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Elucidating how environmental factors drive plant species distributions and
how they affect latitudinal diversity gradients, remain essential questions in
ecology and biogeography. In this study we aimed: 1) to investigate the
relationships between all three diversity attributes, i.e., taxonomic diversity
(TD), functional diversity (FD), and phylogenetic diversity (PD); 2) to quantify the
latitudinal variation in these diversity attributes in western Amazonian terra
ﬁrme forests; and 3) to understand how climatic and edaphic drivers contribute
to explaining diversity patterns. We inventoried ca. 15,000 individuals from ca.
1,250 species, and obtained functional trait records for ca. 5,000 woody plant
individuals in 50 plots of 0.1 ha located in ﬁve terra ﬁrme forest sites spread over
a latitudinal gradient of 1200 km covering ca. 10°C in latitude in western
Amazonia. We calculated all three diversity attributes using Hill numbers: q = 0
(richness), q = 1 (richness weighted by relative abundance), and q = 2 (richness
weighted by dominance). Generalized linear mixed models were constructed
for each diversity attribute to test the effects of different uncorrelated
environmental predictors comprising the temperature seasonality, annual
precipitation, soil pH and soil bulk density, as well as accounting for the
effect of spatial autocorrelation, i.e., plots aggregated within sites. We
conﬁrmed that TD (q = 0, q = 1, and q = 2), FD (q = 0, q = 1, and q = 2), and
PD (q = 0) increased monotonically towards the Equator following the
latitudinal diversity gradient. The importance of rare species could explain
the lack of a pattern for PD (q = 1 and q = 2). Temperature seasonality, which
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was highly correlated with latitude, and annual precipitation were the main
environmental drivers of variations in TD, FD, and PD. All three diversity
attributes increased with lower temperature seasonality, higher annual
precipitation, and lower soil pH. We conﬁrmed the existence of latitudinal
diversity gradients for TD, FD, and PD in hyperdiverse Amazonian terra ﬁrme
forests. Our results agree well with the predictions of the environmental
ﬁltering principle and the favourability hypothesis, even acting in a 10°C
latitudinal range within tropical climates.
KEYWORDS

latitudinal diversity gradient, taxonomic diversity (TD), functional diversity (FD),
phylogenetic diversity (PD), environmental ﬁltering, favourability hypothesis,
tropical terra ﬁrme forest, woody plant

Introduction

forests, i.e., non-ﬂooding. Water availability and soil fertility are
abiotic factors with key effects on favouring plant growth, and thus
are the main drivers of variations in spatial diversity in lowland
tropical forests (Gentry, 1988; Fortunel et al., 2014; Honorio
Coronado et al., 2015; Poorter et al., 2017). The available water
depends mainly on temperature, precipitation, and soil texture
(Sollins, 1998; Clarholm & Skyllberg, 2013; Moles et al., 2014).
Crucially, tropical rainforests experience important changes in
water availability throughout the year due to precipitation and
temperature seasonality (Malhi & Wright, 2004; Moles et al., 2014;
Malizia et al., 2020). Therefore, the main climatic constraint on
plant growth and survival is usually the severity and duration of the
dry season (Malhi & Wright, 2004; Aubry-Kientz et al., 2015;
Honorio Coronado et al., 2015), even under tropical climates.
This seasonality follows a latitudinal pattern where it intensiﬁes
towards higher latitudes. Accordingly, climatic seasonality is the
main driver of the global latitudinal diversity gradient, which is one
of the most widely accepted diversity patterns on Earth, where TD
increases from the poles towards the Equator as a result of climatic
favourability (Fischer, 1960; Gentry, 1982; Willig et al., 2003; Weiser
et al., 2007; Swenson et al., 2012c; Malizia et al., 2020). FD has also
been shown to increase with decreasing latitude (Swenson et al.,
2012b; Wieczynski et al., 2019), where the number of functional
strategies increases as the climatic conditions become more benign
(Fischer, 1960; Swenson et al., 2012b; Moles et al., 2014; Wieczynski
et al., 2019). In woody angiosperms, PD also increases towards the
Equator (Qian et al., 2013; Kerkhoff et al., 2014; Qian et al., 2017;
Massante et al., 2019), partly due to the favourable climatic
conditions found at lower latitudes.
Another important aspect of water availability is the soil
water content, which depends greatly on the soil texture because
it controls aeration, drainage and humidity retention capacity
(Sollins, 1998; Rodrigues et al., 2019; Hofhansl et al., 2020). In
addition, variability in soil fertility directly affects plant diversity

Environmental drivers are key factors that determine plant
diversity patterns at different spatial scales (McGill et al., 2006;
HilleRisLambers et al., 2012; Arellano et al., 2016), but we still
lack a comprehensive understanding of how environmental
drivers act in hyperdiverse tropical forests (Wieczynski et al.,
2019; Mori et al., 2021; Bañares de Dios et al., 2022). Diversity
patterns have been traditionally explored in terms of taxonomic
diversity (TD), i.e., species identity (Swenson, 2011; Swenson
et al., 2012c). TD provides insights into the distribution of
diversity and its underlying mechanisms (Gentry, 1982) but it
does not consider two important diversity attributes: functional
adaptations and evolutionary history (Swenson, 2011; Dawson
et al., 2013; Chao et al., 2014; Ló pez et al., 2016). Functional
diversity (FD) provides information about phenotypic
adaptation to the environment and it is measured through
functional traits (Cornelissen et al., 2003; Pé rez-Harguindeguy
et al., 2013; Có rdova-Tapia & Zambrano, 2015). Due to the
adaptive information provided, the functional perspective has
increased in importance compared with the classic taxonomic
approach for answering questions about the interactions
between communities and their surrounding environment
(Cornelissen et al., 2003; Violle et al., 2007; Swenson, 2012a;
Poorter et al., 2017; Poorter et al., 2018). In addition,
phylogenetic diversity (PD) is deﬁned as the degree of
phylogenetic relatedness among co-occurring species (Ló pez
et al., 2016; Pellens & Grandcolas, 2016; Massante et al., 2019).
The use of PD has grown in popularity in recent decades because
the evolutionary history of communities provide insights into
species relationships and functional trait evolution (Lean &
Maclaurin, 2016; Pellens & Grandcolas, 2016).
Environmental drivers such as climate and edaphic properties
contribute to explaining diversity patterns in tropical terra ﬁrme
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Materials and methods

