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We describe the geographical variation in tree species composition across Amazonian forests and
show how environmental conditions are associated with species turnover. Our analyses are based on
2023 forest inventory plots (1 ha) that provide abundance data for a total of 5188 tree species. Within-
plot species composition reflected both local environmental conditions (especially soil nutrients and
hydrology) and geographical regions. A broader-scale view of species turnover was obtained by
interpolating the relative tree species abundances over Amazonia into 47,441 0.1-degree grid cells.
Two main dimensions of spatial change in tree species composition were identified. The first was a
gradient between western Amazonia at the Andean forelands (with young geology and relatively
nutrient-rich soils) and central-eastern Amazonia associated with the Guiana and Brazilian Shields
(with more ancient geology and poor soils). The second gradient was between the wet forests of the
northwest and the drier forests in southern Amazonia. Isolines linking cells of similar composition
crossed major Amazonian rivers, suggesting that tree species distributions are not limited by rivers.
Even though some areas of relatively sharp species turnover were identified, mostly the tree species
composition changed gradually over large extents, which does not support delimiting clear discrete

biogeographic regions within Amazonia.

Biogeography aims to describe, explain, and ultimately predict patterns of
distribution and diversity at a variety of taxonomic levels'. It has been a
century-long quest to achieve these aims for the complex distributional
patterns of biodiversity in Amazonia™’, an area formed by the tropical rain
forests of the Amazon basin and Guiana shield. These forests are of global
interest, as they arguably support the highest biodiversity on Earth*. The
total richness of the Amazonian tree flora has been estimated at ~16,000
species™’, with most species having geographically restricted ranges and
small to very small population sizes. Furthermore, even the most abundant
trees in Amazonia, despite being relatively more widespread, tend to
dominate under specific environments”.

Existing biogeographical classifications of Amazonia have often
defined centres of endemism coinciding with large interfluvial areas'™"*.
This follows early models on the distribution patterns of vertebrate species
that focused on the role of large rivers in separating species and triggering
speciation - the riverine barrier hypothesis'”. Although large rivers can act as
effective barriers for land plants in some context'’, studies on plant species
have provided varying results'”*’, depending on the taxa under analysis,
often resulting in weak or no support for large rivers as effective barriers for
land plants. Another hypothesis proposed that the climatic oscillations
during the Pleistocene both triggered speciation and affected species range
dynamics in Amazonia - the Pleistocene refuge hypothesis’. According to

this hypothesis, tropical rain forest retraction-expansion dynamics was a key
driver limiting species ranges during dry glacial periods and determining
range expansions from the most consistently wet regions (ie., refuges)
during wetter interglacial periods. However, the high complexity of both the
Amazonian forests themselves and the potential footprint of Pleistocene
climatic oscillations on habitat availability for the numerous species that
form the Amazon forests make it difficult to test the original refuge
hypothesis, though it has stimulated a vigorous research agenda**. The
ecoregion approach, in turn, has used a combination of biological, ecolo-
gical, and geographical proxies to derive a biogeographical classification™.
Other biogeographical classifications have been proposed based on the
geographical distribution of soil classes™, and understory floristic gradients
as interpolated using remote sensing’. Several recent studies have
acknowledged the potential importance of edaphic and climatic factors, as
well as of evolutionary and ecological processes at different temporal and
spatial scales, on contemporary broad-scale distributional and diversity
patterns of Amazonian trees and other plants>*****'. It has also been
suggested that geographical barriers and climatic oscillations have had little
effect on the distribution of land plants across Amazonia, but that geo-
graphical distance among populations can limit gene flow sufficiently to
trigger speciation in geographically restricted areas — the dispersal assembly
hypothesis™.

e-mail: hans.tersteege@naturalis.nl

Communications Biology | (2024)7:1240


http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-06937-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-06937-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-06937-5&domain=pdf
mailto:hans.tersteege@naturalis.nl
www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-06937-5

Article

It remains a daunting task to draw biogeographical inferences from a
relatively poorly explored region such as Amazonia, which has enormous
shortfalls in biological knowledge™ ™ and collecting density, i.e., data
deficiencies and sampling bias™****". Despite the lack of data, much pro-
gress has been made in working with scarce spatial data by employing new
analytical methods to circumvent problems of data scarcity for environ-
mental characteristics and species occurrence (e.g., soil base cation
concentration**** and beta diversity****), and joining disparate efforts to
advance our understanding on the distribution of tree species diversity,
composition and abundance across Amazonia®*™. Especially in the last
decades of the 20th century, the number of forest inventories for Amazonian
tropical rain forests has risen fast, allowing a more comprehensive view on
tree diversity across Amazonia (e.g. ref. 45). However, quantitative tests of
the biogeographical pattern of Amazonian tree communities are scarce and
based on incomplete presence/absence data***® or on genus-level identifi-
cations and very coarse spatial resolution™; but see Luize et al.”’, unveiling
the role of dispersal and phylogenetic niche conservatism on phylogenetic
compositional changes over Amazonia.

