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Tree diversity and composition in Amazonia are known to be strongly determined by the water supplied by precipitation.
Nevertheless, within the same climatic regime, water availability is modulated by local topography and soil characteristics
(hereafter referred to as local hydrological conditions), varying from saturated and poorly drained to well-drained and poten-
tally dry areas. While these conditions may be expected to influence species distribution, the impacts of local hydrological
conditions on tree diversity and composition remain poorly understood at the whole Amazon basin scale. Using a dataset of
443 1-ha non-flooded forest plots distributed across the basin, we investigate how local hydrological conditions influence 1)
tree alpha diversity, 2) the community-weighted wood density mean (CWM-wd) — a proxy for hydraulic resistance and 3) tree
species composition. We find that the effect of local hydrological conditions on tree diversity depends on climate, being more
evident in wetter forests, where diversity increases towards locations with well-drained soils. CWM-wd increased towards bet-
ter drained soils in Southern and Western Amazonia. Tree species composition changed along local soil hydrological gradients
in Central-Eastern, Western and Southern Amazonia, and those changes were correlated with changes in the mean wood den-
sity of plots. Our results suggest that local hydrological gradients filter species, influencing the diversity and composition of
Amazonian forests. Overall, this study shows that the effect of local hydrological conditions is pervasive, extending over wide
Amazonian regions, and reinforces the importance of accounting for local topography and hydrology to better understand the

likely response and resilience of forests to increased frequency of extreme climate events and rising temperatures.

Keywords: Amazon basin, HAND, species composition, tree diversity, wood density

Introduction

Large-scale patterns of floristic diversity and composition
across tropical forests have been well explained by annual
precipitation and seasonality (Clinebell et al. 1995, ter
Steege et al. 2003, Stropp et al. 2009, Esquivel-Muelbert et al.
2017), besides soil fertility (ter Steege et al. 2006) and neu-
tral processes (Condit et al. 2002, Tuomisto et al. 2003,
Coronado et al. 2009, Emilio et al. 2010). Nevertheless,
within any given climate, at local scale, water availability
for plants is modulated by local topographic and edaphic
conditions, giving rise to the local hydrological conditions
(Daws et al. 2002, Moeslund et al. 2013, Costa et al. 2022),
which in turn affect variations in plant species diversity
and composition (Svenning 2001, ter Steege et al. 2003,
Jirka et al. 2007, Schietti et al. 2013, Moulatlet et al. 2014,
Zuleta et al. 2020). In Amazonia, where the world’s larg-
est tropical forest is located, we now understand how local
hydrological conditions can modulate the effects of droughts
(Sousa et al. 2020, Esteban et al. 2021, Costa et al. 2022),
with locally wetter areas constituting potential refuges for
diversity (McLaughlin et al. 2017). Global warming is lead-
ing to an increase in the frequency and intensity of droughts
(Marengo et al. 2018). As a consequence, Amazonian forests
are experiencing a reduction in water availability for plants
(Pascolini-Campbell et al. 2021), and higher tree mortality
and biomass loss (Phillips et al. 2009, Brienen et al. 2015,
Berenguer et al. 2021). Therefore, it is crucial to assess the
influence of local hydrological conditions on forest diversity,
and on taxonomic and functional composition.

The local hydrological conditions of non-flooded forests
are mainly determined by elevation (relief), terrain aspect
and slope (Moeslund et al. 2013). These characteristics con-
trol the land’s drainage capacity, the local redistribution of
precipitation runoff and the vertical distance to groundwa-
ter (Renné et al. 2008, Nobre et al. 2011, Moeslund et al.
2013). Along a topographic profile, lower areas are moist
and often water-saturated, and have soils with low drainage
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capacity due to the proximity to the water table (Renné et al.
2008, Nobre et al. 2011, Moeslund et al. 2013). In contrast,
the upper areas such as hilltops are typically drier and have
well-drained soils due to increasing distance to the water
table (Rennd et al. 2008, Nobre et al. 2011, Moeslund et al.
2013, Fan et al. 2017). Besides topography, soil characteris-
tics — especially soil texture — also affect the water availability
for plants by regulating water infiltration and the capillary
rise (Hacke et al. 2000, Fan et al. 2017). Thus, soil charac-
teristics and topography together determine the local hydro-
logical conditions, and consequently the water availability for
plants at the local scale. However, the effect of local hydro-
logical conditions on plants across large regions should also
depend on climate, as the variation in precipitation deter-
mines how much water enters the system. Therefore, we can
expect an interaction between local hydrological conditions
and precipitation affecting the plant community properties
(Blanchard et al. 2019, Muscarella et al. 2019).

The local hydrological conditions can be expected to affect
species richness through physiological or forest dynamics
processes. Considering that water deficic imposes a physi-
ological limitation to many plant species (Nepstad et al. 2007,
Meir et al. 2015, Giardina et al. 2018), drier local conditions
given by the combination of dry climate and deep water tables
at high topographic positions should limit the number of spe-
cies able to colonize and survive. Conversely, even within dry
climates, low topographic positions with shallow water tables
should provide higher soil moisture, alleviating seasonal water
deficits and promoting higher richness (Segura et al. 2003).
This scenario should shift under wet climates, where shallow
water tables lead to seasonal or permanent waterlogging and
anoxia, stressful conditions that can reduce the number of spe-
cies (Féret and Asner 2014). Shallow water tables also limit root
development (Fan et al. 2017), and shallow rooting systems are
more prone to uprooting, increasing tree mortality rates (Gale
and Hall 2001, Ferry et al. 2010, Toledo et al. 2011). Higher
mortality rates could lead to increased richness if the distur-
bance is moderate or decreased richness if it is intense (Connell
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1978, Bongers et al. 2009). This expectation could be reversed
under dry climates, where waterlogging is less common, and
tree mortality tends to be higher in the upper topographic
positions exposed to wind (Segura et al. 2003).

