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* Background and Aims Identifying the processes that generate and maintain biodiversity requires under-
standing of how evolutionary processes interact with abiotic conditions to structure communities. Edaphic gradi-
ents are strongly associated with floristic patterns but, compared with climatic gradients, have received relatively
little attention. We asked (1) How does the phylogenetic composition of palm communities vary along edaphic
gradients within major habitat types? and (2) To what extent are phylogenetic patterns determined by (a) habitat
specialists, (b) small versus large palms, and (c) hyperdiverse genera?

e Methods We paired data on palm community composition from 501 transects of 0.25 ha located in two main
habitat types (non-inundated uplands and seasonally inundated floodplains) in western Amazonian rain forests
with information on soil chemistry, climate, phylogeny and metrics of plant size. We focused on exchangeable
base concentration (cmol, kg™') as a metric of soil fertility and a floristic index of inundation intensity. We used a
null model approach to quantify the standard effect size of mean phylogenetic distance for each transect (a metric
of phylogenetic community composition) and related this value to edaphic variables using generalized linear
mixed models, including a term for spatial autocorrelation.

* Key Results Overall, we recorded 112 008 individuals belonging to 110 species. Palm communities in non-inun-
dated upland transects (but not floodplain transects) were more phylogenetically clustered in areas of low soil fertility,
measured as exchangeable base concentration. In contrast, floodplain transects with more severe flood regimes (as
inferred from floristic structure) tended to be phylogenetically clustered. Nearly half of the species recorded (44 %) were
upland specialists while 18 % were floodplain specialists. In both habitat types, phylogenetic clustering was largely due
to the co-occurrence of small-sized habitat specialists belonging to two hyperdiverse genera (Bactris and Geonoma).

* Conclusions Edaphic conditions are associated with the phylogenetic community structure of palms across
western Amazonia, and different factors (specifically, soil fertility and inundation intensity) appear to underlie di-
versity patterns in non-inundated upland versus floodplain habitats. By linking edaphic gradients with palm com-
munity phylogenetic structure, our study reinforces the need to integrate edaphic conditions in eco-evolutionary
studies in order to better understand the processes that generate and maintain tropical forest diversity. Our results
suggest a role for edaphic niche conservatism in the evolution and distribution of Amazonian palms, a finding with
potential relevance for other clades.

Key words: Amazon basin, Amazonian floodplains, Arecaceae, Bactris, edaphic gradients, Geonoma, habitat spe-
cialization, igapd, terra firme, tropical rain forest, vdrzea.

INTRODUCTION

Environmental heterogeneity has long been considered a key
driver of ecological and evolutionary processes promoting
and maintaining biodiversity (Whittaker, 1960; Rosenzweig,
1995; Chesson, 2000; Antonelli and Sanmartin, 2011; Stein
et al., 2014). In the tropics, various abiotic gradients have
been shown to structure diversity patterns even within areas
of similar climate (Clark er al., 1998; Higgins et al., 2011;
Tuomisto et al., 2014; Lehtonen et al., 2015). Edaphic

gradients, in particular, have major impacts on tropical plant
distributions, community dynamics and diversity patterns
(John et al., 2007; Andersen et al., 2010; Higgins et al., 2011;
Quesada et al., 2012; Condit et al., 2013; Asner et al., 2015;
Muscarella et al., 2016; Camara-Leret et al., 2017). However,
edaphic gradients remain poorly studied compared with cli-
mate gradients (Figueiredo et al., 2018), especially with re-
spect to the ways they have interacted with evolutionary
processes. As a result, we currently have a limited under-
standing of how edaphic heterogeneity within major habitat
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types is related to phylogenetic structure of tropical plant
communities.