Here, making use of a set of 2,023 tree inventory plots with tree species
abundance data, distributed well across Amazonia (Supplementary Fig. 1),
we investigate how tree species composition varies across spatial and
environmental gradients, with eyes on both ecological and biogeographical
patterns. We start by ordering the tree species compositional dissimilarity
between forest inventory plots, using Principal Coordinate Analysis
(PCoA), to assess: (i) how the local variation on compositional turnover
relates with the local variation in Amazonian forest types and among geo-
graphical regions within Amazonia; and (ii) how compositional turnover
varies along spatial and environmental gradients representing edaphic and
climatic features. We then use the observed abundances of tree species in
each inventory plot to produce a broad-scale view of compositional turnover
across Amazonia. After deriving grid layers, at the resolution of 0.1-degree
grid cells (~121 km?), for the distribution of tree species’ relative abundances
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Fig. 1 | Variation in composition and relative abundance of 5188 tree species in
2023 forest-inventory plots (1 ha) across Amazonian forests. Ordination biplots
showing the two first principal components with inventory plots coloured by (a)
ecological forest categories based on hydrology and soil characteristics and (b)
geographic regions. a Ecological categories: VA, Varzea forests; SW, swamp forests;
IG, igap6 forests; PZ, white-sand (podzol) forests; TFGS, terra-firme on the Guiana
Shield; TFBS terra-firme on the Brazilian Shield, TFPB terra-firme on the

Pebas sedimentary basin. b Geographical regions: CA Central Amazonia, EA
Eastern Amazonia, SA Southern Amazonia, GS Guiana Shield, NWA Northwestern

over the Amazon, we ordered, using Detrended Correspondence Analysis
(DCA), the grid cell communities (i.e., species relative abundances over the
grid cells). The resulting DCA scores are mapped over Amazonia to depict
broad-scale tree species compositional turnover across the region. The maps
of tree species compositional turnover were used to interpret the compo-
sitional turnover associations with geographic and broad-scale edaphic and
climatic variation across the region and allowed the definition of floristic
transitional zones — where changes of tree species turnover are sharper over
short geographic distances. Finally, we estimated the tree species’ niche
position (optimum) and breadth (tolerance) for climatic, edaphic, and
compositional dimensions to show how the compositional turnover pat-
terns are determined by the ecological distribution of species over existing
gradients.

Results

Plot-level patterns in tree species composition

The Principal Coordinates Analysis (PCoA) ordination shows that com-
positional turnover at the plot level is related to both broad ecological forest
categories (Fig. la and Supplementary Fig. 2) and geographical location
(Fig. 1b and Supplementary Fig. 3). Although there is substantial overlap
among the geographical regions (Fig. 1b and Supplementary Fig. 3¢), in
general terms the first ordination axis (PCoAl) represents a gradient from
southwestern Amazonia (with low scores) through central Amazonia to the
Guiana Shield (with high scores; see also Supplementary Fig. 3). At the same
time (Fig. 1a and Supplementary Fig. 2), the first ordination axis corre-
sponds to a gradient in soil fertility (with poor soils having higher values
than rich soils), and the second axis separates seasonally inundated (VA, IG)
and permanently waterlogged (SW) forests (with high scores) from the non-
inundated forests (TFGS, TFBS, TFPB, PZ, with lower scores). Linear
regressions confirmed these observations, with the main floristic gradient
(PCoALl) strongly related to sum of base cations in the soil (Rzadj =0.27,
P =0.01, Supplementary Fig. 4a), and the second floristic gradient (PCoA2)
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Amazonia, SWA Southwestern Amazonia. Arrows indicate vectors constructed with
envfit()" for 14 environmental predictors: Flooded flooding vs. non-flooding ter-
rains, WTD water table depth, Temp_avg average annual temperature, MCWD
maximum climatological water deficit), Annal_ppt Annual Rainfall, Podzol White
Sand vs. Clay-Silt terrains, ALOS_MTPI Multiscale Topographic Position Index,
TopoDiver Topographic Diversity Index, Ppt_sea precipitation seasonality,
ALOS_3D elevation, Temp_range temperature range, Temp_seas temperature
seasonality, pH soil pH, SB soil sum of bases.
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Table 1| The association of environmental conditions and the
variationinthe tree species composition of Amazonian forests

Rank Environmental predictor  R? AdiR%c,m F AIC

RDA Model 1: [PCoA axis 1] ~ 14 environmental predictors

Table 1 (continued) | The association of environmental
conditions and the variation in the tree species composition of
Amazonian forests

Rank

Environmental predictor

R? AdjR%cum

F AIC

1 Soil base cation 0.27 0.27 764.6 -6438.3
concentration (SB)

2 Temperature seasonality 0.09 0.36 280.2 -6699.1

3 Podzol 0.04 0.4 122.7 -6816.5

4 Elevation (ALOS_3D) 0.03 0.42 86 -6898.9

5 Maximum climatological 0.01 0.44 47.4 -6943.8
water deficit (MCWD)

6 Soil pH 0.01 0.45 441 -6985.6

7 Precipitation seasonality 0.01 0.45 26.2 -7009.7

8 Total annual rainfall 0 0.46 13.2 -7020.9

9 Mean annual temperature 0 0.46 13.3 -7032.3

10 Flooded 0 0.46 131 -7043.3

11 Topographic diversity 0 0.47 8.1 -7049.4
(TopoDiver)

12 Groundwater table 0 0.47 3.7 -7051.1
depth (WTD)

13 Multi-scale topographic 0 0.47 5.8 -7054.9
index (MTPI)

14 Temperature range Forward selection procedure stopped

(not selected)

RDA Model 2: [PCoA axis 2] ~ 14 environmental predictors

1 Flooded 0.42 0.42 1450.4 -6988.9

2 Podzol 0.01 0.43 39.9 -7026.5

3 Topographic diversity 0.01 0.44 44 -7068.1
(TopoDiver)

4 Precipitation seasonality 0.01 0.45 40.8 -7106.6

5 Soil base cation 0.01 0.46 21.4 -7126
concentration (SB)

6 Mean annual temperature 0.01 0.46 26.9 -7150.8

7 Temperature range 0 0.47 14.9 -7163.7

8 Elevation (ALOS_3D) 0 0.47 25.9 -7187.5

9 Maximum climatological 0 0.48 7.3 -7192.9
water deficit (MCWD)

10to 14  Multi-scale topographic Forward selection procedure stopped

index (MTPI), soil pH,
temperature seasonality,
total annual rainfall,

(not selected)