A functional ecology approach provides insights into envi-
ronmental filtering along environmental gradients through
the evaluation of morpho-physio-phenological traits that
affect an individual’s growth, reproduction and survival
(Violle et al. 2007). Eatlier studies of non-flooded Amazonian
forests at local scales indicate that local hydrological condi-
tions filter functional traits such as wood density (Ferry et al.
2010, Cosme et al. 2017); hydraulic resistance (Oliveira et al.
2019, Fontes et al. 2020, Garcia et al. 2022); leaf traits —
e.g. specific leaf area (SLA), leaf nitrogen concentration, leaf
size, leaf mass per area, leaf dry matter content, leaf thick-
ness and chlorophyll content (Kraft et al. 2008, Cosme et al.
2017, Schmitt et al. 2020); seed mass (Kraft et al. 2008);
and canopy chemical traits (Asner et al. 2015). However,
no study has so far determined if hydrological filtering of
traits is a widespread phenomenon over the Amazon basin
and how it interacts with other environmental factors. A key
trait to understand plant hydraulics is wood density, given
that higher wood density is associated to higher xylem resis-
tance to embolism (Hacke et al. 2001, Santiago et al. 2004,
Hoeber et al. 2014), a trait that is selected in drier climates
(Chave et al. 20006, Ibanez et al. 2017, Blanchard et al. 2019)
and drier local hydrological conditions (Oliveira et al. 2019).
Although other functional traits besides wood density can be
relevant to the environmental filtering of species distributions
by hydrology, we focused on the trait that tends to have lower
intraspecific variation (compared to leaf traits) and broader
data coverage.

Filtering of functional traits by the local hydrological con-
ditions can lead to species sorting across hydrological envi-
ronments, with consequences for species composition and
alpha diversity (Valencia et al. 2004, Baldeck et al. 2013,
Schietti et al. 2013, Féret and Asner 2014, Moulatlet et al.
2014, Zuleta et al. 2020). This can be evaluated through the
correlation between the community average of any trait (e.g.
wood density) and the multivariate axes representing spe-
cies composition (ter Steege et al. 2006). Given that species
pools differ among Amazonian regions (ter Steege et al. 2000,
2013) owing to biogeographical and evolutionary causes, it
can be expected that the effects of local hydrological con-
ditions on species composition would be detected within
regions (as defined by geography and substrate origin in
Feldpausch et al. 2011). This is because which species groups
are associated with locally wetter or drier conditions along
hydrological gradients within each region should depend on
which species are present in the region. Furthermore, larger
changes in species composition along the gradient of local
hydrological conditions may be expected in terrains with
ancient well-dissected relief, since these produce stronger
hydrological contrast along topography.

The aim of this study was to understand the effects of local
hydrological conditions on the properties of tree communi-
ties at the Amazon basin scale. We addressed the following

specific questions: 1) How do local hydrological conditions
influence tree alpha diversity? 2) How do local hydrological
conditions influence wood density? 3) How do local hydro-
logical conditions affect tree species compositional change
along environmental gradients? The general hypothesis is that
local hydrological conditions will influence the environmen-
tal filtering of species distributions, thus generating spatial
patterns of alpha diversity, mean wood density and species
composition. Specifically, we predict that:

1) Tree alpha diversity will decrease in low topographic posi-
tions (due to soil-water excess) in climatically wetter for-
ests, but increase in those positions (due to higher local
moisture) in climatically drier forests.

2) Forests growing on soils with greater drainage capac-
ity and lower water availability will have higher wood
density as it provides higher hydraulic resistance against
droughts.

3) Species composition will be sorted along gradients of
local hydrological conditions within regions, following
changes in community-weighted means of wood density
(CWM-wd).

Material and methods

Vegetation data

We used the Amazon Tree Diversity Network (ATDN) data-
set, with plots distributed throughout the Amazon basin (as
delimited by Mayorga et al. 2012) (Fig. 1). Our analyses were
restricted to 1-ha lowland terra-firme forest plots below 500
a.s.l. (excluding plots on white sand and inundated forests)
and to individuals with a diameter > 10 cm, excluding all
lianas. Plots varied in dimensions and shapes, with most
being square or rectangular 1 ha, while 11.7% were 250 X
40 m and following altitudinal contours (design described
in Magnusson et al. 2005). In addition, we considered only
plots with at least 80% of individuals identified to species
level. As species identification was done by different taxono-
mists, we excluded 18 634 individuals (8.45% of the total
number of individuals; mean=42, min=0, max=173
individuals per plot) that were not identified to the species
level to avoid confusion with morphospecies synonymy. This
introduced no bias in the analyses, as there was no association
between the proportion of morphospecies per plot with the
main variables of interest (i.e. local hydrological conditions;
Supporting information). By including only those indi-
viduals identified at the species level, more robust patterns
of alpha diversity and composition are expected (Pos et al.
2014). We also excluded plots with georeferencing problems,
such as those with coordinates displaced from terra-firme
towards rivers or lakes. Finally, we excluded 18 plots from
areas without height above nearest drainage (HAND) data.
Thus, we carried out the analyses using 443 plots, which total
210 801 individuals of 3527 species, distributed in 619 gen-
era and 104 families.
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Figure 1. Location of 443 1-ha plots used in this study. The map shows the distribution of plots (coloured dots) across the Amazon basin.
The limits of the Amazon basin (black outline) were defined according to Mayorga et al. (2012). Background information shows the annual
precipitation layer obtained from CHELSA ver. 1.2 (1979-2013, 30 arcsec of resolution, <http://chelsa-climate.org/> [Karger et al.
2018]). Dot colours indicate the four geomorphological regions (from Feldpausch et al. 2011): Central-East (blue, CA—EA =122 plots),
Guiana Shield (green, GS =52 plots), South (red, SA=102 plots) and West (yellow, WA =167 plots).