In lowland rain forests of Amazonia, for example, plant spe-
cies distributions and community composition are associated
with numerous edaphic conditions, including soil fertility, hy-
drology and physical properties (Dumont et al., 1990; Terborgh
and Andresen, 1998; Tuomisto et al., 2003; Fine and Kembel,
2011; Kristiansen et al., 2012; Quesada et al., 2012; Fortunel
et al., 2014; Schietti et al., 2014; Camara-Leret et al., 2017;
Myster, 2017). The tendency for a site to experience seasonal
inundation is perhaps the most pronounced distinction between
Amazonian habitat types, with profound effects on plant, animal
and microbial communities (Dumont er al., 1990; Aleixo,
2002; Wittmann et al., 2006; Junk et al., 2010; Moulatlet et al.,
2014; Schietti et al., 2014; Harvey et al., 2017; Ritter et al.,
2018a). However, each of these coarse habitat categories (i.e.
non-inundated ‘uplands’ and seasonally inundated floodplains)
encompasses substantial heterogeneity that is likely to influ-
ence diversity patterns (Junk ez al., 2010; Schietti et al., 2014;
Camara-Leret et al., 2017).

Among non-inundated ‘upland’ tropical forests (e.g. terra
firme, terrace, white sands), soil fertility gradients strongly
affect plant productivity and allocation strategies (Vitousek,
1984; Quesada et al., 2012), and have been linked to variation
in community composition and dynamics (Tuomisto et al.,
2003; Fine et al., 2006; John et al., 2007; Ruokolainen et al.,
2007; Costa et al., 2009; Camara-Leret et al., 2017; Ritter
etal.,2018b). Across the Amazon basin, soils of the central and
eastern regions are older and generally less fertile than those
in western Amazonia, which are more recently derived from
Andean sediments released during uplift and erosion and accu-
mulated along the Andean foreland. Soils of western Amazonia
are, however, highly variable, ranging from extremely nutri-
ent-poor white sands to well-drained and fertile rerra firme
(Quesada et al., 2010; Higgins et al., 2011; Quesada et al.,
2011).

Seasonally inundated floodplains (e.g. vdrzeas, igapos) also
exhibit a wide range of soil fertility but many areas are more
fertile than non-inundated uplands. This is in part because rivers
deliver nutrients, especially during the flood season character-
istic of several river systems, when the water is more enriched
with nutrients compared with the low-flow season (Markewitz
etal.,2001; Quesadaetal.,2011; Asner et al., 2015). Inundation
itself, however, represents a source of acute physiological stress
(Myster, 2009; Junk et al., 2010). For instance, survival and
reproduction under flooded conditions requires structural or
physiological adaptations that have evolved in relatively few
lineages (Kahn and de Granville, 1992; Pacheco, 2001; Parolin
et al., 2004). Variation in the flood regime (e.g. duration, depth,
water quality) represents a major source of environmental het-
erogeneity among floodplain forests, with strong implications
for species distributions and community dynamics (Wittmann
et al., 2006; Junk et al., 2010). In general, flood regimes have
been shown to mediate floristic differences between inundated
and nearby non-inundated sites (Balslev et al., 1987; Wittmann
et al., 2006; Costa et al., 2009; de Freitas et al., 2014; Schietti
etal.,2014).

Evolutionary processes can interact with edaphic factors to
influence species distributions and patterns of diversity. On
the one hand, phylogenetic conservatism of edaphic niches
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can lead to co-occurrence of closely related species in areas
of similar conditions (Fine et al., 2006; Lehtonen et al., 2015;
Bacon et al., 2018). For example, Eiserhardt et al. (2013a) sug-
gested limited niche evolution as an explanation for patterns of
geographical turnover of palms across South America. On the
other hand, evolutionary divergence of lineages in terms of ed-
aphic associations (‘edaphic niche partitioning’) can promote
local phylogenetic diversity when distantly related species con-
verge on similar edaphic niches (Cavender-Bares et al., 2004D;
Russo et al., 2005; Silvertown et al., 2015; Zhang et al., 2017).
These processes are generally considered to be scale-dependent
rather than mutually exclusive. Specifically, niche conservatism
is typically more pronounced at large spatial and phylogenetic
scales, whereas niche partitioning tends to be more apparent at
relatively fine scales (Kembel and Hubbell, 2006; Silvertown
et al., 2006; Ackerly and Cornwell, 2007). Assessing evidence
for these scenarios across edaphic gradients will improve our
general understanding of the scale-dependent processes that
generate and maintain tropical biodiversity.