(Sanford & Cuevas, 1996; Garibaldi et al., 2014; Bañares de Dios
et al., 2022). Most terra ﬁrme tropical soils are oligotrophic but
they are rich in nitrogen (Sollins, 1998) with quite acidic pH
values (Herrera et al., 1978; Medina & Cuevas, 1989; Sollins,
1998). The fertility of tropical soils depends on pH because it
determines the availability of base-metal cations and toxicity of
aluminum (Herrera et al., 1978; Sollins, 1998; Nelson & Su, 2010;
Bañares de Dios et al., 2022). Nevertheless, species seem to
tolerate these low nutrient, acidic, and high aluminum
conditions (Herrera et al., 1978; Medina & Cuevas, 1989; Mori
et al., 2021). Hence, both the soil nutrient availability and water
content play critical roles in environmental ﬁltering (Katabuchi
et al., 2012; Rodrigues et al., 2019; Hofhansl et al., 2020), which is
mainly dependent on the soil pH and texture (Sollins, 1998;
Nelson & Su, 2010). In addition, the soil organic matter content
favours moisture retention, cation exchange and nutrient
turnover, thereby affecting the soil texture and fertility and
thus improving soil quality (Craswell & Lefroy, 2001; Athira
et al., 2019; Bañares de Dios et al., 2022). The bulk density is
determined by the soil texture and it has an inverse relationship
with the soil organic matter content, so it can be used as a proxy
for the soil quality (Bauer, 1974; Athira et al., 2019; de la CruzAmo et al., 2020).
The main goal of the present study was to investigate the
patterns of woody plant diversity in western Amazonian terra
ﬁrme forests along a 1,200 km latitudinal gradient. Amazonian
rainforests, speciﬁcally western Amazonian forests, harbour
among the most hyperdiverse ﬂoras worldwide (Gentry, 1988;
Wright, 2002; Honorio Coronado et al., 2015; Brooks, 2018).
Amazonian rainforests are characterized by high abundance and
diversity of woody angiosperms, where a limited number of
species dominate the community (Pitman et al., 2013; Draper
et al., 2021). The relatively low number of dominant taxa means
that tropical communities usually harbour extremely large
numbers of rare species (Ter Steege et al., 2013; Leitão et al.,
2016; Draper et al., 2021; Cazzolla Gatti et al., 2022). Many
studies have been conducted in Amazonian rainforests over the
last century, but none analysed the latitudinal gradients of
woody plants within tropical regions by considering all three
diversity attributes comprising TD, FD, and PD. In this study we
speciﬁcally aimed: 1) to investigate the relationship between all
three diversity attributes; 2) to quantify the latitudinal variations
in TD, FD and PD; and 3) to understand how climatic and
edaphic drivers contribute to explaining diversity patterns. We
hypothesized that all three diversity attributes would increase
towards equatorial latitudes, mainly due to a reduction in
seasonality harshness, with differential contributions of
climatic drivers and soil properties, in agreement with
environmental ﬁltering.

Frontiers in Plant Science

Study area and taxonomic characterization
of plant communities
This study was conducted in western Amazonian forests
which comprise several forest types, but the most extended are
terra ﬁrme forests (Herrera et al., 1978). Terra ﬁrme forests are
highly diverse and can contain up to 300 tree species per hectare
(Gentry, 1988; Valencia et al., 1994). Western Amazonian forests
formed on Pliocene and Pleistocene sediments from the Andes,
which are fairly young and fertile soils compared with those in
central and eastern Amazonia (Pitman et al., 2001; Hoorn et al.,
2010; Lamarre et al., 2012; Honorio Coronado et al., 2015; Nobre
et al., 2019). These forests have low annual thermal variability,
high precipitation, and relatively well-drained fertile soils
(Gentry, 1988; Burnham & Johnson, 2004; Brooks, 2018).
The study area encompassed 50 plots sampled throughout
ﬁve western Amazonian regions in Peru spanning a 1,200 km
latitudinal gradient from –2.9496°C to –12.8270°C and covering
ca. 10°C in latitude (Figure 1, Table S1). The study regions
corresponded to the protected areas of Tambopata National
Reserve (Madre de Dios), Buffer Zone of Yanesha Communal
Reserve (Pasco), Buffer Zone of Cordillera Azul National Park
(Ucayali), Rı́o Abiseo National Park (San Martı́n), and MaijunaKichwa Regional Conservation Area (Loreto). In each region 10
plots of 0.1 ha (50 × 20 m) were established according to
Arellano et al. (2016). Plots were located in areas of well
conserved terra ﬁrme lowland and submontane forests
according to the biome classiﬁcation of Britto (2017), and they
were established at least 300 m apart from each other to
minimize spatial autocorrelation. All woody plant individuals,
including trees, lianas, and hemiepiphytes, rooting inside the
plot limits with a diameter at breast height (DBH) ≥ 2.5 cm were
included. Plot based studies usually apply an inclusion criterion
of DBH ≥ 10 cm, so our study included a high number of
juvenile and understory individuals that are rarely considered
(Gentry, 1982; Arellano et al., 2016; Draper et al., 2021), which
could increase the TD and PD by including typically smaller
species, as well as FD by considering more understory
individuals that grow in shadier conditions (Niinemets, 2010;
Weerasinghe et al., 2014). Up to three individuals from each
taxon were sampled in each region to obtain herbarium sheet
duplicates and replicates to measure functional traits. Collected
vouchers specimens were identiﬁed and stored primarily in the
USM herbarium, with some duplicates at MOL herbarium. The
herbarium acronyms followed Thiers (2021). Taxonomic names
were standardized using the ‘Taxostand’ package in R (Cayuela
et al., 2012).
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FIGURE 1

Map of Peru with coloured dots indicating the ﬁve regions studied in Western Amazonia. Top to bottom: Maijuna-Kichwa Regional Conservation
́ Abiseo National Park, Buffer Zone of Cordillera Azul National Park, Yanesha Comunal Reserve and Tambopata National Reserve.
Area, Rıo

To avoid collinearity, we calculated Pearson’s correlation
coefﬁcients (r) between all environmental variables (Figure S1),
i.e., climate, soil, and latitude. Most of the environmental
variables were highly correlated, so we selected two climatic
and two edaphic uncorrelated variables based on previous
studies. The selected climatic factors comprised the
temperature seasonality (°C) and annual precipitation (mm/
year) because they reﬂect climatic limitations on plant growth
(Malhi & Wright, 2004; Aubry-Kientz et al., 2015). The selected
edaphic factors comprised the pH as an approximation of soil
fertility (Sollins, 1998; Nelson & Su, 2010) and the soil bulk
density (g/cm3) to consider the soil texture and organic matter
content (Bauer, 1974; Motavalli et al., 1995; Athira et al., 2019).