Vegetation metrics

Alpha diversity

We quantified species, genus and family diversities for each
plot using Fisher’s alpha (logarithmic series model), which is
based on the number of individuals and species in each plot
and is relatively insensitive to the difference in the number of
individuals among plots (Fisher et al. 1943).

Wood density

The wood density of each plot was represented by the CWM
of the species present in that plot. We obtained wood den-
sity data from the global wood density database (Chave et al.
2009, Zanne et al. 2009). When the wood density of a spe-
cies was not available, we used the mean wood density at the
genus, family or plot level (Baker et al. 2004, Rozendaal et al.
2020). We used genus level wood density data for 1381 spe-
cies out of the 2417 species, and family and plot level data
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for 170 and 10 species, respectively. Then, we calculated the
CWM-wd, which is the estimated mean wood density of the
individuals in each plot (Garnier et al. 2004).

Species composition

We excluded species occurring in fewer than two plots to
reduce the potential noise generated by the inclusion of rare
species in the analysis (Cao et al. 2001, McCune and Grace
2002). The final number of species and individuals in the
full dataset for species composition analyses was 241 and
206 459, respectively. This database was the same used in the
analyses of wood density.

We first tested if the expectation of species composition
differences among regions hold true for the specific dataset
used here. This was implemented with a PERMANOVA
(Anderson 2001), where the response variable was the matrix
of Bray—Curtis dissimilarities in species abundances among
plots, and the Amazon regions the independent variables.

ASUADIT suowWwo)) 3anea1) s[qearjdde oy £q pauIaA0s a1 s3[0O1IR Y (3N Jo SN 10J AIRIQIT AUIUQ AS[IA\ UO (SUOHIPUOD-PUL-SULIA) W00 A[1M ATRIQI[SUI[UO//:5dNY) SUONIPUO) PUR SWLIST Y 995 *[$707/20/ST] U0 A1eIqry auruQ A3[ip ‘S71903099/1111°01/10p/woo"Aaim Areiqrjaurjuo-sjewnofosuy/:sdny woiy papeorumod ‘11 ‘720T ‘L8S0009T



This method tests whether plots from the same region are flo-
ristically more similar to each other than would be expected
by chance. The differences among regions were confirmed
(PERMANOVA: p=001, R?=0.10).

Given the confirmed differences among regions, we ran
one non-metric multidimensional scaling (NMDS) ordina-
tion within each of the four Amazonian regions, and the
resulting axes were the response variables representing species
composition in the generalised least square (GLS) regression
analyses (see Data analyses section). Ordinations were run
in two dimensions to keep stress close to 0.2 (McCune and
Grace 2002), and were based on Bray—Curtis distance matri-
ces calculated over quantitative data — species abundances
— standardized by plot (i.e. the abundance of each species
divided by the total abundance in each plot). Ordinations
based on quantitative data mostly capture the patterns of
more abundant species, which tend to have larger contribu-
tions to the difference or similarity between plots (McCune
and Grace 2002). The variation of the original data captured
by the NMDS axes was obtained by regression of the matrix
of original floristic distances among samples calculated with
the same dissimilarity index used in the ordination method,
and the matrix of distances among samples obtained from the
final NMDS solution (McCune and Grace 2002).

Environmental variables

The environmental variables considered in the present study
were proxies for the hydrological conditions at the local and
at the regional scales, and for the soil fertility.

Local hydrological conditions were represented by the
HAND, which captures the influence of topography on soil
hydrology (Renné et al. 2008, Nobre et al. 2011), and by one
variable capturing the water retention capacity of the soil-
soil texture (Hacke et al. 2000). HAND is calculated using
information from digital elevation models (DEM) and drain-
age networks by normalizing the topography (elevation) as a
function of the relative height over the nearest drainage. This
variable is directly related to the gravitational potential of soil
water and, therefore, its values are correlated with the water
table depth, providing a representation of the local hydro-
logical conditions. High HAND values mean high drainage
potential; low HAND values indicate proximity to the water
table, where water accumulates and may create waterlogged
conditions (Nobre et al. 2011). We extracted HAND data
from layers elaborated by Banon and Novo (2018) with ~30
X 30 m spatial resolution (available at: <www.dsr.inpe.br/
amazondrainage/home.php?content=hand>). To capture
hydrological variability within each 1 ha plot, we reprojected
the layers to ~100 X 100 m resolution using bilinear inter-
polation, which assigns the output cell value by taking the
weighted average of the neighbouring cells. This method is
recommended to assign raster values to points in continuous
datasets without distinct boundaries. The HAND layer was
based on Strahler’s sixth order drainages, as it provides more
stable information about the drainage capacity and the water
condition of the environment across varying geomorphologies

(Banon and Novo 2018). Finally, for all analysis, HAND val-
ues were log-transformed (base 2) to meet normality assump-
tions. The soil texture was represented by the percentages of
sand or clay. We extracted soil texture data for a depth of 15
cm for each plot from the SoilGrids platform (Hengl et al.
2017) with ~250 X 250 m spatial resolution.