The patterns of environmental heterogeneity described above
represent, in general, gradients of physiological stress within
major habitat types (Fig. 1). One hypothesis that links these
gradients with evolutionary processes is that high levels of abi-
otic stress (i.e. low soil fertility in non-inundated uplands and
severe inundation intensity in seasonally inundated floodplains)
exert selective pressure on multiple traits (including traits with
phylogenetic signal), which can lead to phylogenetically clus-
tered communities of closely related lineages (i.e. an extended
version of the ‘stress dominance hypothesis’) (Swenson and
Enquist, 2007; Fine and Kembel, 2011; Anacker and Harrison,
2012; Miller et al., 2013). In more favourable conditions (e.g.
high fertility and more moderate levels of inundation), higher
intensity of plant—plant competitive interactions could promote
edaphic niche partitioning. As a result, communities may com-
prise relatively distantly related species in low-stress sites (i.e.
phylogenetic over-dispersion, or ‘evenness’, via niche partition-
ing). In this scenario, we expect a trend from phylogenetic clus-
tering to over-dispersion in communities that range from high
to low levels of physiological stress (Fig. 1B). Alternatively, fa-
vourable conditions (i.e. fertile upland sites and less intensively
inundated floodplains) could promote diversification (e.g. the
‘more individuals hypothesis’) (Srivastava and Lawton, 1998),
which could lead to local assemblages comprising closely
related lineages (Currie, 1991; Rosenzweig, 1995). At the same
time, abiotic stress could promote co-occurrence of distantly
related species (i.e. phylogenetic over-dispersion) if traits asso-
ciated with stress tolerance are evolutionarily labile and evolve
in a convergent way across the phylogenetic tree (Fine et al.,
2005). In this case, we might expect a trend from phylogenetic
over-dispersion to clustering in communities that range from
high to low stress (Fig. 1C).

Characterizing community phylogenetic structure provides
an entry point for understanding the evolutionary processes
underlying diversity patterns, but additional information is
required to draw robust inferences (Mason and Pavoine, 2013;
Swenson, 2013; Gerhold et al., 2015). Attributes of species
associated with variation of phylogenetic community compos-
ition along edaphic gradients can help clarify the processes that
mediate diversity patterns. For example, a trade-off between
stress tolerance and competition (Grime, 1977; Tilman and
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FiG. 1. Physiological stress gradients can interact with evolutionary processes to mediate the phylogenetic composition of communities. (A) In lowland rain
forests of western Amazonia, nutrient limitation and inundation intensity represent two sources of physiological stress in non-inundated ‘uplands’ and seasonally
inundated floodplains, respectively. (B) If high levels of abiotic stress select for closely related lineages with traits enabling them to tolerate these conditions, we
expect communities in relatively stressful sites to be phylogenetically clustered and communities in relatively favourable conditions to be more phylogenetic-
ally even (or ‘over-dispersed’). In this figure, species present in a given location are represented by circles and species absent from a location are represented by
crosses. (C) In contrast, if low levels of abiotic stress are associated with diversification rates and evolutionary radiations, we expect communities in relatively
favourable sites to be phylogenetically clustered and communities in more stressful conditions to be more phylogenetically even (or ‘over-dispersed’). See main
text for additional details.