Climatic and edaphic characterisation of
study sites
Climatic data for each plot were retrieved from the CHELSA
database (Karger et al., 2019). All 19 CHELSA temperature and
precipitation related bioclimatic variables were considered
(Table S2).
Five soil subsamples were collected in a zigzag pattern within
the plot limits and mixed to obtain one representative sample for
each plot. A metallic cylinder was used to extract subsamples of
the ﬁrst 15 cm of the soil layer below plant debris. After mixing
and air drying, the soil samples were sieved through a 2 mm
mesh to separate the organic fraction comprising organic matter
debris, such as leaves and roots, and the coarse fraction. The
remaining soil corresponded to the ﬁne fraction which was used
for chemical and textural analyses (Table S3). The pH was
measured in distilled water as the real acidity and in KCl as
the potential acidity. The organic carbon content and total N, S,
and C contents were measured using the LECO/Dumas direct
combustion method. The available Al contents and those of
macronutrients (P, Ca, Mg, Na, and K) and micronutrients (Fe,
Co, Cu, Mn, Ni, and Zn) were measured by extraction with the
Melich III method followed by an inductively coupled plasma
mass spectrometry. Textural analyses were performed using the
hydrometer method after adding dispersal solution. Soil
mineralogy and clay contents were measured by X-ray
diffraction. The soil sampling and characterization analyses
were based on the protocols described by Arellano et al. (2016).

Frontiers in Plant Science

Functional characterization of
plant communities
Three functional traits comprising the speciﬁc leaf area
(SLA), leaf thickness (LT) and wood density (WD) were
measured for each individual collected. These traits are used
extensively because they are robust indicators of the functional
strategies of woody plants in the leaf (Wright et al., 2004) and
wood economy spectrum (Chave et al., 2009). Five mature leaves
were used to measure the foliar traits. SLA (mm2/mg) was
calculated as the ratio between the leaf surface area measured
with a CI-202 Portable Laser Leaf Area Meter (CID Bio-Science,
WA, USA) and dry mass after drying for 48 h at 80°CC. SLA
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provided by Chiu and Chao (2014) for FD, and with the ‘ChaoPD’
function in the entropart package (Chao et al., 2010) for PD. Using
different Hill numbers to explore diversity allowed us to examine
how rare, abundant, and dominant species responded to the
environmental factors and latitude.

measurements included all of the leaf structures. LT (mm) was
measured with a digital calliper. The branch wood density was
used as an approximation for WD (Swenson & Enquist, 2008).
For each individual collected, a 10 cm branch section was peeled
to remove the bark and its dimensions were measured with a
digital calliper to calculate the fresh volume. WD (g/cm3) was
calculated as the ratio between the dry mass after drying for 48 h
at 80°CC and the fresh volume. All measurements and
calculations followed standardized protocols (Cornelissen
et al., 2003). Only individuals with records for all three
functional traits were included for functional characterization.
Mean trait values were calculated for each taxon.

Data analyses
First, we explored the relationships between different Hill
numbers as well as between Hill numbers and latitude using
negative binomial generalized linear models (GLMs). To ﬁt these
models, we used the ‘glm.nb’ function in the MASS package
(Venables & Ripley, 2002). To account for the variance explained
by the models, we calculated Cragg and Uhler’s pseudo-R-squared
(pR2) using the ‘pR2’ function in the pscl package (Jackman, 2020).
We then constructed negative binomial generalized linear mixed
models (GLMMs) to assess the effects of climatic and edaphic
variables on the Hill numbers for each diversity attribute by using
the ‘glmer.nb’ function in the lme4 package (Bates et al., 2015).
Environmental variables comprising the temperature seasonality,
annual precipitation, soil pH and soil bulk density were included as
ﬁxed effects, whereas region (n = 5) was treated as a random factor to
account for potential spatial autocorrelation among plots sampled
within the same region. The latitude was not a factor itself but
instead it was a surrogate for climatic gradients (Willig et al., 2003),
so it was not included in the models. Nevertheless, it was indirectly
considered because it was signiﬁcantly negatively correlated with
temperature seasonality. Temperature and seasonality have been
shown to reﬂect the effects of latitudinal variation (Willig et al., 2003;
Swenson et al., 2012b), thereby justifying our approach of using
temperature seasonality as an accurate proxy for latitude in the
models. Interaction terms between predictors were not included.
Model selection was conducted based on Akaike’s Information
Criterion corrected for small sample size (AICc). When models
had a difference in AICc ≥ 2, the model with the highest AICc was
considered less than optimal and rejected. When two or more
models had a difference in AICc< 2, we selected the most complex
to generate model predictions. We calculated two components of
the pseudo-R-squared for GLMMs: marginal (R2m ) and conditional
(R2c ) coefﬁcients, which represent the variance explained by ﬁxed
effects and by both random and ﬁxed effects, respectively
(Nakagawa & Schielzeth, 2013). We used the ‘r.squaredGLMM’
function in the MuMIn R package (Barton, 2013). All analyses were
conducted in R v4.2.1 (R Core Team, 2021).

Phylogenetic characterization of plant
communities
We obtained a phylogenetic tree using the V.PhyloMaker
package in R (Jin & Qian, 2019). This package allowed us to
prune a pre-existing mega-tree of vascular plants based on the
phylogenies of Smith and Brown (2018) and Zanne et al. (2014)
for seed plants and pteridophytes, respectively, with a given list
of species. The ‘phylo.maker’ function was used with the
arguments nodes=nodes.info.1 and scenarios=S3.