groundwater table
depth (WTD)
RDA Model 3: [PCoA axis 1: PCoA axis 2] ~ 14 environmental predictors
1 Flooded 0.21 0.21 470.9 -4694.5
2 Soil base cation 0.18 0.39 520.2 -5149.5
concentration (SB)
3 Maximum climatological 0.04 0.43 132.5 -5275.6
water deficit (MCWD)
4 Podzol 0.03 0.46 88.4 -5360.1
5 Soil pH 0.02 0.48 69.8 -5426.8
6 Precipitation seasonality 0.01 0.48 17.5 -5442.3
7 Temperature range 0.01 0.49 17.9 -5458.2
8 Mean annual temperature 0.00 0.49 14.9 -5471.1
9 Topographic diversity 0.00 0.49 10.1 -5479.3
(TopoDiver)
10 Elevation (ALOS_3D) 0.00 0.50 13.4 -5490.7
11to 14  Total annual rainfall, Forward selection procedure stopped

temperature seasonality,
multi-scale topographic

(not selected)

index (MTPI), groundwater
table depth (WTD)

RDA Model 4: residuals[RDA model: [PCoA axis 1:PCoA axis 2] ~ 93 MEMs] ~ 14
environmental predictors

1 Flooded 0.094 0.09 209.4 -6171.3
2 Soil base cation 0.047 0.14 110.8 -6277.4
concentration (SB)

3 Podzol 0.016 0.16 39.3 -6314.4
4 Temperature range 0.005 0.16 13.2 -6325.6
5 Elevation (ALOS_3D) 0.002 0.16 3.1 -6326.7
6 Mean annual temperature 0.001 0.16 3.8 -6328.5
7to14 Temperature seasonality, Forward selection procedure stopped

total annual rainfall,
precipitation seasonality,
maximum climatological
water deficit (MCWD),
topographic diversity
(TopoDiver), multi-scale
topographic index (MTPI),
soil pH, groundwater table
depth (WTD)

The results of RDA models relating PCoA scores and 14 environmental predictors. The first model
adjusts only the PCoA axis 1, the second model adjusts only the PCoA axis 2, the third model adjusts
both PCoA axis at once, and the fourth mode uses the residuals of the RDA model relating the PCoA
scores and the spatial predictors (93 selected Moran’s Eigenvector Maps MEMs) to adjust the 14
environmental predictors. PCoA axes scores were obtained from the pair-wise Bray—Curtis
dissimilarities among 2,023 forest-inventory plots. Predictors are ordered from lowest to highest
AIC. The R? and F statistics were estimated using permutation tests under a forward selection
procedure.

(not selected)

strongly related to whether the plot was inundated or not (R%,q;=0.42,
P=0.01). Forward selection identified 13 environmental predictors sig-
nificantly related to PCoAl, and together these explained 47% of the var-
iation in tree species abundances along PCoA1 (Table 1). In addition to the
importance of soil sum of bases, temperature seasonality (R*,4;=0.09,
P=0.01) and white sand soils (Rzadj=0.04, P=0.01) were significant
environmental predictors for the first ordination axis (Table 1). For the
second floristic gradient (PCoA2), nine environmental predictors were
selected, which together explained 43% of the variation in tree species
abundances along PCoA2 (Table 1). In this case, flooding was clearly
the most important and the other eight predictors added little explanatory
power (Table 1). Although there is a lot of overlap, the ordination at plot
level supports a general pattern of turnover in tree species composition
between forests in ecological regimes (Fig. 1), traditionally recognised as
distinct forest types, such as terra-firme, white-sand, and seasonally flooded
forests, which can be geographically proximate over a landscape.

Besides the significant influence of environmental gradients to the
variation in each PCoA axis separately (Table 1), and in both axes together
(RDA model: [PCoA axis 1: PCoA axis 2] ~ 14 Environmental predictors,
Rzadj =0.47; P=0.001), we also found spatially structured variation on the
compositional turnover measured at plot-level (RDA model: [PCoA axis 1:
PCoA axis 2] ~ 93 MEMs, Rzadj =0.51, P =0.001). After partitioning out the
relative effect of environmental and spatial predictors on tree species
composition, there is a significant spatial structure in the environmental
predictors, shown as the shared influence of environmental and spatial
predictors on tree species composition (joint Environmental + Spatial
fraction of variation partition, R’,4; = 0.33, P = 0.001). Ruling out this joint
environmental + spatial effect, the environmental predictors alone add a
little less variation on tree species composition (unique environmental
fraction of variation partition, R*,g; = 0.14; P=0.001) than the spatial pre-
dictors (MEMs) alone (unique spatial fraction of variation partition,
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Fig. 2 | Variation in interpolated composition and

relative abundance of 5,188 tree species in 47,441 3.01
grid cells (0.1-degree squares) across Amazonian 251
forests. Ordination biplots showing the two first
DCA axes with grid cells coloured by geographic 2.0+
region: CA Central Amazonia, EA Eastern Amazo-
nia, GS Guiana Shield, NWA Northwestern Ama- 1.51
zonia, SWA Southwestern Amazonia, SA Southern 1.04
Amazonia. Black marks show the average position ’
for the abundance distribution of the 20 tree species 0.54
with the highest interpolated total abundance. The g
distributions of these species in geographical and 8 0.0
ordination space are shown in Supplementary i
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Rzadj =0.18; P=10.0001). The first two environmental predictors, explaining
most of the variation in both PCoA axes (Flooded and Soil base cation
concentration (SB) Table 1, RDA Model 3), are the same predictors
responsible for most of the non-spatially structured compositional variation
(i.e., the residuals of the spatial RDA model (PCoA [1:2] ~ 93 MEMs),
Table 1 RDA Model 4). Although, some of the environmental predictors,
explaining most of PCoA axes variation (maximum climatological water
deficit (MCWD), Soil pH, Table 1 RDA Model 3), actually explain a small
and non-significant amount of the non-spatially structured compositional
variation (R? < 0.001, P> 0.05, Table 1 RDA Model 4).

