when found, we de-
termined their total numbers, [dentities and ages.

2 | MATERIALS AND METHODS

21 | Study region, forest-inventory dataset and
environmental variables

The focus of our study Is the Amazonian raln forest, including the
catchment of the Amazon River, the middie-lower course of the
Araguala-Tocantins River basin, the Atlantic coastal basins surround-
ing the Amazon River estuary and the rain forests of the Gulanas
(RAISG, 2012). Our forest-inventory dataset (ATDMN_20220919)
results from the combined effort of thousands of botanists and
field ecologists over the last 90years. The dataset consists of 1789
farest-inventory plots with measurements for the abundance of all
trees z10cm DBH {ie., diameter at breast height, at 1.3 mabove the
ground), with a few plots (26) sampfing all trees x5cm DEH: most of
the plots are of standard size (1 ha) iminimum and maximum size=0.1
and Pha; 533 plots <1ha, 1350 plots of 1ha and 104 plots =1ha).
The inclusion of few ploks with non-standardized tree Inclusion crl-
terla or sample size did not affect the estimations of evoPCA scores
{see below and Figure 52). Of the 1,099 810 measured trees, 89%
were identified to a valld species name and the other 11% of indi-
viduals were excluded from further analyses. The 979,801 individual
trees |dentified to a valid species name encompass a total of 115
families, 754 genera and 5082 species of anglosperms. Checking of
valid specles names followed the previous name harmonlzation of
the ATDN database (ter Steege et al, 2019},

Imventary plots were grouped into six geographic reglons (Central
Amazonia [CA =504 plots], Guiana Shield [G5=45%], Northwestern
[NWWA =304, [SA=273],
Southwestern Amazonla |SWA=224] and Eastern Amazania
[Ea=223]), for description of geographic reglons (Feldpausch

Amazonia Southern  Amazonla

etal, 2012; ter Steege et al, 2013}, These geographic regions largely
foltow a broad-scale classification of Amazonia based on geological,
pedological and Torest structural attributes (Feldpausch et al., 2012:
Quesada et al., 2011} and which have been used in many subsequent
large-scale blogeographic analyses In Amazonia [(e.p., Gonzdlez-
Cara et al.. 2021; Guevara et al,, 2014; tor Steege et al, 2013). The

O v

inventory plots were also classified by the researchers who estab-
lished the plots. accarding to five major Amazonian forest types
that develop on distinel edaphic regimes (Prance, 1979 ler Steege
et al,, 2013; Terborgh & Andresen, 1998} (1} terra-firme forests on
clay and/or brown sands [TF = 1326], (2) varzea forests on eutrophic
seasonally flooded terrains [VA=315]. (3) lgapt forests on olipotro-
phic seasenally flooded terrains [1G= 193], (4) terra-firme forests on
white-sands [padzols) [PZ2=114] and {5) swamp lorests on perma-
nently fleoded terrains [SW=41]. An initial et of 19 environmental
varkables capturing climatic. topographic and edaphic aspects crucial
to tree ecology were extracted for each plot location from digital
databases and applied as enviroomental predictors of phylogenetic
composition (Table 11 For details regarding characteristics of forest
types on distinct edaphlc regimes and the environmental variables
used In the snalyses, see the Supplementary material (Methods

extended),

2.2 | Phylogeny of Amazonian tree species

We generated a phylopeny using the GBOTB phylogeny as the
base topology (Smith & Brown, 2018}, using Scepario 3 in the
Y.phylomaker w2 R packape (Jin & Qlan, 2022}, which binds unsam-
pled species {those without any usable DNA sequence data available)
to the phylogeny and then prunes the phylogeny to species present
in the overall sample. At the tme of the production of the GBOTB
phylogeny (Smith & Brown, 2018), roughly 74% of the genera and
30% of the tree specles found In the largest tree plot database for
the Amazonian région (the ATDN dataset) had at least one usable
DA seqguence in public data sources (e.g., GenBank). The 3519 spe-
cies that were not found In the GTOB phylogeny wera bound to the
phylageny based on thelr taxonomic ldentity (e, genus identity).
For unsampled species where the algorithm Failed to find a genus
relative, we Indicated the closest genus to thal specles according
to the most recently published phylogeny for the given family, The
phylogeny of Amazonian tree species, produced from Scenario 3 of
the V.phylomaker v.2, comprises 7062 fineages, of which 5082 are
lower-level lineages (ie. tips In the phylogeny and represent species)
and 1980 are higher-level lineages (Le., internal nodes In the phylog-
eny that may represent genera, families or other lineages above the
species-level)

Previous studies of the effects of phylogenetic uncertainty on
standard ecological analyses have shown that uncertainty in resufts
I5 primarily due to variation in the placement of unsampled taxa,
rather than uncertalnty In topological relatlonships or node ages
[Ranged et al., 2015). Scenarls 3 of the V.phylomaker v.2 R package
binds a given unsampled taxon on a specific branch at a determined
position on that branch (e.g., halfway along the branch subtending
the genus of the given species). There |s an aiternative scenario
in the V.phylomaker package (Scenario 2) which randomly places
taxa within their glven taxenomlic clade. Thus, in order to explore
variatlon In results due to uncertainty in the placement of taxa, we
additionally constructed a set of 100 phylagenies using Scenario 2
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TABLE 1 Environmenta! variables obtained for each inventory plot were used to investigate environmental influences on the
phylogenetic compasition of tree communities and associated references.