Pacala, 1993) could lead to variation in habitat specialization
across species if stress-tolerant species are restricted to sites
with unfavourable conditions because of their lower competi-
tive ability across the broader range of conditions. In this case,
we would expect habitat specialists to dominate communities
structured by abiotic stress and generalist species to be more
common in more favourable conditions. Additionally, we ex-
pect that abiotic stress gradients may select for species that
attain different maximum sizes. In particular, taller species
may be more common in fertile non-inundated sites, given the
stronger levels of competition for light. It is also possible, how-
ever, that small understorey plants that are adapted to low-light
conditions dominate fertile areas with generally taller canopies
(Chazdon, 1986a, b). Floodplains, which are subject to rela-
tively rapid rates of soil and turnover of woody stems (Hughes,
1997; Junk et al., 2010), may be dominated by small-sized
species if they are able to reach reproductive maturity sooner

(Lacey, 1986). Finally, phylogenetic clustering may be driven
by co-occurring species of hyperdiverse lineages if, for ex-
ample, these lineages have traits that have enabled them to
persist and diversify under particular conditions (Anacker and
Harrison, 2012; Miller et al., 2013).

Palms (Arecaceae) are an excellent group for studying the
role of edaphic heterogeneity in determining floristic patterns
because they are highly diverse and dominant components of
Amazonian forests, and a wealth of previous research provides
a foundation for interpreting diversity patterns (e.g. Svenning,
2001; Balslev et al., 2011; Eiserhardt et al., 2011; ter Steege
et al., 2013; Bacon et al., 2018). In western Amazonia, for
instance, Vormisto et al. (2004) and Kristiansen er al. (2012)
reported associations between palm community variation
and edaphic conditions. Camara-Leret er al. (2017) reported
strong associations between abundance of palm species and
soil gradients in terra firme forests. Eiserhardt et al. (2013b)
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characterized phylogenetic structure of palm communities be-
tween major habitat types and suggested within-habitat abiotic
filtering as a driver of phylogenetic community structure. While
these studies have made progress in linking edaphic conditions,
species distributions and community composition, we still
know little about how continuous variation of edaphic condi-
tions within major habitat types is associated with phylogenetic
structure of entire palm communities. To help fill this know-
ledge gap, we asked two main questions.

(1) How does the phylogenetic composition of palm commu-
nities vary along edaphic gradients within major habitat types?
If soil fertility and flood regime select for particular clades
adapted for these conditions (e.g. via abiotic filtering), we ex-
pect phylogenetic clustering (i.e. relatively closely related co-
occurring species) in non-inundated upland sites with low soil
fertility and in floodplain sites with more severe flood regimes.
In contrast, if physiological stress leads to stronger partitioning
of edaphic niches, we expect greater phylogenetic clustering
in more fertile uplands and floodplain sites with less severely
flood regimes.

(2) To what extent are phylogenetic patterns determined by (a)
habitat specialists, (b) small versus large palms and (c) hyper-
diverse genera? (a) If a trade-off between stress tolerance and
competition (Grime, 1977; Tilman and Pacala, 1993; Swenson
and Enquist, 2007) affects habitat specialization by restricting
stress-tolerant species to unfavourable sites, we expect phylo-
genetic clustering to be determined by the co-occurrence of
habitat specialists in high-stress sites. Alternatively, favourable
conditions (i.e. fertile upland sites and less intensively inun-
dated floodplains) could promote diversification (e.g. the ‘more
individuals hypothesis’), which could lead to local assemblages
comprising closely related lineages. (b) Abiotic stress gradients
may select for species that attain different maximum sizes. In
relatively fertile upland sites, large palms may dominate, given
the stronger levels of competition for light. In floodplains, we
expect sites with more severe flood regimes to be dominated by
small palms because of the rapid rates of soil and woody stem
turnover. (c) Finally, patterns of phylogenetic clustering may
be determined by co-occurring species of hyperdiverse lineages
(e.g. Bactris and Geonoma) if these lineages have traits ena-
bling them to succeed in stressful conditions.