Patterns in grid-level tree species composition and turnover
When the effect of local environmental variation was averaged out by
interpolating relative species abundances at the resolution of 0.1° grid cells
(Fig. 2), the main axis of variation in tree species composition (DCA1)
clearly showed a longitudinal gradient from western Amazonian forests
(SWA and NWA) through central and southern Amazonia (CA and SA)
towards Eastern Amazonia (EA) and the Guiana shield (GS). Along the
second axis (DCA2), the strongest contrast was between the southern
regions (SA and SWA, with low scores) and northern and central regions
(NWA, CA, and parts of GS, with high scores), with EA being intermediate
and showing much less variation than the other regions. In fact, the biplot in
Fig. 2 clearly reflects the geographical outlay of the Amazonian forest.
The general impression from the grid-level DCA ordination is that
floristic transitions across Amazonia are rather gradual among the geo-
graphical regions, as adjacent regions have relatively similar floristic com-
position. This was confirmed when the DCA scores were plotted on the
actual map of Amazonia (Fig. 3): tree species composition changed gra-
dually over large geographical distances. The gradual change in composition
recovered by DCA1 ran from the Andean forelands to the Guiana Shield
(Fig. 3a). Over most of Amazonia, isolines of the DCA1 scores were far apart,
indicating gradual species turnover across space, but some zones showed
sharper turnover. These zones of intense compositional turnover over short
geographical distances were concordant with the confluence of tree species’
geographical and environmental range limits, even for very common tree
species (e.g., Eperua falcata, E. coriacea and Trattinnickia burserifolia,
Supplementary Figs. 5-24). These areas of sharper tree species turnover were
also in agreement with abrupt changes in climatological and edaphic
attributes (Fig. 3a). In particular, DCA1 showed two zones of sharp turn-
over. The first zone ran in the east-west direction largely coincident with the

headwaters of the rivers draining from the Guiana highlands and Acarai
mountains (see the isoline of DCAL1 value 1 in Fig. 3a), separating the
Guianas from the rest of Amazonia. The second zone of relatively sharp
turnover ran across Amazonian lowlands in the west in a north-south
orientation coinciding with changes in average soil acidity (pH) and soil base
cation concentration (SB), which are higher on the western than the eastern
side of the transition zone (Fig. 3a). The gradual changes in tree species
composition indicated by DCA2 ran from north-western Amazonia to
south-eastern Amazonia (Fig. 3b). In DCA2, the zone of sharpest turnover
ran in the east-west direction, being even more steep in the southern part of
the Amazon basin (Fig. 3b, isoline of MCWD value -275). A slightly more
gradual turnover zone can be seen further north running right across several
major tributaries of the Amazon River (e.g., Jurua, Purus, Madeira), and also
crossing the Amazon River itself. The zones of sharp turnover shown by
DCA2 largely follow a divide between wetter and dryer climates. The wetter
areas encompass the upper Negro River, the Japurd/Caqueta, the I¢a/
Putumayo, and the Napo River basins, and the dryer areas the headwaters of
the Tapajos and Xingu Rivers (Fig. 3b).

Species distributions along environmental and compositional
gradients

The most common Amazonian tree species are widespread across Ama-
zonia but show diverging centres of distribution along the compositional
gradient recovered by the grid-level DCA ordination (Supplementary
Figs. 5-24), suggesting they occupy different niche positions. Indeed, the
niche positions of individual species are well distributed along both the
climatic gradients (annual rainfall, maximum climatological water deficit),
and the edaphic gradients (soil sum of bases, pH) (Fig. 4a-d), and also along
the compositional gradients (based on DCA scores of the grid cells)
(Fig. 4e, ). Furthermore, as suggested by the species niche breadths, most
species tend to occupy only a relatively small part of the observed gradient,
while a few species show broad niche breadths (Fig. 4). Among the 20 most
common tree species in our plot dataset (based on the sum of plot-level
abundances), those with the strongest preference for very wet climates
(highest niche positions (WA) for annual rainfall, Fig. 4a) were Rinorea
riana, Oenocarpus bacaba, and Rinorea racemosa. Fifty-three species
exclusively occurred in plots with maximum climatological water deficit
equal to zero (Fig. 4b); Eperua falcata, Oenocarpus bataua, and Mauritia
flexuosa were the three species among the most common ones with niche
position for MCWD close to zero (i.e., wettest places in Fig. 4b), in contrast
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Fig. 3 | Maps of the broad-scale spatial variation of

a) DCA axis 1

tree species composition across Amazonia. Scores
of (a) DCA Axis 1, (b) DCA Axis2 (both from Fig. 2).
In both maps, grey lines are the isolines linking equal
levels of DCA scores, with the spatial distance
between consecutive isolines being inversely related
to the rate of compositional change across space and
used to mark sharp compositional turnover zones (if
closer together) or smoother compositional turn-
over (consecutive isolines further apart). In (a), the
blue isoline corresponds to DCA score of 1.0 and the
red isoline to soil pH = 5 (west of that line having a
soil pH >5). In (b), the red isoline corresponds to
maximum climatological water deficit (MCWD) =
— 275 mm (south of that line having MCWD <
—275), and the blue isoline to MCWD = —100 (west
that line having MCWD > —100). The dark green
line delimits the Amazonian tropical forests™, with
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to Protium altissimum that is among the most common species with low
niche position values for MCWD (i.e., dryer end of the gradient in Fig. 4b).
All 20 most common species were distributed in the middle of the gradient
in soil fertility (i.e. show niche position for the logarithm of soil sum of bases
within —0.5 and 0.5, Fig. 4¢), and in the acidic part of the soil pH gradient
(i.e. have niche position for soil pH between 4.2 and 5.5). Two of the 20 most
common species (Eperua falcata, and Pentaclethra macroloba) had a niche
position value for DCA1 > 1 (Fig. 4d), corresponding to main occurrence
area in the Guiana Shield (Fig. 2). Very common species occurring mainly in
western Amazonia (DCA1 < —0.8) were Pseudolmedia laevis and Iriartea
deltoidea, and these were largely the same species as the ones with sum of
bases optimum > —0.06. Common species from the drier areas in southern
Amazonia (DCA2 > 0.4) included Theobroma speciosum, Amaioua guia-
nensis, Amphiodon effusus, Metrodorea flavida, and Protium heptaphyllum.
The niche positions (niche optima) and niche breadths (tolerances) for all
5,188 tree species are given in Supplementary table 1.