Climate - Temperature
Climate = Temperature

Climate - Temparatura

Cllmate - Precipitation
Climate - Precipitation
Climate -Water deficit

Topography

Topography
Topography

Edaphic - Water table depth

Edaphic - Soil chemistry
Edaphie - Soil chemistry
Edaphic = Soil chemistry
Edaphic = Soil chemistry
Edaphic - Soil chemistry
Edaphic = Sail chemistry
Edaphic - Sail chemistry
Edaphie - Soil chemistry
Edaphic = Soil chemistry

Variable
Mean annual temperature ("C)
Temperature range (*C)

Temperature seasonality (SD - Standard deviation of monthly
mean temperatures

Total annual precipitation (kg.m )
Precipitation seasonality (CY - Coefficient of Varlation)
Maximum Climatological Water Deficit (MCOWD]

Elevational pozition {height above sea level) - ALDS Waorid 3D

Topographic Diversity Index - TopaDilver
Multiscale Topographic Position Index - mTR
Groundwater table depth {m below surface) - WTD
Mitrogen (M)
Phosphaorous (P)
Potassium (K')
Calcium (€22}
Magnesium (Mg

Sodium [Ma*)

Aluminium (A=)

Cation exchange capacity (CEC)
Potential of hydrogen (pH,,)

References

Karger et al {2017}
Karger et al {2017}
Karger et al. {2017}

‘HKarger et al. (2017}

Karger et al. {2017}

‘Funk et al. (2015, Hirota

etal, {2011} Malhi et-al. {2009}
Tadono et al. (2014): Takaku

et al {2014
Theobald et al. {2015}
Theobald et al. {2015}
Fan etal. {2013]

This study
This study
This study
This study
This study
This study
This study
This study
This study

of the V.phylomaker v.2 {Jin & Qian, 2022) and conducted same of
our downstream analyses on this set of phylogenles.

2.3 | Dataanalysis

We have apted te apply a raw data approach {i.e., ordination of cam-
munity composition matrix) instead of a distance-based approach
(iie., ordination of the matrix of pairwise dissimilarities) to analyse
the data. The raw data approach has been shown to be the appropri-
ate cholce for analysing spatial and envirenmental patterns of com-
munity composition (Legendre et al., 2008, including the spatial and
envirenmental influences on the phylogenetic compositional varia-
tion of troplcal tree communities (e.g, Rezende et al., 2021), which
is a key focus of our study. Analytical approaches based on distanoe
metrics generally address different guestions (Legendre et al., 2008),
such as providing Insights on the influence of more basal or re-
cent clades to phylogenetic beta diversily patierns [e.g., Carlucci
et al, 2017; Duarte et al, 2014), but these are not our facus here,
We also did not focus on approaches based on null models that aim
to disentangle phylogenetic beta diversity patterns from takonomic
beta diversity patterns (ef. Duarte, Debastiani, Freitas & Pilkar, 2016}
The phylogenetic approaches we employed here consider terminal
nodes im our phylogeny (Le,, speches), similar to deeper nodes In the
phylogeny; they both represent evolutionary units, or lneages, of

Interest., We aimed for general results that integrate across line-
ages at all evolutionary levels (in both deep and recent evolutionary
time). Furthermore, the raw data approaches allowed the full use
of advanced and versatile spatial eigenvector-based methods [such
as Moran's eigenvector maps and Moran Spectral Randomization),
which in turmn allowed the detection and guantificatlon of broad te
fine-scaled complex spatial structures.

2.4 | Evolutionary principal component analysis
(evoPCA)

We applied evolutionary principal component analysis (evaPCA,
Pavoine, 2018) to summarize the key dimensions of phylogenetic
compositional variation. The evoPCA performs a PCA on the abun-
dance matrix of lineages by sites [Pavaine, 2018), ordinating, at the
same time, the distributions of lineages e, terminal and internal
nodes) among sites and the phylogenetlc composliion of the sites.
The phylogenetic branch lengths (Le., evolutionary unlts) within
communities are used to weigh and position the communities ac-
cording to the structure of the phyfogeny and the lineage composi-
tion of communities [Pavaine, 2018). To down-weigh the influence
of abundant lineages, we applied a Hellinger transfarmation to the
abundance malrix of lineages by sites that form the basis af the
analyses [Legendre & Gallagher, 2001; Pavoine, 2014}, We used
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the absolute values of abundances prior to the Hellinger transfor-
miation and the ordinary weighted mean to centre the PCA matrix
larpuments w="évoab' and option="centered” In ‘evopeahellinger’
function, 'adiv' R package, Pavoine, 2020), The evaoPCA results in
a multidimensional evolutionary space where Lree communities la-
cated closer topether (Le., with similar axes scores) tend to have a
more similar phylogenetic composition. To determine the number
of axes to keep for further analysis, we used parallel analysis Im-
plemented with the 'faparallel’ fupction In the "psych’ B packape
(Revelle, 2022}, which identifles those axes explaining more varia-
tion in the ordination than expected by chance. This analysls indi-
cated 13 axes explaining more variation than expected by chance,
which together account for 51% of the total phylogenetic compasi-
tional variation deseribed by the evePCA (Flgure 51). To visualize the
miultidimensional evolutionary space occupied by Amazonian for-
ests, we produced biplots for the first three evoPCA axes, For each
edaphic forest type in each geographic reglon, we visualized which
area of the biplots contained 50% of the sampled plots, essentially
representing the ‘central tendency’ of plots, that is, those found be-
tween the 1st and 3rd guartiles in two dimensions, for a given forest
type in a reglon. We used a two-dimensional kernel density estima-
tion to draw these 50% contour Hnes {‘geom_denslty_ 2d' function in
the geplot? R package (Wickham, 2014)),

2.5 | Spatial and environmental influences on
phylogenetic composition of tree communities

We used Moran's elgenvector maps (MEMs: Dray et al, 2004) to test
for visualize and guantify multiscale spatial patterms of variation in
the phylogenetic composition of tree communities across Amazonia
focusing on the 13 significant evoPCA axes. The MEM consists of Lhe
double diagonalization of a spatlal welghting matrix {(SWM| obtained
fram a connectivity and welghting matrix caleulated from the spatial
coordinates of the studied plots {details in 5M - Methods Extended).
The resulting spatial eigenvectors (or MEM vartables) each conslst of
an orthogonal spatial pattern and together encompass broad to fine
spatial-scaled patterns, whose linear combinations allow capturing
multiscale patterns In the response of Interest. We followed Bauman,
Girouet, Fortin, and Dray [2018] to create the spatial elgenvectors,
by aptimizing the selection of a spatial weighting matrix (SWM) from
a limited set of contrasting graph-based connectlvity matrices by ad-
Justing the initial significance threshold of 0.05 for the total number
of compared spatial weighting matrices using a Sidak correction {to
avaid type | error rate Inflation). Graph-based MEMs were preferred
ghven the irregular spacing of the sampling desfgn. Slgniflcance tests
wiere parformed through permutation of the residuals of a redun-
dancy analysis (RDA) of the evoPCA axes agalnst the MEM variables
(Snderson & Legendre, 1999) The three graph-based connectivity
miatrices considersd were a Gabriel graph, refative neighbourhood
graph and minimum spanning tree, cach weighted by a function de-
creasing linearly with the distance between plots, hencoe assuming