Diversity measurements
We calculated Hill numbers for TD, FD and PD. Hill numbers
only differ in terms of the parameter q, which determines the
sensitivity to relative abundances (Hill, 1973). For TD (Chao et al.,
2014): q = 0 denotes the species richness (i.e., number of species), q = 1
represents the richness considering relative abundance (i.e.,
Shannon’s diversity), and q = 2 is the richness considering
dominance (i.e., inverse of Simpson’s index). Hence, the
contribution of rare species to diversity decreases as the value of the
parameter q increases. Hill numbers were typically only used for TD
but Chao et al. (2010) extended them to PD based on the phylogenetic
distances between species, and Chiu and Chao (2014) extended them
to FD based on the functional distances between species traits.
By considering the Hill numbers for all three diversity attributes
we can obtain a uniﬁed framework of attribute diversity, where each
component is measured in different units or entities (Chao et al.,
2014). TD is measured as the effective number of taxonomic entities,
so the attribute value is unity for each taxon. For FD, the attribute
value is the functional distance between each pair of taxa based on
functional traits, and thus it is measured as the effective number of
functional entities. PD is measured as the effective number of
phylogenetic entities, where the attribute value is the length of
each branch segment. All entities are treated as taxonomically,
functionally and phylogenetically equally distinct. Hill numbers for
q = 0, q = 1, and q = 2 were obtained for the three diversity attributes
using the ‘renyi’ function in the vegan package for TD, with the code
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Results
Environmental and taxonomic overview
The temperature seasonality ranged from 4.16°C in Maijuna to
9.30°C in Tambopata (Table S1) and it had a strong signiﬁcant
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correlation with latitude (r = –0.97; Table S4). The maximum
annual precipitation was recorded at Cordillera Azul with 3948 mm
and the minimum at Rı́o Abiseo with 1756 mm (Table S1), and it
had no signiﬁcant correlation with latitude (r = –0.09; Table S4).
Among the edaphic properties, the soil bulk density and pH were
not correlated with each other (r = –0.26; Table S4). Both variables
were weakly correlated with the annual precipitation (bulk density:
r = 0.40; pH: r = –0.29; Table S4), but not with the temperature
seasonality (bulk density: r = 0.25; pH: r = –0.18; Table S4) or
latitude (bulk density: r = –0.20; pH: r = 0.11; Table S4). The bulk
density ranged from 0.61 to 1.00 g/cm3 and it varied fairly
heterogeneously among the sites. The pH ranged from 3.78 to
5.46 (Table S1), although all of the pH values above 5.0 were
determined in white sand soils in seven plots in Rı́o Abiseo.
Overall, 14,681 individuals were inventoried in ﬁve regions
belonging to 2,211 species (See Table S5 for the list of species). A
total of 302 taxa were identiﬁed in Tambopata, 467 taxa in
Yanesha, 511 taxa in Cordillera Azul, 154 taxa in Rı́o Abiseo and
542 taxa in Maijuna (Table S6). Among the functional data, 274
taxa had records for all functional traits in Tambopata, 442 taxa
in Yanesha, 466 taxa in Cordillera Azul, 269 taxa in Rı́o Abiseo
and 450 taxa in Maijuna (Table S6). The generated phylogenetic
tree included 302 taxa present in Tambopata, 467 taxa in
Yanesha, 511 taxa in Cordillera Azul, 292 taxa in Rı́o Abiseo
and 542 taxa in Maijuna (Table S6).

Effects of environmental variables on TD,
FD and PD
Our results indicated monotonic increases in all diversity
attributes towards lower latitudes, except when we considered
relative abundances (q = 1) and dominance (q = 2) for PD
(Figure 3B). Analysis of the contributions of environmental
variables to diversity indicated that climatic factors seemed to
be responsible for the latitudinal diversity pattern, whereas the
edaphic properties appeared to have different effects on common
and rare species (Figure 4). The effect of temperature seasonality
was signiﬁcant for all diversity attributes irrespective of whether
relative abundances and dominance were considered (Figure 4).
The best-ﬁt model was selected for each diversity attribute
and each Hill number based on the AICc values. All of the bestﬁt models for TD, FD, and PD included temperature seasonality,
which was highly correlated with latitude (r = –0.97; Table S4),
and annual precipitation as ﬁxed terms (Figure 4; Table 3). Both
the soil pH and density appeared in the best-ﬁt models for TD
with q = 0, and PD with q = 0 and q = 1 (Figure 4; Table 3). In
addition, pH was also present in TD with q = 1 and all three bestﬁt models for FD (Figure 4; Table 3). The best-ﬁt model for PD
with q = 2 (Table 3) had no explanatory variables except for the
random factor, i.e., null model.

Discussion
Correlation between diversity attributes

Correlations between diversity attributes

When all sites were considered together in the analysis, TD
and FD were positively and signiﬁcantly correlated with each
other for all three Hill numbers q = 0 (pR2 = 0.71), q = 1 (pR2 =
0.66), and q = 2 (pR2 = 0.50) (Figure 2A; Table 1). However,
when PD was considered with either TD or FD, the only Hill
numbers with positive and signiﬁcant correlations were q = 0
(with TD: pR2 = 0.90; with FD: pR2 = 0.81) and q = 1 (with TD:
pR2 = 0.51; with FD: pR2 = 0.53) (Figures 2B, C; Table 1).

The relationship between TD and FD is clear because, a
larger potential range of functional strategies can be found when
more species are present (Kooyman et al., 2012). We found that
TD and FD were positively and signiﬁcantly correlated
(Figure 2A) even when more weight was given to abundant
and dominant taxa (q = 1 and especially q = 2), thereby
suggesting that although dominant species exhibited a
narrower spectrum of functional strategies compared with rare
species, they were not limited to the same suite of functional
strategies, and thus FD increased as the number of dominant
species increased (Figure 2A, q = 2). The relationship between
TD and FD was in agreement with previous studies conducted at
a global scale (Li et al., 2018), in the New World (Swenson et al.,
2012b; Lamanna et al., 2014), and North America (Swenson &
Weiser, 2014).
In addition, TD is closely related to PD, and thus they should
be strongly positively correlated (Honorio Coronado et al.,
2015). However, local speciation or extinction events could
lead to the adaptive radiation of a few lineages and the
opposite trend, i.e., high TD and low PD (Losos, 2008;
Massante et al., 2019). Our results showed that TD and PD
increased together (Figure 2B, q = 0 and q = 1), so there seemed

Latitudinal patterns
When the TD patterns were explored across latitude,
signiﬁcant positive relationships were found for all three Hill
numbers: q = 0 (pR2 = 0.27), q = 1 (pR2 = 0.34), and q = 2 (pR2 =
0.28) (Figure 3A; Table 2), thereby indicating that diversity
increases towards the Equator. For FD, all of the Hill numbers
exhibited signiﬁcant positive trends, but latitude explained a
lower proportion of the variability in FD: q = 0 (pR2 = 0.10), q = 1
(pR2 = 0.12), and q = 2 (pR2 = 0.10) (Figure 3B; Table 2). The
only Hill number for PD that had a signiﬁcant positive
latitudinal trend was q = 0 (pR2 = 0.27) (Figure 3C; Table 2).
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FIGURE 2