Hydrological conditions at the regional scale were repre-
sented by the historical average of the maximum cumulative
water deficit (MCWD) for each plot. MCWD is the mea-
sure of the annual water deficit that considers both the dura-
tion and the intensity of the dry season (Aragéo et al. 2007).
MCWD represents the most negative value of water deficit
(WD), given by the difference between precipitation (P) and
evapotranspiration (E) within each year. For each month (n),
WD is quantified as:

if WD,_, —E_+P <0;
then WD, =WD, , —E_+P;
else WD, =0.

For this calculation, we considered the hydrological year, so
the starting point for the calculation was not necessarily the
first month of the calendar year, but the wettest month (n
— 1) of the first year of the time series, according to Esquivel-
Muelbert et al. (2019). The precipitation data were obtained
from the TerraClimate platform (Abatzoglou et al. 2018)
with ~ 4 X 4 km spatial resolution from 1959 to 2018. We
assumed the evapotranspiration to be fixed at 100 mm per
month, being an approximation (mean) from soil evapo-
transpiration obtained in different locations in Amazonia
(Aragao et al. 2007).

We estimated soil ferdlity using soil cation concentra-
ton (SCC, i.e. the sum of Mg, Ca*? and K*'). SCC is an
indicator of soil fertility correlated with the most limiting
nutrient in the tropical regions — phosphorus availability
(Quesada et al. 2009, Moulatlet et al. 2017, Figueiredo et al.
2018). We obtained SCC values from the layer produced by
Zuquim et al. (2019), with ~11 X 11 km spatial resolution,
which was reprojected to ~ 5 X 5 km resolution using the
bilinear method.

Four Amazonian regions (Central and Eastern Amazonia,
Guiana Shield, Southern Amazonia and Western Amazonia),
defined by geography and substrate origin in Feldpausch et al.
(2011), were used to constrain the analyses of species com-
position, given their expected effect on the species pool (ter
Steege etal. 2013). Central and Eastern Amazonia are charac-
terized by having nutrient-poor soils derived from reworked
rocks and late Cretaceous sediments that experienced weather-
ing for more than 20 million years (Irion 1978, Quesada et al.
2010), and the relief is either flat or undulated (Sombroek
2000). The Guiana Shield and Southern Amazonia have
weathered, nutrient-poor soils formed on ancient Cretaceous
crystalline substrates (Irion 1978, Quesada et al. 2010), and
the relief is characterized by hilly dissected lands and rounded
hills (Sombroek 2000). Western Amazonia is formed on more
recent pre-Andean sediments from the Cretaceous—Tertiary
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and Pliocene periods, where large areas dominated by shallow
soils that can contribute to the fertility of the underlying soils
through the weathering of the source material (Irion 1978,
Quesada et al. 2010), the relief is characterized by undulating
to rolling land (Sombroek 2000).

Data analyses

We modelled each of the response variables — Fisher’s alpha at
species, genus and family levels, the CWM-wd of the entire
Amazon basin, and the NMDS axes 1 and 2 of the ordina-
tions of species composition for each Amazon region — as
a function of the proxies for the hydrological conditions at
the local scale (HAND and soil texture) and at the regional
scale (MCWD), plus soil fertility (SCC), using GLS mod-
els. We also included in the models the interaction between
HAND and MCWD, expected to affect the water condi-
tions for plants (Blanchard et al. 2019, Muscarella et al.
2019). Sand or clay were included in alternative GLS mod-
els to avoid multicollinearity, and the textural class in the
best performing models was retained. We included a term
to account for the spatial autocorrelation, specifying the
most appropriate autocorrelation structure for each model,
selected from the lowest values of the Akaike information
criterion (AIC) (Supporting information). We examined
the multicollinearity among variables, using the variance
inflation factor (VIF) available in the vif function of the car
package (Fox et al. 2021). A VIF greater than 5 is a signal
of collinearity (Dormann et al. 2013). In each of our GLS
models, all variables had VIF < 4 (Supporting informa-
tion), indicating that collinearity was unlikely to affect our
results. Furthermore, the pairwise correlation among vari-
ables was low (tho < 0.31) (Supporting information). We
report the partial effects of variables from multiple models,
i.e. the effect of a variable when the effects of others are
held constant (Allen 1997). To visualize and report the indi-
vidual or interaction effects of the explanatory variables on
the response variables we used partial plots of the significant
effects (p > 0.05) identified by each GLS model, and the
classes were defined based on the standard deviation around
the mean of each of these variables. To compare the effect
size of the explanatory variables on the response variables,
all variables were standardized to have mean of zero and
standard deviation of one.

We applied a logarithmic transformation to Fisher’s alpha
values at the species level to ensure normal distribution of
residuals; this transformation was not necessary for genus and
family levels. In the models for Fisher’s alpha we included
an exponential variance structure for MCWD to reduce the
effect of heteroscedasticity in the models, i.e. a decrease in
residual variance for the response variable (Fisher’s alpha)
along the explanatory variable (MCWD) (Zuur et al. 2009).
The selection of the variance structure was based on the lowest
values of AIC (Zuur et al. 2009) (Supporting information).