4 1169
EE Ve

that sites further apart will be less connected and have exchanged
fower lineages. As we aimed bo capture spatizl patterns in phylo-
penetie composition with maximum power and aceuracy, we ap-
plied forward selection with a double-stopping criterion method
{Blanchet et al, 2008} to select a final subset of spatial elgenvec-
tors {Bauman, Drouet, Dray, & Vieminckx, 2018; Baumnan, Drouet,
Fortin, & Dray, 2018) and we only retained eigenvectors capturing
spatial patterns of positive autocorrelation, theéreby focusing on
aggregation patterns. The generation of SWMs was done with the
function ‘listw.candidates’ and the optimization and selection of an
SWM and subset of MEM variables were parformed using the func-
tion Tstw.select’, both functions in the ‘adespatial’ R package {Dray
et al.. 2021} The fitting process of the selected spatial predictors
[MEMS) to Lhe evoPCA axes was performed through redundancy
analysis {(RDA} {(SM - Methods Extended), such that the resulting
constralned ordinatlon axes corresponded each to a unigue linear
cambination of the selected spatlal eigenvectors and therefare ta 2
spatial pattern present in the phylogenetic composition. We tested
each of these orthogonal spatial patterns (Le. each RDA axis) sepa-
rately by permutation (999 permutations) and the scores of the
forest plots over the significant RDA axes were mapped for visuali-
zation of the corresponding spatial patterns (Figure S8).

We used a wvariation partitioning framework {(Peres-Neto
et al, 2006) to test and guantify the total, unique (also referred
to as 'pure’) and joint contributions of {a) environmental variables
Including attributes for climate, topography and soll chemistry and
{b) the spatial predictors (MEMs) in explaining phylogenetic com-
positional variation, Explanatory power was quantified through
the adjusted coefficient of determination ':R?xd.} iLegendre &
Legendre, 2012), The total and untgue explanatory fractions af the
variation partitioning H?”mll were tested through permutation of
the residuals of the corresponding RDA and partial RDA, respec-
tively {999 permutations) (Anderson & Legendre, 1999 Peres-
Meto et al, 2004), The joint space-environment fraction - that
I%, the spatially structured effect of climate, topography and sall
chemistry on phylogenetic composition - was tested with Moran
Spectral Randomization (Wagner & Dray, 2015}, following Bauman
et al's [201%) method (SM - Methods Extended). We also visual-
Ized the 'pure’ spatial patterns ef phylogenetlc compositional vari-
atlon by mapping the constralned scores of a partial RDA {i.e., RDA
canstrained by MEMs for the residuals of the RDA constralned by
environmental variables - Figure 59).

We conducted Dwo main sensitivity analyses with respect to the
wvariation partitioning analysis. Firstly, we tested the robustness of
the varlation partitloning fractlons, by rerunning the abave analyses
based on the 54 evoPCA axes capturing 75% of the variation of the
community phylogenetic composition (instead of the 13 axes cap-
turing 51% of the varlationl Secondly, we tested the robusiness of
results with respect to phylogenetic uncertainty (here, focusing on
the first 13 evePCA axes) by repeating the full workflow {including
evaPCA and MEM selection) using the 100 phylogenetic trees pro-
duced from the Scenario 2 algorithm of V.phylomaker v.2.
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2.6 | Indicator value of lineages for geographic
regions and forest types

We tested whether lineages (lower and higher-level evelution-
ary lineages, that Is, species and internal nodes, respectively) were
indicators of cerfain peographic regions or edaphic forest types
by performing indicator analysis (14} based on the Indval statistic
{Dufréng & Legendre, 1997). The IndVal statistic defines the most
characteristic ineages for each geographic or forest group and is
calculated for each lineage Independently, so the pattern observed
fara given lineage does nat influence the indicator value of anather
lineage {Caceres & Legendre, 2009). To run the indicator analysis,
we used a community matrix containing abundances of the tips
{i.e.. specios) and the internal nodes [representing evolutionary lin-
eapes at higher taxonomic levels, eg., orders, Families and peners)
within sampled communites. As the indicator analysls was based on
abundances and Incldence, an indicator lineage meant both that the
lineage achieved markedly higher abundance in that region or for-
esl type as compared to other regions or forest types and that the
lineage would generally be found in the group In which it Is an Indi-
cator. The indicator analysis was performed for peographic regions
and forest types using the function 'indval’ of the 'labdsy' R-package
{Roberts, 2059) IndVal significance levels were tested with 999 per-
mutations of sites among groups and all those lineages achieving p-
walues £ 001 were considered as indicators of thelr corresponding
group (e, assuming 1 false positive aver 100 indicators). To test if
there was a consistent patiern of lineage assoclation with a given
geographic region or forest type aver evolutlonary time, we mapped
the indicator lineages onto the Amazonlan tree specles phylogeny.
W then assessed the proportion of significant indicator lineages in
different time slices time by sub-setting the phylogeny into tme pe-
riods defined by the follewing breakpoints: 0,25, 5, 10, 20, 30, 45,
&5, =45 Milllon years (Mal.