Relationship between diversity attributes in all ﬁve regions studied in Western Amazonia represented by negative binomial generalized linear
models (GLMs) with 95% conﬁdence intervals. (A) Taxonomic vs. functional entities, (B) taxonomic vs. phylogenetic entities, and (C) functional
vs. phylogenetic entities. Hill numbers were considered as diversity indexes: q = 0 (left column), q = 1 (central column), and q = 2 (right
column). Regions are represented by different colours (see the legend). Signiﬁcant pseudo R-squared (pR2) values are marked with asterisks.

evolutionary history, there should be a positive correlation between
phylogenetic proximity and ecological similarity (Webb, 2000;
Webb et al., 2008; Kooyman et al., 2012). However, not all
functional traits are necessarily phylogenetically conserved
(Cavender-Bares et al., 2004; Swenson & Enquist, 2009; Ló pez
et al., 2016), and strong adaptation of related lineages to a
heterogeneous environment leads to high FD and low PD,
thereby inverting the trend (Losos, 2008; Ló pez et al., 2016). The
positive relationship between FD and PD (Figure 2C, q = 0 and q =

to be no indication of high diversiﬁcation by a few lineages as
shown in a previous study (Giehl & Jarenkow, 2012). However,
this was not the case when we considered dominance (Figure 2B,
q = 2) because a few clades appeared to account for many of the
dominant species (Draper et al., 2021).
Finally, phylogenetic relatedness involves some degree of
evolutionary preservation of the adaptive strategies reﬂected in
functional traits (Swenson et al., 2012c; Ló pez et al., 2016; Coelho
de Souza et al., 2019). Thus, if FD is strongly inﬂuenced by a shared
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TABLE 1 Pseudo R-squared (pR2) values for negative binomial generalized linear models (GLMs) between diversity attributes for different Hill
numbers: taxonomic diversity (TD), functional diversity (FD), and phylogenetic diversity (PD).

Study areas
All sites

Tambopata

Cordillera Azul

Yanesha

Maijuna

Rı́o Abiseo

Hill numbers

TD vs. FD

TD vs. PD

FD vs. PD

q=0

0.71***

0.90***

0.81***

q=1

0.66***

0.51***

0.53***

q=2

0.50***

0.02

0.00

q=0

0.81***

0.80***

0.78***

q=1

0.75***

0.70***

0.85***

q=2

0.76***

0.47**

0.62***

q=0

0.84***

0.84***

0.93***

q=1

0.87***

0.64***

0.77***

q=2

0.78***

0.03

0.13

q=0

0.71***

0.67***

0.76***

q=1

0.21

0.26

0.07

q=2

0.01

0.00

0.07

q=0

0.79***

0.82***

0.86***

q=1

0.86***

0.76***

0.75***

q=2

0.90***

0.13

0.10

q=0

0.89***

0.83***

0.78***

q=1

0.88***

0.85***

0.88***

q=2

0.83***

0.33*

0.29*

Signiﬁcance levels represented by: (*) when p<0.05, (**) when p<0.01 and (***) when p<0.001.

et al., 2016; Poorter et al., 2017), and the favourability
hypothesis, which maintains that the effect of environmental
ﬁltering becomes more restrictive when the environmental
conditions are less favourable (Swenson et al., 2012b; Lamanna
et al., 2014; Wieczynski et al., 2019), and thus they forecast that
TD, FD, and PD will increase towards lower latitudes due to
climatic favourability (Fischer, 1960; Weiser et al., 2007;
Swenson et al., 2012c; Qian et al., 2013; Qian et al., 2017;
Kubota et al., 2018; Massante et al., 2019; Wieczynski et al.,
2019). In addition, our results showed that the latitudinal
decrease in all three diversity attributes was noticeable within
tropical areas, even in a 10°C latitudinal gradient. Thus, although
tropical environments have benign climatic conditions in global
terms, environmental ﬁltering and climatic favourability are still
important for these species-rich communities (Fortunel et al.,
2014). In fact, several studies found that environmental ﬁltering
had a stronger effect in species-rich communities, such as
tropical forests, compared with species-poor communities
(Lamanna et al., 2014; Swenson & Weiser, 2014; Li et al., 2018)
We found a monotonic increase in TD with decreasing
latitude, which was consistent for all Hill numbers
(Figure 3A), thereby indicating that this pattern remained
regardless of whether the relative abundances (q = 1) and
dominance (q = 2) of taxa were considered. Our results
showed that TD increased towards the Equator, which is a
widely accepted trend (Fischer, 1960; Gentry, 1982; Willig
et al., 2003; Weiser et al., 2007). Some recent studies of

1) suggested that the functional traits in our study were
phylogenetically conserved. However, when dominance was
considered (q = 2), the dominant clades probably had a limited
set of functional adaptations and/or these traits were not
phylogenetically conserved. The absence of signiﬁcant
relationships between TD–PD and FD–PD when considering
dominance (Figures 2B, C, q = 2) were probably due to seven
plots in Yanesha with surprisingly high PD but relatively low TD,
i.e., a few species from distant lineages dominated the community,
and FD, i.e., a few functional strategies that appeared in distant
lineages dominated the community.
Regardless of the causes, the positive relationships between
the three diversity attributes showed that if we take action to
preserve and conserve communities with high TD, we are also
indirectly preserving FD and PD, at least in western Amazonian
terra ﬁrme forests.