The models for species composition were run within each
Amazonian region, using as response variables the NMDS-1
and NMDS-2 axes of the ordination carried on the plots
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belonging to each region. We first tested for the correlation
between the first two NMDS ordination axes, to deter-
mine if both could be used as separate response variables.
The independence among axes was confirmed (Supporting
information), thus the GLS models including all the factors
described above were run for each axis within each region.
We conducted another test of the effect of hydrological
and soil predictors on species composition by running an
ordination based on all plots (following the same standards
used before), and modelling the two resulting axes as a func-
tion of MCWD, HAND, %Clay and SCC, and including
regions in interaction with HAND. This provides an assess-
ment of how general the effects detected in the first approach
are. Finally, to determine if species composition and wood
density are correlated we performed Spearman’s correla-
tion tests between species composition axes (NMDS-1 and
NMDS-2) and the CWM-wd of the plots of each region and
adjusted probability values with the Bonferroni correction
(Armstrong 2014).

All analyses were carried out in R (R ver. 4.0.2). The n/me
package (Pinheiro et al. 2021) was used for GLS models,
the vegan package (Oksanen et al. 2020) for NMDS ordi-
nations, the adonis function from the vegan R package for
PERMANOVA and the corntest function from the psych
package (Revelle 2021) for correlation tests.

Results

Tree alpha diversity

Fisher’s alpha at species and genus levels was mainly influ-
enced by maximum climatological water deficic (MCWD)
and by the interaction between the HAND and MCWD,
whereas at family level it was influenced by MCWD and the
soil cation concentration (SCC) (Table 1). MCWD had the
largest relative contribution in the models at all taxonomic
levels (Table 1, Fig. 2a—c). The Fisher’s alpha diversity at all
taxonomic levels increased towards wetter forests, with less
negative MCWD values (Fig. 3a—c). The partial effect of the
interaction between MCWD and HAND (Fig. 3d, ¢) indi-
cated that in climatically wetter forests (MCWD between
-136.7 and —1.60 mm, corresponding approximately to 1-2
dry months in the year, 222 plots) the Fisher’s alpha of species
and genera were higher in plots with high HAND values, i.e.
well-drained areas with deep water tables, such as the pla-
teaus and hilltops (Fig. 3d, e, blue). However, in climatically
drier forests (MCWD between —429.6 and —138.0 mm, > 2
dry months, 221 plots), there was a subtle tendency towards
greater diversity in sites with low HAND values, i.e. the
zones with higher water availability and water table close to
the surface, corresponding to bottomlands and riparian for-
ests (Fig. 3d, ¢, red). Family alpha diversity increased towards
forests with higher SCC (Fig. 3f). There was a marginally
significant interaction between MCWD and HAND at the
family level (Table 1), with a similar trend to that observed at
species and genus levels (Supporting information).
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Table 1. Standardized coefficients and their respective probabilities, resulting from the generalized least square (GLS) models for tree alpha
diversity (i.e. Fisher’s alpha (FA) for species: FA-species, FA-genus and FA-family) and the community weighted mean of wood density
(CWM-wd) for 443 1-ha plots across the Amazon basin. MCWD — maximum cumulative water deficit, HAND — height above nearest drain-

age, SCC - soil cation concentration and soil texture (% Clay). -’ =interaction. *, ** and *** indicate significant coefficients with p < 0.05,
p < 0.01 and p < 0.00T, respectively.

MCWD HAND SCC %Clay HAND:MCWD Region HAND:Region R?
FA-Species 0.495%** 0.035 0.097 0.012 0.086* - - 0.64
FA-Genus 0.507%*** 0.06 0.133 0.078 0.107** - - 0.63
FA-Family 0.457%** —0.006 0.247%* 0.037 0.063 - - 0.57
CWM-wd —0.055 0.06 —0.4%** 0.034 0.14 -0.369** 4.58* 0.76

Wood density

The CWM-wd differed among the Amazonian regions, and
was affected by SCC and the interaction between HAND
and the regions (Table 1, Fig. 2d). CWM-wd strongly
decreased with SCC (Fig. 3g). CWM-wd was higher in
Central, Eastern Amazonia and Guiana Shield forests, and
lower in Southern and Western Amazonian forests (Fig. 3h).
The effect of HAND can be seen in Southern and Western
Amazonian forests, where the CWM-wd increased with
HAND, i.e. towards uplands and well-drained areas (Fig. 31).
Furthermore, there was a tendency (marginally significant,

(a) FA - Species
MCWD - —
Soil Fertility- ———
HAND:MCWD - ---
HAND- -
% Clay- —#—

-0.250.00 0.25 0.50 0.75
Standardized effect size

(c) FA - Family
MCWD - —
Soil Fertility - —_—
HAND:MCWD- Te—

% Clay+ —@—

HAND - —e—

000 025 0.50
Standardized effect size

Table 1) for an average increase in the CWM-wd towards for-
ests with higher HAND values all over the basin (Supporting

information).
Species composition

The two-dimensional NMDS solution produced high con-
gruence between species composition distances observed in
the original space and those obtained in the reduced space,
low stress and > 50% of the variation of the original com-
position was captured in all the regions (Supporting infor-
mation). The results of the GLS models (Table 2) showed