3 | RESULTS

3.1 | The phylogenetic composition of Amazonian
forests

The first two evo PCA axes described 21,6% of the variation in the phy-
lopenetic composition of Amazonian tree communities and no lower-
order axes described more than 4.7% (Figure 51} A visual assessment
of the evaP CA biplots shows some compositional overlap but maostly
a pradual turnover in the phylogenetic composition of Amazonlan tree
communitles over forest types and geographic reglons (Figures 1, 53
and 54). There s a differentiation between terra-flirme, whibe-sand
and wetland forests although the level of differentiation depends on
the peographic region (Figure 1L in Western Amazonia, terra-firme
and varzea loresks have a similar phylogenetic composition, while Lthe
phylogenetic compaosition of these forest types diverges in Central
and Eastern Amazonia. On the Gulana Shield, the evolutlonary space
otcupled by terra-firme forests overlaps with that cccupied by

wetland and white-sand Torests (Fligure 1) Cwerall, though, the phy-
logenetic composition of terra-firme forests tends to differ from that
of bath watland forests [varzea, igapd and swamp forests - Figure 55)
and white-sand forests, even within the same geographic reglon
{Figures 1, 535 and 54). The evolutionary space occupied by wetland
forests overlaps with that occupied by white-sand forests with great
overlap between white-sand forests and varrea forests In Central
Amazonia [Flgure 1)L In addition. the evelutionary space occupied
by igapd forests i remarkably close Lo that oceupied by white-sand
forests (Figure 55). Arecales and Ericales were the lineages contrib-
uting most to positive and negative scores on the first evoPCA axis,
respactively (Flgure 53}, For the second evoPCA axis, Fabales is the
lineage contributing most for communities with negative axis scores
and Burseraceae the lineage contributing for communities with posi-
tive axls seores (Figure S3).

Maps of the first two evoPCA axes highlight the widespread dis-
tributlon of tree communities with central values for phylogenetic
composition {l.e, with values between -0.2 and 0.2), embedded
amang communities that occupy the extremes of the phylogenetic
compositienal gradient (e, with values |less than —0.2 or greater
than 0.2} {Figures 2 and 54). Values below -0.2 on the 1st evoPCA
axls (Figure Za) tended to be located east of the Megro River, whereas
values above 0.2 tended to be more widespread around Amazonka.
There are two geographic clusters of high values for the 1st evoPCA
axis, one inwestern Amazonia in the Andean forelands and the other
In eastern Amazonia surrounding the Amazon River mouth. For the
2nd evoPCA axls {Flgure 2b), the tree communlties with extreme
axls values for phylogenelic composition are mixed within those tree
communities attaining central axis values, However, the scores of
the 2nd evoPCA axis still show a geographic trend with values below
-0.2 mostly east of the Megro River and values above 0.2 mostly
lecated close to the Andean forelands.

3.2 | Multiscale spatial patterns of phylogenetic
composition across Amazonia

The optimized MEM analysis highlighted significant spatial strue-
tures at multiple scales {Rzm:U_&E] indicating a strong spatial com-
ponent to the phylogenetic composition of lrees across Amazonla
{R2ﬂ|=ﬂ.4? based on a reduced subset of 207 selected MEM
varfables; see Methods Extended). The first 12 dimensions. of con-
strained RDA axes were sipnificantly spatially structured revealing
contrasting orthogonal phylogenetic spatial structures [Figure S8).
The first and most significant spatlal pattern captures a gradual dif-
ferentiation In phylogenetic composltion from communities in the
central part of Amazonia towards two regions of internally similar
phylogenetic compasition, one located in southwestern Amazonla
close to the Andean forefands and the second located in the Guiana
Shield [Figure SBa: very simllar map as evaPCA axis 1, Figure Za).
Subsequent phylogenetic spatlal patlerns tended to cccur over
comparatively shorter distances {finer-scaled spatial patterns;
Figurée S8h-j).

RIS AT

o i

whipy i ey

LT By e A, Y e (IR PN YR (R s A e | ] T e bl

wlip) | simrmp g per sy oy g |1

i

vy ey sy pEEEb s b UL AT IR K R AR TR s A A



LUIZE &7 AL,

FIGURE 1 The evolutionary space s
occupied by Amazonian tree communities.
Scatterplots of the first two evoPCA

axes mapping the tree communities'
seores according to geographic reglons
and forest types, The first axis of the
evoPCA recovered a longitudinal gradient
in the differentiation of the phylogenetic
composltion of Amazonian tree
communities that mirrors terra-flrme and
the wetland forest differentiation. The
second axis malnly separates terra-firme
from white-sand and wetland forests. The
contour lines show the central tendency
{50% of plots) for each forest type in each
geographic region. Contour lines could not
be caleulated for subsets of plots with low
sample size (e.z., inwetland and white-
sand forests of the southern Amazonial,
Forest types: TF - Terra-Firme; PZ -
White-5and; VA - Viarzea; |G - lgapd;

SWW - Swamp.
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3.3 | Spatial and environmental influence in the
phylogenetic composition

In the variatlon partitioning analysis, a total of 52% {H'?jd'} of vari-
atian In the phylogenetic composition (First 13 evoPCA axes) was
explained by the spatial and environmental predictors. A total of
47% of the variation was significantly spatially structured into
12 orthogonal patterns (Figure 58). while over half of this spatial
structure was nol clearly related to spalial pattérns in the meas-
ured envirenmental factors (28% 'pure spatial fractlon; p = 0.001).
After removing the influence of spatially structured environmen-
tal gradients on phylogenetic composition, we could observe spa-
tial patterns that seem independent of measured environmental
variables and demand further investigation (Figure 59). For ex-
ample, the first axis of the "pure’ spatial pattern of phylogenetic
composition shows six geographically separated clusters of for-
ests with similar phylogenetic composition {Figure 59). The meas-
ured environmental variables explained 24% of the total variation
(p=0.001), most of which (19%; p=0.001) shared a spatial struc-
turing matching the spatial patterns of the phylogenetic composi-
tlonal variation (i.e., joint space-environment fraction). This 19%
of variation therefore corresponded to multiple spatial patterns
in the environment that shape the phylogenetic compaosition of
forests. The 'pure’ environmental fractlon explained 5% of the
phylogenetic variation. The envirenmental variables with the most
predictive power represented a mix of edaphic (sall concentra-
tlons of K*, Ma', Mg®*. N and sall pH_ ). climatic {maximum cli-
matolagical water deficlt, precipltation seasonality, temperature
seasonality, mean annual precipitation) and topographic variables
itopographic diversity index) {Table 2},

3.4 | Sensitivity analyses

The incluslon of more of the total varlation in the phylogenetic com-
position described by the evoPCA axes {56 evoPCA axes - 75% of
total variation) did not change the relative amount of variation ex-
plained by each fraction. However, it reduced the overall amount of
variation explained overall by the model {H“,m=33%l. mainly due to
a reduction In the varfation explained by the ‘pure’ spatial (15%) and
joint space-emvironment (12%) fractions. Compared to the model,
including 51% of the variation in phylogenetic composition (e, 13
evoPCA axes), the phyvlogenetic composition explained by the ‘pure’
environmental fraction increased by 1% but remained as the Traction
with the smallest adjusted coeffidents of determination.