The associations of species niche positions on compositional and
environmental gradients show that species placed at both ends of the

compositional gradient are also placed at the ends of the environmental
gradients (Fig. 5), supporting that species niche segregation does influence
compositional turnover. Edaphic gradients (pH, SB) segregate the species
along the first compositional dimension (DCA1; Fig. 5a, b), while the species
composition along the second compositional dimension (DCA2) is segre-
gated along the water availability gradient (Annual rainfall, MCWD;
Fig. 5¢, d). Species occupying the upper ends of the main compositional
gradient tend to occupy a smaller fraction of the existing gradient.

Discussion

In Amazonia, tree-inventory plots generally do not share a large number of
tree species™. The high compositional differentiation between forest plots
(even in the same area) reflects sampling by 1-ha plots: all species that
actually exist at a site cannot be sampled with the limited number of stems
that fit within 1-ha plot™’. Nevertheless, our analyses recovered composi-
tional gradients that are related to environmental factors, even after
removing spatially structured environmental variation. The first PCoA axis
(corresponding to the strongest gradient in tree species composition at the

Communications Biology | (2024)7:1240


https://www.naturalearthdata.com/
www.nature.com/commsbio

https://doi.org/10.1038/542003-024-06937-5 Article

a)

5000
1
5000

Z

species rank
2000 3000 4000
1 | |
species rank
2000 3000 4000
1 L 1

1000
1
1000

e

I I I I | T | I I I T
1000 1500 2000 2500 3000 3500 4000 -400 -300 -200 -100

0
I
o
8
0
|
o

o —

Annual rainfall (mm) Mean Cumulative Water Deficit (mm)

5000
1
£
o
o
-]
5000
1

4000
1
4000
1

species rank
3000
|
species rank
3000
|

2000
1

2000
|

1000
1

1000
|

0
|
0
|

log(Sum of Bases) soil pH

5000
1
5000

species rank
2000 3000 4000
| |
species rank
2000 3000 4000
1 | |

1000
1
1000

0
1
o
o
0
1

DCA1 DCA2

Fig. 4 | Niche positions and niche breadths of 5188 tree species along environ- tolerance (+standard deviation for the variable in sites where the species was
mental and compositional gradients in Amazonia as calculated with data from  observed). The red lines show the mean niche breadth (determined by loess
2023 1-ha forest-inventory plots. Gradients along the x axis: (a) Annual rainfall regression). Coloured lines correspond to the lines also visible in Fig. 3 (DCAL,
(mm); (b) maximum climatological water deficit (mm); (c) log(soil sum of bases (Ca ~ DCA2, pH, MCWD). Species are shown from bottom to top in the order of
+Mg+K)); (d) soil acidity (pH); (e) DCAL1 scores from Fig. 2; and (f) DCA2 scores  increasing niche position. (See supplementary data 1 for the niche breadth and
from Fig. 2. The black dots mark the mean niche position or optimum (weighted position values of all tree species).

average value) for each species and the grey lines depict the niche breadths or
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matological water deficit. Plot colours correspond to colours in Fig. 3. Coloured lines
correspond to the lines (DCA1, pH, MCWD) also visible in Fig. 3.

plot level) reflects mainly differences in mean soil fertility, which also shows
a geographical east-to-west gradient. This is congruent with several recent
studies that have emphasised the role of soil nutrient status as a driver of
floristic patterns®>%**~"*%>* The second PCoA axis relates to hydrology
(whether or not the terrain was seasonally flooded or permanently water-
logged) and characteristics of the flooding waters (white vs. black water).
This conforms with the traditional classification of Amazonian forests,
corresponding to use of the names of forest types in this paper.

Changing the spatial unit of analysis from the plot level to the grid cell
level removed the influence of local ecological conditions. At the same time,
italso reduced the importance of uncertainties related to local compositional
affinities and the distribution of species across environmental and geo-
graphical gradients. For instance, whereas the average 1-ha forest-inventory
plot contained only 94 tree species (1.8% of the known tree species pool in
Amazonia), the interpolation predicted an average of 1,474 species (29% of
the species pool™) for the 0.1-degree grid cells, which is comparable with the
range of 800-900 tree species found in large (25 ha) forest inventory plots™.
Furthermore, given that in Amazonia most tree species are rare® and that
rare species are more likely to provide information on how areas differ in
composition, the use of interpolated population sizes of species brought the
advantage keeping the species rarity structure in the data. When the local-
scale ecological variation was eliminated by spatially interpolating species
abundances and aggregating them into 0.1-degree grid cells, the continuous
and gradual change in tree species composition became even more evident,
conforming to a view already suggested long ago’

By projecting the DCA scores over the map of Amazonia, we identified
some areas of sharp compositional change over relatively short geographical
distances. The overall broad-scale compositional patterns were still related
to patterns in soil fertility and climate (Figs. 4 and 5), which is consistent
with the proposal that environmental variation drives much of the bio-
geographical differentiation across Amazonian forest assemblages™*™*.
Our results support earlier research that showed gradual changes in the
generic composition of trees across Amazonia® but have much higher
spatial resolution (0.1° rather than 4 by 6-degree grid cell), as well taxonomic
precision (species rather than genera), and in terms of environmental data
quality.