Latitudinal patterns
Overall, our results indicated that the three diversity
attributes increased monotonically towards the Equator in
western Amazonian terra ﬁrme forests (Figure 3), where they
consistently followed the latitudinal diversity gradient. These
ﬁndings agree well with the predictions of the environmental
ﬁltering principle, which states that communities are shaped by
abiotic deterministic factors (Götzenberger et al., 2012; Ló pez
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A

B

C

FIGURE 3

Diversity latitudinal trends for all ﬁve regions studied in Western Amazonia represented by negative binomial generalized linear models (GLMs)
with 95% conﬁdence intervals. (A) Taxonomic, (B) functional, and (C) phylogenetic entities found against latitude in decimal degrees. Hill
numbers were considered as diversity indexes: q = 0 (left column), q = 1 (central column), and q = 2 (right column). Regions are represented by
different colours (see the legend). Signiﬁcant pseudo R-squared (pR2) values are marked with asterisks.

functional entities when abundance and dominance were
considered could be explained by the absence of rare species
with rare ecological strategies, i.e., uncommon combinations of
functional traits, which were greatly responsible for the FD of the
community (Mouillot et al., 2013; Leitão et al., 2016).
Finally, we found a monotonic increase in PD of woody
plants with decreasing latitude only for the Hill number of q = 0
(Figure 3C). This pattern is consistent with recent studies of
woody angiosperms in the New World (Kerkhoff et al., 2014),
North America (Qian et al., 2013), and even at a global scale

latitudinal gradients obtained similar results in terms of the
species richness in North America (Qian et al., 2013) and South
America (Cazzolla Gatti et al., 2022).
Our results indicated a monotonic increase in FD with
decreasing latitude (Figure 3B), which is in agreement with
previous studies of woody plants in the New World (Swenson
et al., 2012b; Lamanna et al., 2014). This ﬁnding was consistent
for all Hill numbers, thereby indicating that this pattern
remained regardless of whether relative abundances (q = 1)
and dominance (q = 2) were considered. The reduction in
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TABLE 2 Pseudo R-squared (pR2) values for negative binomial
generalized linear models (GLMs) between latitude and diversity
attributes for different Hill numbers: taxonomic diversity (TD),
functional diversity (FD) and phylogenetic diversity (PD).

Diversity atributes
TD

FD

PD

Hill numbers

latitude when relative abundances and dominance were
considered (Figure 3C, q = 1 and q = 2, respectively), which
remained fairly constant along the latitudinal gradient. The
decrease in phylogenetic entities and loss of the latitudinal
pattern can be explained by the high contribution of rare
species to diversity in species-rich tropical communities
(Leitão et al., 2016; Lamanna et al., 2017; Cazzolla Gatti
et al., 2022).
The presence and persistence of rare species is inversely
correlated with latitude in tropical forests worldwide (Lamanna
et al., 2017). In addition, the diversity of all species increases
towards lower latitudes, but the diversity of rare species appears
to increase more steeply than those of common or dominant
species when approaching the Equator (Stevens & Willig, 2002;
Lamanna et al., 2017). Thus, the loss of a signiﬁcant latitudinal
pattern for PD (q = 1 and q = 2) in the present study suggests
important contributions of rare species to the maintenance of
PD in western Amazonian terra ﬁrme forests (Leitão et al., 2016).

pR2

q=0

0.27***

q=1

0.34***

q=2

0.28***

q=0

0.10*

q=1

0.12**

q=2

0.10**

q=0

0.27***

q=1

0.05

q=2

0.01

Signiﬁcance levels represented by: (*) when p<0.05, (**) when p<0.01 and (***) when
p<0.001.

(Qian et al., 2017). The results obtained by Massante et al. (2019)
appear to contradict ours because they found a worldwide
increase in PD of woody plants towards higher latitudes.
However, they also considered gymnosperms in their analyses,
which usually have greater tolerance of harsher conditions at
high latitudes, and the trend inverted when they were excluded.
In addition, no signiﬁcant trend was found between PD and

Effects of environmental variables on TD,
FD, and PD
The overall diversity tended to increase as the temperature
seasonality decreased, annual precipitation increased, soil pH

A

B

C

FIGURE 4

Predictions of the best-ﬁt generalized linear mixed models (GLMMs) with 95% conﬁdence intervals for each diversity attribute: (A) taxonomic
entities, (B) functional entities, and (C) phylogenetic entities. Hill numbers are shown in different colours: q = 0 in green, q = 1 in blue, and q = 2 in
yellow. Each column corresponds to one of the terms included in the models: temperature seasonality (left column), annual precipitation (central
left column), soil pH (central right column), and soil bulk density (right column). Terms included in the best-ﬁt model are marked with asterisks.
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TABLE 3 Comparison of the best alternative models for Hill numbers of taxonomic diversity (TD), functional diversity (FD), and phylogenetic
diversity (PD) as functions of temperature seasonality, annual precipitation, soil pH, and soil bulk density.

Diversity
attribute
TD

FD

Hill
numbers

df

AICc

R2m

R2c

q=0

TD.q0 ~ (1|Region) + Temperature seasonality + Soil pH + Soil density

8

446.90

0.540

0.540

TD.q0 ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH + Soil density

9

448.11

0.555

0.555

q=1

TD.q1 ~ (1|Region) + Temperature seasonality + Soil pH

7

433.66

0.507

0.512

TD.q1 ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH

8

433.17

0.556

0.556

q=2

TD.q2 ~ (1|Region) + Temperature seasonality + Annual precipitation

7

426.32

0.482

0.482

q=0

FD.q0 ~ (1|Region) + Soil pH

6

1140.76

0.066

0.596

FD.q0 ~ (1|Region) + Temperature seasonality + Soil pH

7

1139.81

0.329

0.583

FD.q0 ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH

8

1141.35

0.415

0.584

FD.q1 ~ (1|Region) + Soil pH

6

1098.98

0.045

0.623

FD.q1 ~ (1|Region) + Temperature seasonality + Soil pH

7

1097.58

0.362

0.612

FD.q1 ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH

8

1099.14

0.438

0.616

FD.q2 ~ (1|Region) + Soil pH

6

1055.47

0.035

0.533

FD.q2 ~ (1|Region) + Temperature seasonality + Annual precipitation

7

1054.37

0.378

0.538

FD.q2 ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH

8

1055.04

0.407

0.535

PD.q0 ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH

8

812.56

0.533

0.533

PD.q0 ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH + Soil density

9

812.27

0.560

0.560

PD.q1 ~ (1|Region) + Soil pH

6

563.00

0.141

0.319

PD.q1 ~ (1|Region) + Temperature seasonality + Soil pH

7

562.85

0.276

0.323

PD.q1 ~ (1|Region) + Temperature seasonality + Soil pH + Soil density

8

561.65

0.377

0.377

q=1

q=2

PD

Formulae for the best models

q=0

q=1

q=2

PD.q1 ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH + Soil density

9

563.48

0.388

0.388

PD.q2 ~ (1|Region)

5

440.80

0.000

0.290

PD.q2 ~ (1|Region) + Soil pH

6

442.12

0.033

0.250

PD.q2 ~ (1|Region) + Soil density

6

442.44

0.023

0.260

PD.q2 ~ (1|Region) + Soil pH + Soil density

7

442.12

0.200

0.229

Region is included as a random factor. df , degrees of freedom; AICc , Akaike’s Information Criterion corrected for small sample sizes;R2m , pseudo-R-squared accounting for ﬁxed effects; R2c ,
pseudo-R-squared accounting for both random and ﬁxed effects. The best-ﬁt models are highlighted in bold. Signiﬁcant terms for the best-ﬁt models are underlined.