The variance partitioning analysis using 100 phylogenies pro-
duced with scenario 2 of the V.phylemaker v.2 package shows sim-
llar pesulls bo those with Scenario 3. Despite a slight change n the
adjusted R, the relative amount of variation in phylogenetic campo-
sition explained by each fraction (Figure 510} was robust to uncer-
Lainty in the phylogenetic placement of Laxa,

3.5 | Indicator lineages for geographic regions and
forest types

A total of 5096 lineages (V2% of all the 7062 lineages evaluated)
were significant indicators for at least one peographic region or
edaphic forest type (Table 51). There were more indicator lineapes

for geographic regions [Mmmm rmm:dﬂ?ﬂ cignificant Indica-

tors) than for forest types (18 o =1024 significant Indicators)

[Figure 3}, althaugh much of this difference is accounted for by the
very high number of species (Lo, terminal nodes) that are indica-
tors for geographic regions (2559 species are indicators for a geo-
graphie region versus 490 species for forest type). A greater number
of higher-level evelutionary lineages (lLe., above the species level)
were significant indicators for geographic reglons (1511 higher-level
evolutionary lineages are Indicators for geagraphic region versus
536 for forest typel.

Owverall, a lower proportion of the species were significant in-
dicatars of geographic reglons {S0% of the 5082 species tested) or
forest types {(2.5%). while a greater proportlon of higher-level lin-
eages are such indicators (78% and 27% of the 1980 nodes tested
for peopraphic regions or forest types, respectively) (Figure 3) The
forests of the Guiana Shield and Northwestern Amazonia both show
similar praportions af indicator lineages through Gme (Figure 4a).
However, the Guiana Shield has fewer Indicator lineages overall
[Figure 3aj. The Central and Southwestern Amazonia have a higher
proportion of significant higher-leyvel indicators at deeper time-
slices {30% and 19% respectively - Flgure d4a). Terra-firme forests
and white-sand forests were the forest types with greater propor-
tions of anclent indicator lineages determined as indicators (=646 Ma)
{6 and 5%, respectively - Figure 4b). Among Lhe wetland forests,
the swamp and vérzea forests show a greater proportion of ancient
Indlcator lineages compared to jgapd forests (respectively 4, 2 and
0% - Figure 4b).

In order to better understand and interpret the indicator lineage
results, we selected the top 10 fineages, in terms of indicator value,
associated with each geographic reglon and forest type, Where lin-
eages In the inltial top 10 were nested, we selected the ane with

FIGURE 2 Firsttwo axes of variation in the phylogenetlc composition of tree communities across Amazonia, The maps show scores for
the first two evePCA axes together describing 21.4% of the overall variation, The colour af the circles reflects values for evoPCA scores
with simifar colours indicating tree communities with similar phyvlogenetic compasition. The lecation of the communities was slightly jittered
ta reduce circles sverlapping. Please see Figure 57 for maps for each of the first 13 evoPCA axes and Figure 58 for spatially constrained
phylogenetic composition patterns corresponding to the significantly constrained axes from a redundancy analysis of the evoPCA axes

against selected spatial eigemnvectors (MEMs),
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Maximum Climatological Water Deficit (MCWD] 003

Ma’ o2
pH, . 002
Mg 001
Precipitation seasonality 0oL
Topographic diversity index 001
M 0.01
Temperature seasonality o0t
Total annual precipitation o1
A o.01
CEC 0.0E
Temperature range 0iog
ca™ 0.00
Average temperature 0.00
Elevation 0.00
Groundwater table depth 0.00
P 000

R cum
0,09
b
0a4
015
01
igE
019
o.20
021
22
022
023
0.23
024
024
024
0.24
024

Adi
“I
D.09
011
D13
015
D.146
018
019

0.20

0.24
0:24

Cum

F

18924
6177
49.83
3730
32.72
3414
2742
20,22
2042
2047
164,30
14.2%
11.84

FA L
5:32
840
5.48
3.63

Mote: Forward selection for a multidimensional model redundancy analysis RDA) of 19
environmental variables adjusting the variation in the first 13 evoPCA axes scores. The total

adjusted variation was 24%, of which 19% was spatially structured environmental variation (see
variance partitioning results abova).
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TABLE 2 The contribution af selected
environmental predictors for the
explalned variation on the phylogenetic
composition of tree communities,

FIGURE 3 The percentage of
significant indicator species and higher-
level evolutionary lineages for {a)
geopraphic regions or {b) forest types. A
total of SOB2Z species and 1980 higher-
level evolutionary lineages were tested as
Indicators for geographic reglons or forest
types numbers inslde bars correspond the
totals of species and lincages determined
as indicators for a given geographic
reglon or forest Lype. Geographic regions:
NWA - Naorthwestern Amazanla: CA -
Central Amazonia: SWA - Southwestern
Amazonia; GS - Guiana Shield; EA

- Eastern Amazonia; 5A - Southern
Amazonia. Forest types: TF - Terra-Firme;
PZ - White-5and; VA - Varzea; SW -
Swamp; IG - lgapé. For a complete list

of significant indicator lineages, please
refer to Table 51 and Figure 511 for the
mapping of indicator lincages onto the
phylogeny of Amazonian trees.
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FIGURE 4 The proportion of indicator {a}
lineages in different time bins for

geographic reglons {a) and forest types

{b). Bar plats represent the proportion :
aof Nneages with significant Indicator 0-0

values in each time bin. Time slice 0-0 o B1-25

represents the tips of the phylogeny (e, HE:_ 2.51-5

species) whereas the other time slices o 51-101
represent Internal nodes of the phylogeny EE 10.1-20-
fi.e., higher-level evolutionary lineages). @ 20.1-30-
The width of the time bins is distributed E 30.1-45-
in an approximately logarithmic manner, 45.1-66-
Among reglons, the Southwestern and 66.1-145 1

=
&

Central Amazonian reglons show a .00
greater propartion of indlcator lineages

going deep |n evalutionary time (Higher (b)
level lineages thal were determined as
indicatorsl. Among forest types, terra-
firme and white-sand forests show

a greater proportion of higher-level
Indicator lineages.