Our results support a gradual east to west change in tree species
composition across Amazonia, in agreement with previous studies™**".
The strong associations of tree species composition with soil base cation
concentrations (SB), flooding condition, seasonality in temperature and
precipitation, podzolization, and topography suggest those environmental
gradients as important environmental constraints of tree species distribu-
tion across Amazonia, in agreement with earlier regional studies™”"**”". In
western Amazonian forests, for instance, the narrow tolerance of species for
seasonal droughts is the main environmental factor limiting species
distribution®. However, we found tree species composition overlapping
among regions (Figs. 1 and 2), suggesting that trees are not impaired by
geographical delimitations within Amazonia (see, for example, Supple-
mentary Figs. 5-24) and/or that several tree species tolerate a broad range of
environmental conditions (Fig. 4). It is expected that tree species with
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relatively narrow niches, as well as those with narrow geographical ranges,
will be the ones with distribution restricted to one part of the existing
environmental gradient within the large geographical extent, covered by
tropical rain forests of Amazonia.

Based on the spatial distribution of the DCA scores, we identified four
zones of relatively sharp spatial turnover in tree species composition (i.e.,
floristic transitional zones) within Amazonia. Importantly, each of those
floristic transitional zones was associated with major changes along distinct
environmental gradients. For example, the floristic transitional zone in the
Northeastern part of Amazonia is coincident with the interfluvial divide
between the Amazon Basin and the river basins draining from the highlands
of the Guiana Shield and Acarai Mountains. The forests along this floristic
transitional zone were more dynamic in terms of vegetational changes
induced by climatic variations over the last 30,000 years™®, and are still
characterised by a dry transverse belt from the Rio Branco, Rupununi and
Sipaliwini savannas to the Trombetas-Tapajos confluence with the Amazon
River. This may be the most important biogeographical divide in Amazonia,
that is less marked, however, in the lowlands of the northern coastal river
basins® (i.e., French Guiana and the Amap4 State in Brazil). The other three
floristic transitional areas, however, do not show clear biogeographical
barriers controlling the compositional changes over short distances. Rather,
continuous changes in environment along the lowlands are likely influen-
cing compositional turnover here. The floristic transitional zone of western
part of Amazonia can be associated with changes in soil fertility (SB) and
acidity (pH) and perhaps species with Andean affinity. Forests found west of
that transitional area (i.e., closer to the Andean foothills) grow on relatively
younger sediments that form fertile and more basic soils”. This composi-
tional transition zone is largely coincident with a previously reported
compositional turnover zone of biogeographical importance**® that crosses
both the middle-upper Jurud river and the main Amazon River. A third
floristic transitional zone forms a belt traversing the major white-water
tributaries of the Amazon River (i.e., Jurud, Purus and Madeira rivers) and
the Amazon River itself (Fig. 3b - blue isoline). This floristic transitional
zone delimitates the region with lower elevation across Amazonia; it sepa-
rates the forests at the southern and northern borders of the Amazon basin
from the forests close to the Amazon River main stem. The region that this
fourth floristic transitional zone crosses the Amazon river provide support
for earlier biogeographic delimitations of varzea forests in the Amazon river
floodplains®. The southern floristic transitional zone is largely coincident
with changes from a wetter to relatively drier climate, relatively close to
transition zone between the tropical rain forest and savanna biomes.

Further studies could consider the temporal dynamics of these envir-
onmental gradients to shed light on the dynamic feature of those floristic
transitional zones. Historical floristic dynamics among surrounding biomes
and even within the open to dense lowland rain forests may have influenced
the formation of zones of sharp floristic turnover. For example, floristic
legacies from Andean-centred tree species, whose distribution is skewed to
mild temperatures of higher montane forests in the tropical Andes™* were
reported in earlier studies in the Amazon lowland rain forests"** and are
included in the western floristic zone we identified (e.g., Ilex, Panopsis).
Similar reasoning may apply to the area of floristic transition in the southern
part of Amazonia, which is relatively close to the confluence between the tree
species in seasonally deciduous forests within the Cerrado biome and the
tree species occurring in the wetter forests of the Amazonian lowlands and
has been rather dynamic over historical times™. The sharp compositional
changes between the tropical rain forests of the Guiana Shield and the
Amazon basin were perhaps earlier based on geographic and ecologic
barriers (e.g., mountains, dry areas), which were more pronounced in the
past, but nowadays they are likely to be maintained by ecological sorting
along relatively sharp environmental gradients and limited dispersal.

The pattern of floristic compositional changes across Amazonian
forests, at both resolutions we evaluated, is consistent with the description of
a longitudinal gradient in floristic composition across Amazonia, with the
forests in the Western Amazonia gradually differing from the forests on the
Guiana Shield”*. Despite the overriding effect of local environmental

conditions at the plot level, the east-west compositional changes across
Amazonia were apparent even in the plot data (Fig. 1). This is most likely
controlled by the general east-west gradient in local environmental condi-
tions, and perhaps by species dispersal across Amazonia.

Changes in tree species composition among local assemblages are
primarily related to differences in soil fertility and to flooding conditions.
Changes in tree species composition across Amazonian forests are mostly
gradual over large geographical extents, but more sharply over relatively
short geographical distances in certain areas. Zones of pronounced tree
species turnover over short geographical distances tend to show abrupt
changes in broad-scale gradients of soil fertility, temperature seasonality,
and the seasonal availability or deficit of water. The Amazonian tree flora is
assembled by several thousand tree species partitioned over the environ-
mental gradients; the floristic transitional zones in Amazonia are not con-
cordant with putative biogeographical barriers hampering the definition of
strictly defined biogeographical units based on the Amazonian tree flora.