(b) FA - Genus

MCWD - —

Soil Fertility- —@—
HAND:MCWD - —-—
% Clay- —ee—

HAND- to—

000 025 0.50
Standardized effect size

(d) Wood Density

HAND:Region - ——
HAND - -
% Clay - ——

HAND:MCWD - -
MCWD - ——
Region7 —&—

Soil Fertility- —&—

06 -0.4 02 00 02
Standardized effect size

Figure 2. Standardized effect of the variables used in the generalized least square (GLS) models for alpha diversity and community weighted
mean of wood density (CWM-wd) in the Amazon basin. Species (a), genus (b) and family (c) alpha diversity were mainly influenced by the
maximum cumulative water deficit (MCWD). CWM-wd was mainly influenced by SCC (soil fertility) and the Amazonian regions (d). For
each term in the model, the points represent the standardized effect and the lines represent standard deviation 1. “:” =interaction.
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Figure 3. Partial effect of maximum cumulative water deficit (MCWD) on species (a), genus (b) and family (c). Partial effect of the interac-
tion between height above nearest drainage (HAND) and maximum cumulative water deficit (MCWD) on the species (d) and genus (e)
Fisher alpha diversity. Panels (d) and (e) show the HAND effect in wetter (blue) and drier (red) forests. In order to visualize the interaction
between MCWD and HAND, the number of plots was divided into two groups based on the median. Red is used for plots with MCWD
values with higher water deficit (between —429.6 and —138.0, 221 plots); and blue is for plots with MCWD values with less water deficit
(between —136.7 and —1.60, 222 plots). Partial effect of soil cation concentration (SCC), a proxy of soil fertility, on family Fisher alpha
diversity (f). Partial effect of SCC (g) and Amazon regions (h) on the community weighted mean of wood density (CWM-wd). Partial effect
of the interaction between HAND and Amazon regions on CWM-wd (i). Different colours represent the four Amazon regions: Central and
Eastern Amazonia (blue, CA-EA =122 plots), Guiana Shield (green, GS=52 plots), Southern Amazonia (red, AS=102 plots) and West
Amazonia (yellow, WA =167 plots). *, ** and *** indicate significant effects with p < 0.01 and p < 0.001, respectively.
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Table 2. Standardized coefficients and their respective significance probabilities, resulting from the generalized least square (GLS) models
for tree species composition (i.e. coordinates of non-metric multidimensional scaling (NMDS) axes 1 and 2; NMDS 1 and NMDS 2) within
Amazon regions (CA-EA=Central and Eastern Amazonia, 122 plots; GS=Guiana Shield, 52 plots; SA=South Amazonia, 102 plots;
WA =Western Amazonia, 167 plots). “’=interaction. *, ** and *** indicate significant coefficients with p < 0.05, p < 0.01 and p < 0.001,
respectively. MCWD, maximum cumulative water deficit; SCC, soil cation concentration; HAND, height above nearest drainage.

Region Axes MCWD HAND SCC %Sand HAND:MCWD R?
Species composition
CA-EA NMDS-1 0.21 -0.06 —0.55%** -0.11 0.16** 0.78
NMDS-2 -0,29 -0.14 -0.08 0.05 0.06 -0.12
GS NMDS-1 -0.02 -0.02 0.42 -0.06 -0.02 0.70
NMDS-2 -0.01 0.09 -0.08 0.13 0.01 0.37
SA NMDS-1 0.62%** 0.05 -0.30* 0.07 0.02 0.78
NMDS-2 -0.10 -0.01 —0.39%** 0.44%** 0.13 0.66
WA NMDS-1 -0.11 —0.05 0.50%** -0.10* 0.02 0.70
NMDS-2 —0.75%** 0.14%* —0.65%** 0.00 -0.02 0.78

that the first NMDS axis of all regions but Guiana, and
the second axis of Southern and Western Amazonia regions,
were significantly associated with SCC. In Central-Eastern
Amazonia there was a significant interaction between
MCWD and HAND affecting the first ordination axis
(Table 2); in Southern Amazonia, MCWD significantly
affected the first ordination axis, and soil texture (%
Sand) affected the second axis; and, in Western Amazonia,
MCWD and HAND affected the second ordination axis
(Table 2, Fig. 4). The patterns detected within regions
were congruent with those from an analysis of the whole
basin, with species composition changing along HAND in
Central-Eastern and Western Amazon regions (Supporting
information).

The NMDS axes (CA-EA NMDS-1, SA NMDS-2 and
WA NMDS-2) significantly associated with the variables rep-
resenting the local hydrological conditions — HAND or soil
texture — were correlated with the CWM-wd (Supporting
information), indicating that wood density increases towards
positive values of those ordination axes.

Discussion

In this study, we investigated whether local hydrological
conditions influence tree alpha diversity, species composi-
tion and wood density across the Amazonian basin. Our
results indicated that: 1) tree alpha diversity varies along
the gradient of local hydrological conditions as a function
of the climatic context, increasing towards well-drained
topographic conditions in humid forests, 2) wood density
increases towards well-drained topographic conditions in
two of the four Amazonian regions, and 3) species com-
position changes along gradients of local hydrological con-
ditions within three of the four Amazonian regions. We
conclude, therefore, that local hydrological conditions are
important determinants of the diversity and composition of
Amazonian forests.