0-0-
0.1-2.54
2.51-5-
5.1-10-
10.1-20-
20.1-30
30.1-45
45.1-66
66.1-145
o

Time Shcas {Ma)

=]

0

the highest Indicator value, excluding the others, and then contin-
ued down the list of Indicators sorted by indicator value, selecting
additional lineages (that did not have a nested relationship with fn-
eages already selected). As such our lists represent the top 10 non-
mested indicator lineages for each geographic region and forest bype
[Table 3).

4 | DISCUSSION

We have provided the most comprehensive overview to date, to our
best knowledge, of the phylogenetic compositian of tree communl-
ties across the entirety of Amazonia leveraging detailed information
on the abundance of lineages across c.a. 2000 forest plots, the mast
up-ta-date phylogenetic hypothesls for Amazonian trees, numeraus
environmental variables and detalled spatial modelling. We found
clear evidence for a strong influence of both peographic separa-
tion and enviranmental selection on the lineage composition of tree
communities, We |dentified numerous evolutionary lineages as sig-
nificant Indicators of individual peographic reglons and lorest types
on distinct edaphlc regimes, even lineages older than 86Ma. Given
that the Amazonian flora began to take its present shape after the
K-Pg mass extinction event &6 Ma (Carvalho et al., 2021: Jaramillo
et al., 2006 Wing et al., 200%9), it is all the more striking Lthat the com-
position of tree communities today continues ta bear the Imprint of
evolutlonary assoclations to forest types and geographic reglons
that predate this event, Cur results contradict the idea that dispersal
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has erased any signature of geography an the phylogenetlc composi-
tlon of Amazonlan forests [Dexter et al, 2017). However, glven the
conflation of geography and environment in Amazonia, we suggest
that the high number of indicator lineages Tor regions Is more lkely
to reflect phylogenetically conserved niches than the signature of
strong dispersal limitation over the lang evolutionary history of in-
dividual lineages. Our results also contradict the idea that repeated
transitions of lineages from one edaphic farest type Lo another, that
I%, edaphic-regime switching, have erased any signature of edaphic
affiliation in lincages. Indeed, many lineages are significant indica-
tors of individual edaphic forest types.

The Arst two axes of the evaPCA (Figure 1) provide a synthe-
sis of our results showing how some forest types (white-sand and
lgapd forests) tend tlo retain a unigue evolutionary signature {le.,
conserve thelr phylogenetic composition), wherever they are found
in Amazonia (Guevara et al, 2016), whereas other forest types
([terra-firme, varzea and swamp forests) shift in their phylogenetic
compositien across different regions of Amazonka. The broad-seale
cansistency of the phylogenetic composition of white-sand and
lgapd foreslts may result fram the broad-scale consistency of sall
structure and low-nulrient content on these older sandy habitats.
Alternatively, or in addition, it may be that once a lingage special-
lzee on the ecophysiologically challenging conditions of white-sand
and igapd environments, it is difficult to then evelve adaptations
to other environments, as for example has been seen in drought-
stressed tropical dry forests (Pennington et al,, 2009). Meanwhile,
the relatively younger and fertile soils of Western Amazonla host
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TABLE 3 The top 10 higher-level lineages that are significant indicators for wach geographic reglon or forest type.

Selection of top ten non-nested lineages associated with

Geographic Region

Southern Amazonia

Eastern Amazoniz

Central Amazonia

Guiana Shield

Morthwestern Amazonia

Southwestern Amazonia

Cwotea_subcladel; Copaifera+Hymenaea+Peltogyne; Trattinnickia_subcladel;
Dizlividese; Dacryodes: ¥ylopia_subcladel; Inga_subcladedB; Myctaginaceas;
Myrciz_subcaded: Ebenaceae

Carapa+Swietenia; Iryanthera+Otoba+Osteophloeum; Virola_subcladeZ;
Caesalpinioldeas_mimoseid_subclade; Clusiacese_subcladed; Papilinoidess;
Arecaceas_subcladeS; Gustavia+Grias; Cabralea+Guarea+Ruagea+Trichilia;
Rutaceae

Saficacese; Violateae+ Goupiaceae4+Achariaceae: Ericales; Euterpo;
Asterales+Gentianales; Malpighiales_subcladed; Lavrales subclade2;
Papllinoidese_subcladed; Myrtaceae_subcladed; Annonaceae_subclade5

Crchroma+Patinoa+Septotheca; Scleronema; Cavanillesia; Dicorynia; Lecythis_
subcladel; Fabales; Chrysobalanaceae_subclade2; Eschwellera+Lecythis:
Aspldosperma; Pradosia

Campanulids; Myristicaceae_subcladel; Perebea; Rubiaceae_subcladeld;
Malpighiales_subclades; Malvaceze; Mollia; Asterales+Dipsacales: Parkia;
Detarividess. subclade?