Methods

Forest inventory database and environmental correlates

Our tree-inventory data (March 2024 - ATDN20240303) are part of the
Amazon Tree Diversity Network®”*, which contained 2023 tree-inventory
plots (Supplementary Fig. 1) with information on species composition and
abundance. Most of tree-inventories were for 1-ha size and sampled trees
with a diameter at breast height (DBH, at 1.30 m) or above tabular roots
210 cm (for plot metadata, see Supplementary table 2). Species synonymy
was updated following ref. 54, but harmonizing names with the World Flora
Online”. Species with a confer (¢f") identification were accepted as belonging
to the named species, while those with affinis (aff.) were accepted only at the
genus level and therefore removed from this analysis. The final community
matrix comprised 2,023 plots and 5,188 accepted tree species.

The plot coordinates were used to classify each plot into one of six
geographic regions (Supplementary Fig. 1): (i) Northwestern Amazonia
(NWA), (ii) Southwestern Amazonia (SWA), (iii) Central Amazonia (CA),
(iv) Southern Amazonia (SA), (v) Eastern Amazonia (EA) and (vi) Guiana
Shield (GS). Plot metadata were used to classify the forests into seven eco-
logical categories (Supplementary Fig. 1). Four of these refer to non-
inundated areas (terra-firme): (i) Terra-firme over the sedimentary basin
(TFPB), i(i) Terra-Firme over the Brazilian Shield formation (TFBS), (iii)
Terra-Firme over the Guiana Shield formation (TFGS), and (iv) Terra-
Firme over podzols (i.e., White-Sand Forests (PZ)). The other three refer to
wetland forests: (i) Varzea (VA; seasonally inundated by a white-water
rivers), (ii) Igapd (IG; seasonally inundated by a black or clear-water rivers),
and (iii) Swamp (SW; permanently poorly drained).

To evaluate the association of tree species composition with environ-
mental conditions, a total of 12 continuous environmental attributes were
extracted from gridded data. A soil acidity (pH) surface for entire Amazonia
was created with a loess model (with a span of 0.2, a degree of 2, using
Gaussian fitting) based on measurements of soil pH from soil profiles
available from several sources"*>*”* (Supplementary Fig. 25). As a measure
of nutrient availability, we used the logarithm of soil base cation con-
centration (SB; Ca+Mg+K), as provided by Zuquim et al.”. Climatic data
was obtained from CHELSA”. We used three variables for temperature
(mean annual temperature, temperature range, and temperature season-
ality) and two for precipitation (total annual rainfall, precipitation season-
ality). We also estimated the maximum climatological water deficit
(MCWD), which can be considered a measure of seasonal drought. This was
calculated as the cumulative rainfall deficit of consecutive months with <
100 mm of precipitation from 1981-2020 as measured by CHIRPS*7°. The
water-table depth was extracted from a gridded layer produced by Fan
et al”’. Three topographic variables (elevation, multi-scale topographic
index, topographic diversity index) were obtained from the digital surface
models of the ALOS World 3D™*”. In addition to the 12 continuous
environmental predictors, we included two categorical environmental
predictors that discriminate the major forest types of Amazonia. For that we
classified the sites into Flooded vs. Non-flooded (i.e., Seasonally flooded
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forests vs. Upland non-flooded forests), and Podzol vs. Non-Podzol (i.e.,
White sand forests vs. Forests on silt and clay soils). Environmental attri-
butes were selected beforehand to represents edaphic and climatic features
with recognised importance for tree species distribution. Also, before pro-
ceeding with the analysis, we tested the variance inflation factor (VIF)* of
the 14 environmental predictors to assure that there are not multi-
collinearity issues between predictors. Highest VIF was obtained for ele-
vation (VIF = 7.4), but still lower than the threshold of VIF = 10 indicating a
strong collinearity between predictors™. We then followed the analysis using
all the 14 environmental predictors.

Analysis of plot-level data

We first explored gradients in tree species composition at the plot level, i.e.,
using the original tree inventory data. We calculated floristic dissimilarities
between the plots using the Bray-Curtis index based on relative abundance
data. As some pairs of plots were completely dissimilar to each other, we
used the extended dissimilarities to replace the dissimilarity values saturated
to the maximum value of unity (c.a. 9% of the total pairwise dissimilarities)
with a path across single stepping-stone points*', providing ecologically-
realistic dissimilarities between plots that share no species”. The resulting
dissimilarity matrix was analysed using Principal Coordinates Analysis
(PCoA), and scatterplots for the scores of the first two axes were used to
visually interpret the variation in tree species composition in relation to
geographical location and ecological classes of Amazonian forests. We
focused our interpretation on the first two PCoA axes, together capturing
21.3% of variation in the dissimilarity matrix, as subsequent axes do not
capture more than 6% of total variation. To aid on the interpretation of the
variation in tree species composition in relation with the environmental
gradients, we added, to the PCoA scatterplot, vectors showing the direction
towards greatest environmental changes and increase of association with the
ordination configuration. We, then, quantified the strengths (adjusted R*) of
the linear relationships between PCoA scores and the 14 available envir-
onmental predictors using Redundancy Analysis (RDA) with forward
selection to evaluated which are the environmental gradients explaining
most of variation in tree species composition. The forward selection fits a
linear model of each predictor at a time and tests their adjusted R* against
randomly permuted fitting.