Among the edaphic factors, the soil pH was present in all of
the best-ﬁt models, except for TD with q = 2, and it was a
signiﬁcant ﬁxed factor in the best-ﬁt models for TD with q = 0
and q = 1, FD with q = 0, and PD with q = 0 and q = 1 (Table 3).
Our results showed that the diversity was greater when the soil
was more acidic, which suggests that these communities are
adapted to high soil acidity conditions (pH 3.5–4.5), although
soils with a pH under 5.3 are characterized by low availability of
base metal cation and toxic aluminium concentrations (Sollins,
1998; Bañares de Dios et al., 2022). In addition, the soil bulk
density only appeared in the best-ﬁt models for TD with q = 0,
and PD with q = 0 and q = 1 (Table 3). Diversity increased as the
bulk density decreased and the soils had lower bulk density
values of 0.47 to 1.11 g/cm3 than average ones for fully mineral
soils, i.e., clay = 1.0 to 1.6 g/cm3 and sand = 1.2 to 1.8 g/cm3
(Athira et al., 2019), which suggests that the organic matter
content increased as the bulk density decreased (Bauer, 1974;
Athira et al., 2019; de la Cruz-Amo et al., 2020). Therefore, the
soil organic matter content may have facilitated the adaptation

decreased, and soil bulk density decreased, although to a lesser
extent for the latter (Figure 4). Temperature seasonality seemed
to be the most important environmental driver for shaping
diversity trends because it was included as a signiﬁcant factor
in all of the best-ﬁt models for all three diversity attributes,
where the only exception was PD with q = 2 (Table 3). Annual
precipitation was also included in all of the models but it was a
signiﬁcant factor only for TD with q = 1 and q = 2, and PD with q
= 0 (Table 3), thereby suggesting that seasonal temperature
variation was more important for shaping diversity than total
water discharge. Similarly, previous studies consistently found
that temperature variables had greater power for explaining
diversity patterns than precipitation variables (Giehl &
Jarenkow, 2012; Moles et al., 2014; Chen et al., 2015). Our
ﬁndings are also consistent with environmental ﬁltering and the
favourability hypothesis for all diversity attributes because
diversity increases with lower temperature seasonality and
higher precipitations (Fischer, 1960; Swenson et al., 2012b;
Qian et al., 2013; Asefa et al., 2017; Wieczynski et al., 2019).
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of tropical plants to soils with low nutrient contents, high
aluminium concentrations and low pH. Tropical soils are
regarded as depleted of organic matter but large amounts of
organic material are continuously supplied by decaying
vegetation and its breakdown usually occurs very fast in the
tropics, with rapid mineralization and availability for uptake
(Herrera et al., 1978; Craswell & Lefroy, 2001; de la Cruz-Amo
et al., 2020).
Overall, we found that TD increased as the temperature
seasonality decreased, precipitation increased, and soil acidity
increased (Figure 4A). Previous studies have demonstrated that
the species richness of woody plants is negatively correlated with
temperature seasonality, and positively correlated with the mean
annual temperature and soil water content (Hofhansl et al.,
2020). When we considered dominance (q = 2), only climatic
factors were included in the best-ﬁt model. This suggests that
dominant species with wider tolerances and more widespread
distributions were more dependent on the climate than the soils
compared with rarer or less abundant species, which seemed
more related to the local edaphic conditions (Pitman et al., 2013;
Arellano et al., 2014).
According to our results, FD was affected by the
temperature seasonality, annual precipitation and soil pH
(Figure 4B), even when relative abundances and dominance
were considered (q = 1 and q = 2, respectively). These results
conﬁrm that functional strategies are a consequence of
environmental ﬁltering because abiotic factors affect FD of
both rare and common species in a similar manner. Therefore,
although tropical climatic conditions are benign, they still
strongly condition the successful functional strategies
(Fortunel et al., 2014; Lamanna et al., 2014), thereby agreeing
with the predictions of the favourability hypothesis in tropical
environments. Recent studies obtained similar results for
climatic and edaphic drivers (Swenson, 2012a; Molina-Venegas
et al., 2018; Hofhansl et al., 2020).
We found that PD increased as the temperature seasonality
decreased, precipitation increased, soil acidity increased, and
bulk density decreased (Figure 4C). When traits are
phylogenetically conserved, PD increases with decreasing
environmental harshness, i.e., increasing temperature or
precipitation (Qian et al., 2013; Satdichanh et al., 2015; Qian
et al., 2017). Therefore, environmental ﬁltering and the
favourability hypothesis are consistent with our results for PD
with q = 0 and q = 1. Recent studies also showed that climatic
ﬁltering and soil fertility shaped PD of woody angiosperms
(Honorio Coronado et al., 2015; Kubota et al., 2018). The lack
of a best-ﬁt model other than the null model for PD with q = 2
could be explained by the fact that dominant clades probably
appeared and expanded under conditioning by their dispersion
abilities and historical factors which are not reﬂected in the
actual environmental conditions (Pitman et al., 2001; Arellano
et al., 2016).
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Conclusions
The latitudinal diversity gradient is explained by the
environmental ﬁltering principle and favourability hypothesis
through climatic factors. Increases in temperature and
precipitation seasonality are found in tropical regions towards
higher latitudes (Fortunel et al., 2014), thereby leading to a
noticeable latitudinal diversity gradient on a global scale but also
within narrower latitudinal ranges such as the tropics. We found
that temperature seasonality was still a relevant driver of all
diversity attributes comprising TD, FD, and PD within a 10°C
latitudinal gradient in the Neotropics. Therefore, our results
support environmental ﬁltering and the favourability hypothesis
within hyperdiverse tropical regions.
In addition, the positive relationships found between the
three diversity attributes indicate that if we take measures to
protect and conserve TD, we also indirectly protect FD and PD,
at least in western Amazonian terra ﬁrme forests. Furthermore,
several studies found effects of TD, FD, and PD on productivity,
and thus preserving forests with multiple functional strategies
and a great evolutionary legacy will also protect their vital
ecosystem functions (Balvanera et al., 2006; Gamfeldt et al.,
2008; Cadotte, 2013; Coelho de Souza et al., 2019). Future
studies should aim to understand diversity from this
holistic perspective.
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Hofhansl, F., Chacó n-Madrigal, E., Fuchslueger, L., Jenking, D., Morera-Beita,
A., Plutzar, C., et al. (2020). Climatic and edaphic controls over tropical forest
diversity and vegetation carbon storage. Sci. Rep. 10 (1), 1–11. doi: 10.1038/s41598020-61868-5