Hosales; Arecaceae_subcladel; Ulmacese; Sebastlania+Sapium; Gloeospermum+Lea

nia+Amphirrhox+Paypayrala; Salicaceae_subcladel; Cabralea+Guarea+Ruagea;
Irnga subcladed; Mectandra_subcladel?; Malvales

Forest Habitat Terma-firme

Dacryodes+Trattinnickia+Protium; Eschweilera+Lecythis+Corythophora+Ber

tholletia; Pouteria+ Chrysophyllum+ Chromolucuma; Piptadenia_subclade’;
Rinorea+Bribria; Olacaceae_subclade?; Rosales4-Cucurbitales; Micropholis;
Piperaceae+Canellzceae; Geissospermum

White-zand

Detaricidess; Malpighiales subcladed; Clusizceae_subcladel: Aspidosperms;

Pachira_subclade?; Sapindaceae_subcladeZ; Chrysobalanaceas+Euphroniaceas;
Efzeoluma+Pouterla+ Chrysophyllum; Calophylizceas; Emmaotum

lzapo Gustavia+Grias; Campsiandra; Matouetia; Mollia; Eschweitera_subciadelé;
Cynametra; Crudls; Discocarpus+Amanoa; Guatterla_subclade2’; Amanoa

Varzea Astrocaryum; Ceiba; Papilinoideae_subdadel’: Polygonacead; Caryophyliales; Ca
vanillesia+5cleronema+ Catostemma; Batocarpus+Trophis-+Bagassa+Sorocea;
Spondias_subcladed; Garcinia_subcladel; Brassicales

Swamp Mauritiella+ Lepidocaryum+-Mauntia; Magnoliidae; Clusiaceae subcladed;
Brassicales+Malvales; Ficus; Bignoniaceae_subcladel; Hieronyma+Richeria;
Coussapoa; Guatteria subclade32: llex

Mate: Higher-level lineages were named for constituent genera or families, or if these are too numerous. as a subclade of a higher-level lineage (see
Table 51 for a complete kst of species and higher-level lineages determined as indicators).

terra-firme. and varzea forests with similar phylogenetic composition,
while in Central and Eastern Amazenia these forest types are mare
divergent In their phylogenetic compesition. Such a pattern may re-
sult from the facts that: (i} terra firme forests in Western Amazaonia
tend to have soils of recent origin from Andean erasion, thus being
mare fertile soils (more similar to fertile soils invarzea forests) than
those older and leached solls in Guiana Shield, Central and Eastern
Amazonia and (il} that varzea forests in Western Amazonia flood
much less frequently than those In central and Eastern Amazonia
{thus being more similar to terra firme forests in a lack of Impact
from flooding) {Terborgh & Andresen, 1998L

Our results confirm and tie (ogether results from previ-
ous studies on the phylogenetic structure and composition of
Amazronian tree communities that were carried out In more lim-
ited peegraphic regions or with less well-resolved phylogenles. For
example, Honerio Coronado et al. (2015} found ubiguitous lacal
phylogenetic clustering across Amazonla, which is in line with our

results showing that unigue lineages are hosted in different geo-
graphic regions and edaphic forest types. We have shown a clear
evolutionary distinction among major types of Amazonian forests,
and also along edaphic, and climatic gradients, as shown for for-
ests in the Ecuadorean Amazonia (Guevara et al, 2017, 2021) and
the distantly separated regions of Amazonlan Peru and French
Guiana (Baraloto et al, 2021). Overall, our results support the
view that Amazonian Torests show a clear 'evolutionary signature’
that Is organized at multiple spatial scales and by specific environ-
mental conditions (Baraloto et al, 2021; Carlucel et al,, 2017; Fine
& Kembel, 2011},

The pervasive spatlal structure we found in the phylogenetic
composition af Amazonian tree communities can be interpreted as 3
signature of phylogenetic niche conservatism fer regional and local
emvironmental condltions. If dispersal imitation was the main pro-
cess driving spatlal patterns In lineage composition, we would ex-
pect the proportion of significant indicator lineages for geographic

T AW

'F

o i

whipy i ey

LT By e A, Y e (IR PN YR (R s A e | ] T e bl

wlip) | simrmp g per sy oy g |1

i

vy ey sy pEEEb s b UL AT IR K R AR TR s A A



LUIZE &7 AL,

regions (o decrease over evolutionary time simply because older
lineages would have had more time to disperse. Howeaver, we found
that a high proportion of linesges remalned significant indicators
of geographlc reglons even in deeper evolutionary time (>30Ma).
While the geagraphic restriction of young lineages may {or may
not} have resulted from dispersal limitation, it is unlikely that older
lineages lacked time to disperse across Amazonia, We suggest that
the geographic restriction of the older lineages (and mayvbe all lin-
eages) s more likely a result of ancestral environmental niche pref-
erences. While it might be obviouws that different sub-reglons across
Amazonia have different environmental conditions, there s also
variation across reglons In the prevalence of otherwise widespread
environmental conditions, The resufts of the variation partitioning
analysis support our interpretation since 24% of phylogenetic com-
positional variation was explained jeintly by environmental and spa-
tial factors at multiple scales.

In additlan, there s compelling evidence for a lack of long-lasting
geographic barriers that could impede the dispersal of tree lineages
throughout Amazonia {Dexter et al,, 2017: Dick & Heuertz, 2008;
Heorn et al., 2022; Mazareno et al., 2017; Pas et al., 2023} and even If
some geographic barriers have existed in Amarzonia, they were likely
ta have been semi-permeable (Hoorn et al., 202 2). Furthermore, local
geomorphological changes can lessen the strength of previously ex-
isting barriers, allowing secondary contact among previously lsolated
lineages (Dexter et al., 2012; Honorio Coronado et al,. 2019). Qur
resulls show that tree communities with simitar phyvlogenetic com-
position can be found at oppesite ends of Amazonia {Figure 2}, This
suppaorts the hypothesis that the dispersal of lineages across space
to find their optimal habitat is indeed possible (Baraloto et al,, 2021).

Mevertheless, there is a substantial amaunt of variation (28%)
in the phylogenetic composition of Amazonian tree communities
that Is significantly spatially structured but not related to the en-
vironmental varlables In our analyses. Such spatial structure may
relate to (i) the intrinsic dispersal capabilities of lineages and their
ages {Dexter & Chave, 2014); (il) extrinslec factors such as the
presence of peographic and ecological barriers across Amazonia;
(i) important environmental varfables not accounted for in our
analyses; andfor (iv] spatially structured environmentsl variables
that existed In the gealegical past but not at present. As an exam-
ple, we cam clte the marine incurslons in Morthwestern Amazonta
during the Miocene {Hoarn et al., 2022), which may explain why
some mangrove lineages were indicators for this region leg.,
Rhizopharaceas: Table 511 Distinguishing among these processes
will require further research.