Given the geographic extent covered by the inventory-plots included in
the ATDN database, and the inherent spatially irregular sampling design of
the inventory-plots, it is expected that the spatial structure of plots (e.g.,
geographic clusters) exerts an influence both on the measured environ-
mental gradients and on the tree species compositional turnover*****. To
evaluate the relative influence of unique spatial fraction, unique environ-
mental fraction, and their shared effect (environmental + spatial) on tree
species composition, we applied a variation partitioning approach, using the
set of 14 environmental predictors plus a selected set of Moran’s eigenvector
maps (MEMs) as spatial predictors. To select the spatial weighting matrix
(SWM) used to derive the MEMs, we used three graph-based criteria of
connectivity (Gabriel’s graph, Relative neighbourhood graph, Minimum
spanning tree) and weighting following a linear decreasing function of plot
coordinates distances, as recommended in ref. 85. The double diag-
onalization of the of the SWM results in a large set of MEMs, which were
further selected based on the optimisation of adjusted R* using forward
selection with a double-stopping criterion, following™. To test the sig-
nificance of the unique spatial fraction and the shared environmental +
spatial fraction of the variation partition model, we used Moran spectral
randomisations, which are spatially constrained permutations that provide
robust estimates of the significance of model adjustments****"". Finally, we
quantified, using RDA with forward selection, the adjusted R* of each
environmental predictor fitting only the unique environmental fraction (i.e.,
the residuals of the model relating both PCoA axes and the MEMs spatial
predictors) to access the influence of non-spatially structured environ-
mental gradients on tree species compositional turnover.

All analyses were done in the R environment®. Extended dissimilarities
were computed with the ‘stepacross’ function, environmental vectors were

fitted with the ‘envfit’ function, and variation partitioning were performed
with the ‘varpart’ function of “Vegan” library®'. PCoA were computed with
the ‘pco’ function of the “labdsv” library®. The optimisation of selected
SWM and the selection of subset of MEMs were performed with the
listw.select’” function, the spatially constrained permutation tests of the
unique and the shared fractions of variation partitioning were performed
with the ‘msr’ and ‘envspace.test’ functions, and the RDA with forward

selection with the ‘forward.sel’ function of the “adespatial” library™.

Analysis of grid-level data

Plot-level analyses are strongly affected by local ecological effects, which can
vary considerably over short geographical distances (e.g., plots representing
inundated vs. non-inundated forests can be in close proximity to each
other). To remove this effect and focus on more broad-scale biogeographical
patterns, we divided Amazonia into 47,441 grid cells at the resolution of 0.1
arc degrees (~121 km®) and estimated the relative abundance of each tree
species for each grid cell using the spatial interpolation method of ter Steege
et al.*’". As a relative abundance measure, we used RA, = n; /N,, where n,
equals the number of stems of species i and N; the total number of stems in
the plot (including unidentified trees). For all 5188 species with a valid name
in the plots, we constructed an inverse distance weighting (IDW) model for
RA;, with a distance-decay power of 2, a maximum number of plots used for
each local estimation of 150, and a maximum distance parameter of 4
degrees.

We performed a Detrended Correspondence Analysis (DCA) on the
grid-level community matrix to map the broad-scale variation of tree species
composition across Amazonia. This is for two reasons, we assumed that
there are no strict biogeographical boundaries in Amazonia, and DCA is a
perfect way of describing gradients (see below); PCoA is based on simila-
rities among plots (in this case cells) and would average out the gradients too
much. DCA is based on weighted averaging and to balance the influence of
common species in the ordination pattern, we used DCA without down-
weighting rare species, which are most of the species in Amazonia®’. The
response curve of species is assumed to be unimodal, with the average being
the mean niche position and the standard deviation being a measure of
niche breadth”™. The results were visualised both with traditional ordination
scatterplots and by plotting the DCA axis scores on a map of Amazonia. In
the DCA ordination plot, we also visualised the distributions of the 20 most
abundant tree species (those with the largest sum of relative abundances
over all grid cells). On the map of Amazonia, we added isolines that link
similar levels of DCA scores to assess species turnover rates: when con-
secutive DCA isolines are relatively close to each other, species turnover
across space is sharper then when consecutive DCA isolines are relatively far
from each other. To highlight the association between areas of sharper
species turnover and existing environmental gradients, we overlaid the
isolines for soil pH over the map of the first DCA axis and the isolines for
maximum climatological water deficit with the map of the second DCA axis.
To define the level for the environmental gradient isolines to be overlayed
over the DCA maps, we evaluated the point of inflection in the curve
associating the species distributional ranges along the environmental scales.
DCA was performed using the function ‘decorana’ of the “Vegan” R
library", with standard settings and without down-weighting rare species.

Gradients and species niche breadth

To aid in the interpretation of the broad-scale variation of tree species
composition across Amazonia, we computed the species’ mean niche
positions and breadths along environmental and compositional gradients.
The mean niche position was computed by calculating weighted averages
(WA)” of the plot-wise species relative abundances for four environmental
variables (annual rainfall, maximum cumulative water deficit, sum of bases,
pH) and for the compositional gradients obtained from the grid-level DCA
analyses (DCA axes 1 and 2 scores). The values of each independent variable
were extracted from the corresponding raster data using the coordinates of
the forest inventory plots. Weighted Averaging scores (mean niche position
or optimum) for those variables were calculated for each species using the
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‘wascores’ function of the “Vegan” library®'. We used + 1 standard deviation
as a measure of the species niche breadth.

Statistics and reproducibility
All tests were carried out with all plots (n = 2023).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All plot metadata is included in supplementary table 2. The code to
reproduce analysis and figures, the PCoA scores by plot, the grided com-
munity matrix and the mean niche position (weighted averages) and niche
breadth for the species, are publicly available through FigShare™. Additional
plot-based data is available upon reasonable request by contacting the
corresponding author.

Code availability

All custom R code used in the analysis and visualisation of the data is
publicly available through FigShare™. This code can be used to produce all
figures and Supplementary figures.
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