Medina, E., and Cuevas, E. (1989). Patterns of nutrient accumulation and release in
Amazonian forests of the upper Rio Negro basin. In Mineral nutrients in tropical
forest and savanna ecosystems. Melbourne: Blackwell Scientiﬁc Publications. 217–240.
Moles, A. T., Perkins, S. E., Laffan, S. W., Flores-Moreno, H., Awasthy, M.,
Tindall, M. L., et al. (2014). Which is a better predictor of plant traits: Temperature
or precipitation? J. Veg. Sci. 25 (5), 1167–1180. doi: 10.1111/jvs.12190

Honorio Coronado, E. N., Dexter, K. G., Pennington, R. T., Chave, J., Lewis, S.
L., Alexiades, M. N., et al (2015) Phylogenetic diversity of Amazonian tree
communities Diversity Distrib. 21(11), 1295–1307. doi: 10.1111/ddi.12357

Molina-Venegas, R., Aparicio, A., Lavergne, S., and Arroyo, J. (2018). Soil conditions
drive changes in a key leaf functional trait through environmental ﬁltering and
facilitative interactions. Acta Oecologica 86, 1–8. doi: 10.1016/j.actao.2017.11.008

Hoorn, C., Wesselingh, F. P., ter Steege, H., Bermudez, M. A., Mora, A., Sevink,
J., et al. (2010). Amazonia Through Time : Andean uplift, climate change,

Frontiers in Plant Science

14

frontiersin.org

Ben Saadi et al.

10.3389/fpls.2022.978299

Swenson, N. G. (2011). The role of evolutionary processes in producing
biodiversity patterns, and the interrelationships between taxonomic, functional
and phylogenetic biodiversity. Am. J. Bot. 98 (3), 472–480. doi: 10.3732/
ajb.1000289

Mori, G. B., Poorter, L., Schietti, J., and Piedade, M. T. F. (2021). Edaphic
characteristics drive functional traits distribution in Amazonian ﬂoodplain forests.
Plant Ecol. 222 (3), 349–360. doi: 1978-1-4613-1163-8_10/s11258-020-01110-4
Motavalli, P. P., Palm, C. A., Parton, W. J., Elliott, E. T., and Frey, S. D. (1995).
Soil pH and organic c dynamics in tropical forest soils: Evidence from laboratory
and simulation studies. Soil Biol. Biochem. 27 (12), 1589–1599. doi: 10.1016/00380717(95)00082-P

Swenson, N. G. (2012a). The functional ecology and diversity of tropical tree
assemblages through space and time: From local to regional and from traits to
transcriptomes. ISRN forestry. 2012, 1–16. doi: 10.5402/2012/743617

Mouillot, D., Bellwood, D. R., Baraloto, C., Chave, J., Galzin, R., HarmelinVivien, M., et al. (2013). Rare species support vulnerable functions in high-diversity
ecosystems. PloS Biol. 11 (5), 1–11. doi: 10.1371/journal.pbio.1001569

Swenson, N. G., and Enquist, B. J. (2008). The relationship between stem and
branch wood speciﬁc gravity and the ability of each measure to predict leaf area.
Am. J. Bot. 95 (4), 516–519. doi: 10.3732/ajb.95.4.516

Nakagawa, S., and Schielzeth, H. (2013). A general and simple method for
obtaining R2 from generalized linear mixed-effects models. Methods Ecol. Evol. 4
(2), 133–142. doi: 10.1111/j.2041-210x.2012.00261.x

Swenson, N. G., and Enquist, B. J. (2009). Opposing assembly mechanisms in a
Neotropical dry forest: Implications for phylogenetic and functional community
ecology. Ecology 90 (8), 2161–2170. doi: 10.1890/08-1025.1

Nelson, P. N., and Su, N. (2010). Soil pH buffering capacity: A descriptive
function and its application to some acidic tropical soils. Aust. J. Soil Res. 48 (3),
201–207. doi: 10.1071/SR09150

Swenson, N. G., Enquist, B. J., Pither, J., Kerkhoff, A. J., Boyle, B. , Weiser, M.
D., et al. (2012b). The biogeography and ﬁltering of woody plant functional
diversity in north and south America. Global Ecol. Biogeogr. 21 (8), 798–808.
doi: 10.1111/j.1466-8238.2011.00727.x

Niinemets, Ü. (2010). A review of light interception in plant stands from leaf to
canopy in different plant functional types and in species with varying shade tolerance.
Ecol. Res. 25 (4), 693–714. doi: 1978-1-4613-1163-8_10/s11284-010-0712-4

Swenson, N. G., Erickson, D. L., Mi, X., Bourg, N. A., Forero-Montana, J., Ge, X.,
et al. (2012c). Phylogenetic and functional alpha and beta diversity in temperate
and tropical tree communities. Ecology 93, 112–125. doi: 10.1890/11-0402.1

Nobre, C. A., Berenguer, E., Brando, P. M., and Poveda, G. (2019). Scientiﬁc
framework to save the amazon. doi: 10.13140/RG.2.2.24053.12009

Swenson, N. G., and Weiser, M. D. (2014). On the packing and ﬁlling of
functional space in eastern north American tree assemblages. Ecography 37 (11),
1056–1062. doi: 10.1111/ecog.00763

Pellens, R., and Grandcolas, P. (2016). Phylogenetics and conservation biology:
Drawing a path into the diversity of life. In Biodivers. Conserv. Phylogenet. Syst. 14,
1–15. doi: 1978-1-4613-1163-8_10/978-3-319-22461-9

Ter Steege, H., Pitman, N. C. A., Sabatier, D., Baraloto, C., Salomão, R. P.,
Guevara, J. E., et al. (2013). Hyperdominance in the Amazonian tree ﬂora. Science
342 (6156), 1–43. doi: 10.1126/science.1243092
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