Tree alpha diversity

Our results show an interaction between HAND and climatic
water deficit (as measured by MCWD) on species and genus

diversity, expanding the understanding of the Amazonian
tree diversity patterns previously described based on climate
only (Clinebell et al. 1995, ter Steege et al. 2003, Stropp et al.
2009, Esquivel-Muelbert et al. 2017). We show that within
wetter climatic conditions, tree diversity can be either high or
low depending on the local hydrological conditions, and thus
that fine-scale diversity patterns are also determined by soil
water availability, which has important implications to biodi-
versity conservation under climate change. In forests develop-
ing under humid climates, the excess water generated by high
precipitation and water convergence to the bottomlands,
which have lower drainage capacity due to the shallow water
table, generates poorly structured and water-saturated soils
(Ferry et al. 2010, Fan et al. 2017, Roebroek et al. 2020). Soil
water saturation leads to a reduction in oxygen (Araya et al.
2013, Silvertown et al. 2015, Roebroek et al. 2020) and
nitrogen levels (Ferry et al. 2010, Araya et al. 2013) that can
decrease survival, and inhibit growth and development, espe-
cially of species without adaptations such as adventitious root
structure or aerenchyma (Parolin 2001, Parolin et al. 2004).
Saturated soils also limit root depth (Fan et al. 2017) and can
limit the establishment and survival of trees without efficient
attachment structures such as buttress or tabular roots that
compensate for the absence of deep roots. Species that attain
larger sizes can be especially unstable under these conditions
(Wittmann and Parolin 2005). Thus, the physical and physi-
ological limitations for the establishment and performance of
many species in waterlogged sites may filter out a small subset
of species, reducing tree diversity.

The effects of local hydrological conditions on tree diver-
sity agree with the earlier study of Féret and Asner (2014)
in Southwestern Amazonia, although these were much less
pronounced than detected here. Lower tree diversity in for-
ests with sandy soils has been found in Central Amazonia
(Laurance et al. 2010), where these environments are associ-
ated with a shallow water table (Chauvel et al. 1987). Flooded
forests also have alpha diversity increasing towards lower
levels of flooding (Wittmann et al. 2006, 2010, Assis et al.
2015). Our results indicate that the lower tree diversity asso-
ciated with water excess, cither due to flooding or shallow
water table under wet climates, is a pattern that can be gener-
alized to other parts of the Amazonian basin.
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Figure 4. Standardized effect of the variables used in the GLS models for species composition, represented by the first and second NMDS
ordination axes (NMDS-1 and NMDS-2, respectively) within each region. Central and Eastern Amazonia (CA-EA; a and b), Guiana Shield
(GS; c and d), South Amazonia (SA; e and f) and Western Amazonia (WA; g and h). For each term in the model, the points represent the
standardized effect and the lines represent standard deviation 1. “:” =interaction. NDMS, non-metric multidimensional scaling.

In forests with higher climatic water deficit, areas in lower
topographic positions harboured a more equal complement
of tree diversity to those in higher topographic positions than
they do in forests with low climatic water deficit. Under cli-
matic water deficit (i.e. more seasonal climates), the higher
soil water availability in low topographic positions (Oliveira-
Filho et al. 1998, Segura et al. 2003, Balvanera et al. 2011,
Fan et al. 2017) may allow better establishment and an
increase in plant diversity compared to hilltops with deep
water tables (Segura et al. 2003). However, the faster dynam-
ics (i.e. higher mortality and recruitment rates) in the well-
drained upper topographic positions under drier climates
(Segura et al. 2003, Brando et al. 2014, Marimon et al.
2014) may also favour an increase in diversity (Connell
1978, Bongers et al. 2009). Although our data do not allow
determination of whether these are in fact the mechanisms
in action, the hypothesis that disturbances could be regulat-
ing the effect of local hydrological conditions on diversity in
Amazonian forests with greater climatic water deficit could
be tested in future studies.

Earlier studies in the Amazon indicate that soil fer-
tility may have positive (Tuomisto et al. 2002, 2014,
Laurance et al. 2010) or negative effects on plant species
diversity (Clinebell et al. 1995). In our study, soil fertility
(SCC) had a positive influence on tree diversity, but it was
only significant at the family level. This result is in agree-
ment with previous large-scale assessments of tropical forests
(Phillips et al. 1994) and the Amazon (Baker et al. 2016),
where faster dynamics were associated with higher tree
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diversity. This might be because greater soil fertility leads
to the selection of plants with short life cycles, generating
higher mortality and recruitment rates, i.e. faster dynamics
(Quesada et al. 2012). However, how soil fertility modulates
forest disturbances and, consequently, plant diversity is still
subject to debate, as other studies have reported that distur-
bances negatively affect tree diversity (Marra et al. 2014), or
simply have no measurable effect (Carreno-Rocabado et al.
2012).

Wood density and species composition

We detected strong effects of soil fertility (here represented by
SCC) on tree species composition and community weighted
wood density across the Amazon, which are consistent with
previous studies (Muller-Landau 2004, ter Steege et al. 20006,
Quesada et al. 2012). Wood density decreases with soil fertil-
ity, and this was the most important determinant of wood
density in the Amazon. However, apart from this regional
effect, we detected variation in wood density linked to varia-
tion in the local hydrological conditions. Our results show
that wood density tends to increase towards higher topo-
graphic positions, with better drained soils and deep water
table, indicating that the effect of local hydrological condi-
tions is widespread over large extents of the Amazonian for-
ests, mostly on the Southern and Western regions. The effect
of local hydrological conditions on wood density is sup-
ported by earlier local studies in Amazonia (Kraft et al. 2008,
Ferry et al. 2010, Araujo-Murakami et al. 2014, Cosme et al.
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2017) and in other biomes (Cornwell and Ackerly 2009,
Liu et al. 2014, Jucker et al. 2018, Blanchard et al. 2019). At
the same time, we found that climate did not have a signifi-
cant effect on wood density when other environmental fac-
tors are taken into account, in agreement with ter Steege and
Hammond (2001), Muller-Landau (2004) and Umanfa et al.
(2021). This contrasts with the results of Chave et al.
(2006), Ibanez et al. (2017) and Blanchard et al. (2019),
which reported a higher wood density in drier climates.
In the Amazon, forests in drier climates experience greater
dynamism, favouring the development of fast-growing spe-
cies with low wood density (Johnson et al. 2016, Esquivel-
Muelbert et al. 2020). We expected to find a climatic context
dependence on the effects of local hydrological conditions
on wood density such as in Blanchard et al. (2019), but in
the present study this pattern was not observed. This suggests
that trait selection to respond to local hydrological conditions
may involve other traits than wood density in the variety of
climatic contexts across the Amazon.