The correspandence betweéen the phylogenetic composition af
tree communities and edaphic forest Lypes shows that ecologlcal
selection influences the distributlon of Amazonian tree lineages
(Figueireda et al.; 2022}, also supported by the species and higher-
level lineages that were indicators of forest types. Such habitat
specialization seems to take place mainly in the upland forest
hahitats (terra-firme and white-sand forests) rather than in the
flooded forests (varzea, swamp and igapd forests). For terra-firme,
the high number of indicators can result, at least in part, from its

EENE ey

much larger areal extent and higher overall diversity. White-sand
foresis are clearly exceptional in that a much higher proportion
of linecages and species are white-sapd forest indicators, even
though white-sand forests cover less than 5% of Amazonia and
their tree diversity is low (Adeney et al., 2014). Overall, though,
the relatively low proportion of higher-level lineages [ca. 27%)
and species (c.a. 9%) that are significant incicators of forest Ly pes
suggests that many Amazonlan tree lineages have high plasticity,
which allows them to eecur ln multiple forest types on distinet
edaphic regimes (Pitman et al., 1999). Other studies have reported
a higher proportion of species to be habitat specialists, reaching
up to 53% among the 227 most abundant Amazonian tree species
(ter Steege et al, 2013), while around 20% have been reported
as varzea lorests specialists (Wittmann et al., 2013). In contrast,
a more recent study has shown thal only 3 small percentage of
all Amazantan tree specles are likely to be restricted to a single
forest type (Oliveira-Filho et al., 2021), echoing earlier results for
specific geographic reglons (Pitman et al.. 1999) and forest types
[Garcia-Villacorta et al, 2014). Regardiess, the low percentage of
slgnificant indicators for edaphic forest types that we found may
be due, at least in part. to variation in the environmental charac-

teristics of forest types within and partlcularly among Amazonian

reglons. For example, varzea in the central Amazonia has a wery
distinct flooding regime from varzea in the western and eastern
Amazronla (Faszonl-Andrade et al, 2021) with different tree lin-
eages likely specializing on these distinct regimes. Moreover, the
rarity of most tree species (ter Steege et al,, 2013, 2019} makes it
difficult to achieve slgniflcance levels for such species. Our sim-
plistic characterization of edaphic forest types enables a synthetic
Amazon-wide analysis of indicator ineages but future work should
delve deeper into the reglon-specific environmental associations
of different evelutionary lineages of trees,

The role of speciation in driving our results also merits con-
sideration. The fact that many lineages show strong affiliations
with Individual geographic reglons suggests that much specia-
tion has happened within geopraphic regions; Glven how large
the reglons are that we have studied, this does not preclude a
role for allopatric or peripatric speciation In Amazonian trees
[Dick & Pennington, 201%). Meanwhile, the relatively low num-
ber of significant indicators for edaphlc forest types sugpests
that at least some lineages may be speciating via edaphic-regime
switching [Figueiredo et al., 2022; Fine et al,, 2005; Glassmire
et al., 2017). In contrast, the consistent phylogenetic composition
of white-sand forests can be interpreted as a3 signature of lineage
speciation within an edaphic regime with an archipelage-like dis-
tributlom across the Amazon (Costa et al, 2020; Garcia-Villacorta
et al, 2016; Guevara et al,, 2014}, In-any case, processes such as
speciation are challenging to assess in a study of the entire an-
ginsperm tree flora of Amazonia and where our phylogeny anly
genuinely samples c.a. 30% of species, wilh genetic markers Lhat
generally do not accurately resclve specles-level relationships.
Clearly, there needs to be a major focus in establishing resolved
specles-level phylogenies for important Amazonian tree lineages
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[c.f., Chave et al,; 2020; Fine et al., 2014, Nicholls et al,, 2015; ter
Steege ot al, 2023).

Owverall, aur analyteal framework allowed us Lo explain just over
half of the varlatlon in the dominant axes that together explain half
the variation in the phylogenetic composition of Amazoenlan tree
communities. These dominant axes were those that represented
maore variation in phylogenetic composition than expected by
chance. When we expanded our variation partitioning analyses to
try and explain axes that represent 75% of the variation in phylo-
genetle compesition, aur total variation explained dropped by 1/3.
Essenbally, we could not explain any of the variation in these ad-
ditional axes with the measured environmental variables and our
decompositions of spatial structure. As a visual reflection of unex-
plained variation, we can see that some clusters of tree communities
with heteropencous phyvlogenetic compasition are spatially proxi-
mate and im apparently similar environments (Figure 2} Overall, we
suggest that the large amount of enexplained variation In our cam-
positional data, while not usual, could be due to disturbance events,
neutral ecological drift, non-linear relationships between the distri-
bution of lineages and geographic and environmental gradients, and
ta other, poarly understood phenomena.

5 | CONCLUSION

The phylogenetic compoesition of Amazonian tree communities var-
les over multiple spatial scales, as a functlon ef geographic, edaphic
and climatic gradlents. Throughout Amazonla different lineages are
indicative of geographic regions and forest types on distinct edaphic
regimes. Such preferences imprint a spabial structure on the phy-
logenetic composition of tree communities. Whereas terra-firme
and wetland forests show a mere variable phylogenetic composition
across Amazonla, white-sand forests tend to conserve a phyloge-
netie composition regardless of the geographle region where they
were found, Our results support a rele for dispersal and selection
processes in structuring the evolutionary assembly of tropical tree
communities. The incorporation of an evolutionary lens contributes
o improving our knowledge on varlation in the composition of or-
ganisms assembling the forests of Amazonia and highlights the com-
plex evolutlonary history of trees over multiple spatlal scales and
envirenmental conditions.
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