Higher wood density in well-drained soils with a deep
water table, and the opposite in wet conditions, is part of a
broader selection of functional strategies along hydro-topo-
graphic gradients (review in Costa et al. 2022). Several local-
scale studies indicate the selection of functional characteristics
by local hydrological conditions (Kraft et al. 2008, Ferry et al.
2010, Cosme et al. 2017, Oliveira et al. 2019, Fontes et al.
2020, Schmitt et al. 2020, Garcia et al. 2022). In well-drained
areas, with lower water availability and deep water table,
species converge towards more conservative traits related
to resource use and conservation, with reduced SLA and
higher dry matter content (Kraft et al. 2008, Liu et al. 2014,
Cosme et al. 2017, Schmitt et al. 2020) and higher seed mass
(Kraft et al. 2008, Liu et al. 2014), as well as higher wood den-
sity. Furthermore, trees associated with topographically higher
and well-drained areas have more drought-resistant hydraulic
systems (Oliveira et al. 2019, Fontes et al. 2020, Garcia et al.
2022) and greater root depth (Fan et al. 2017).

Given the selection of functional traits along the gradi-
ents of local hydrological conditions, we expected to see a
concomitant shift in species composition, as trait selection
can be associated with environmental filtering (Keddy 1992,
Kraft and Ackerly 2010). We detected changes in species
composition along local hydrological gradients in three of
the Amazonian regions (HAND in CA-EA and WA, and
soil texture in SA) that agree with this expectation. The spe-
cies composition changes in those regions are correlated with
changes in the mean wood density of plots, suggesting that
filtering of species traits such as wood density could under-
lie the species sorting across hydrological environments. In
the Central-Eastern region the species composition changes
along the hydrological gradient were modulated by the cli-
matic water deficit, suggesting that the trait selection to
adjust to the local hydrological conditions may not be uni-
form across climates and geomorphological regions. This is
consistent with patterns observed in other tropical forests
(Blanchard et al. 2019, Muscarella et al. 2019), although we
did not observe this effect directly on wood density. However,

other traits or trait combinations could be responsible for the
species sorting along hydrological conditions.

We conclude that the influence of local hydrological con-
ditions on species composition varies among Amazonian
regions, in terms of the environmental property affecting
soil hydrology that is more relevant for species distribution —
either hydro-topography or soil texture — and in terms of the
modulation of local hydrology by climate. We acknowledge
that the link between changes in species composition and the
filtering of traits needs to be better established, by examining
other traits and applying formal tests to detect if filtering is
stronger than expected by chance.

Limitations of this study

Given the varied nature of the plots included in the ATDN,
some issues regarding plot design and geographic coordinates
may have affected the results presented here. Although all the
plots used in this study were 1-ha, the plot design was not
standardized. Some plots were installed following an eleva-
tion isoline, which reduces the topographic variation within
the plot (Magnusson et al. 2005) and thus improves the rep-
resentation of the local hydrological conditions. However,
most plots were quadrangular or rectangular, and may have
incorporated some within-plot hydrological variation, which
could make it difficult to adequately represent their hydro-
topographic condition. Furthermore, only one geographic
coordinate per plot was available, without additional infor-
mation about the exact place where the coordinates were
taken. Our hydrological variable (HAND) was obtained
from a 30 m? resolution layer but, given the described issues,
we had to reproject the HAND layer to a resolution of 100
m? to account for the variety of plot designs and possible
inaccuracies in geographic location. Thus, the explanatory
power of HAND may have been reduced.

Conclusions

At the Amazon basin scale, we have shown that the effect of
local hydrological conditions on tree diversity depends on the
climatic context: the effect on wood density is general over the
basin and the effects on species composition vary among the
Amazonian regions. These findings reinforce the importance
of local hydrological conditions as determinants of plant com-
munities at large scales. Moreover, our findings highlight the
importance of conserving topographically heterogeneous areas
for optimum preservation of biodiversity and the functionality
of forests. Considering that most Neotropical forests species
are restricted to wetter conditions (Esquivel-Muelbert et al.
2017), climatic events such as extreme droughts that have been
more frequent in recent decades (Marengo et al. 2018) can be
a serious threat to the diversity and functioning of the most
diverse forests on the planet. In future scenarios of increases in
global temperature and reduction in water availabilicy IPCC
2021), topographic and hydrological conditions can play
an important role in the ecology and distribution of plants.
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Low topographic environments with a shallow water table
can reduce the impact of extreme heat and drought events
(Sousa et al. 2020, Esteban et al. 2021, Costa et al. 2022),
being potential refuges for diversity (McLaughlin et al. 2017).
Therefore, it is important to consider the local hydrological
conditions in modelling studies of species distribution and
forecasting the fate of forests under climate change, to allow
the promotion of socio-political strategies of conservation and
sustainable use of forests.
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