MATERIALS AND METHODS

Study area and palm community transects

We assembled data from 501 transects of 5 x 500 m (0.25 ha)
each, located throughout western Amazonia, representing a
substantial expansion on previous work (Fig. 2; cf. Kristiansen
et al., 2012; Eiserhardt et al., 2013b; Camara-Leret et al.,
2017). Transects were sampled between 1995 and 2012. Each
transect was subdivided into 100 subunits of 5 x 5 m where
all individual palms were identified, counted and assigned to
a life-history stage (seedlings, juveniles, sub-adults, adults). In
this study, we limited analyses to sub-adults and adults (defined
as individuals of reproductive size for a species based on field
knowledge) to decrease the chance of including individuals
that dispersed into unfavourable locations (i.e. sink habitats).
Species determinations were made by one of the authors (H.B.)
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with nomenclature following the World Checklist of Palms
(Govaerts et al., 2011), although we do not differentiate vari-
eties for this study. Vouchers were deposited primarily at the
Aarhus University herbarium (AAU) and in the national her-
baria (BOG, QCA, AMAZ, LPB, INPA). Table 1 summarizes
environmental conditions across the transects.

Transects were assigned to two main habitat types based
on field observations and interviews with local guides: non-
inundated uplands (n = 325, including those classified more
discretely as terra firme or terrace forest types) and seasonally
inundated floodplains (n = 176, including black water, white
water and intermediate floodplain types). We focus on con-
tinuous variation within (and major differences between) these
two main habitat categories instead of distinguishing finer
habitat types, which are often difficult to precisely define in the
field. We excluded transects from high elevations (defined here
as >600 m a.s.l.), white sand forests and permanently flooded
swamps because we have few samples from these habitat types.

Soil chemistry and other environmental data

From a total of 406 transects (252 upland, 154 floodplain),
surface soil samples (0—10 cm of mineral soil) were collected
at several points (typically three samples, one from the be-
ginning, one from the middle and one from the end of the
transect). Each of the samples was a combination of five sub-
samples taken from the corners and the centre of the subunit.
After roots and stones were removed, samples were air-dried
and stored in cotton bags or plastic bottles. Exchangable
nutrients were extracted by the standard ammonium acetate
method and quantified using inductively coupled plasma-
optical emission spectrometry (van Reeuwijk, 2002). The
majority of these analyses (samlpes from 395 transects) were
done at Aarhus University but samples from 11 transects were
analysed at the Unversity of Turku. We focus on variation in
exchangeable base concentration (i.e. sum of Mg, Ca and K;
cmol, kg™®) as a metric of soil fertility because previous work
has shown this to be strongly associated with palm distribu-
tions and community patterns in western Amazonia, as well
as floristic patterns of other groups in Amazonia more broadly
(Ruokolainen et al., 2007; Quesada et al., 2012; Lehtonen
et al., 2015; Camara-Leret et al., 2017). Moreover, base cati-
ons are relatively mobile in the soil and do not tend to form
complexes with soil organic material and clay particulates or
have particular complicated nutrient cycles, as opposed to soil
phosphorus (P). Nonetheless, soil P is often considered the
limiting nutrient in tropical forests (Vitousek, 1984; Quesada
et al., 2012; Turner et al., 2018), and so we repeated the anal-
yses described below using soil P concentration instead of
exchangeable base concentration. In our dataset, exchange-
able base concentration and soil P are positively correlated
(Pearson’s r = 0.40, across all samples). We provide results
based on soil P in the Supplementary Data and discuss results
from these analyses in the Discussion section. Although there
is substantial variation in soil properties at fine spatial scales,
the majority of variation in our database (94 and 88 % for
exchangeable base concentration and soil P, respectively) is
found among, rather than within, transects (Supplementary
Data Table S1). Thus, we used transect median values for
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F1G. 2. Locations of 501 palm transects in western Amazonia in non-inundated upland (red circles, N = 325) and seasonally inundated floodplain (blue triangles,
N = 176) habitats. The size of each symbol is proportional to the soil exchangeable base concentration (cmol, kg™¢) in the transect, while the grey-scale background
shows elevation (darker shading indicates lower altitude). Transects without soil chemistry data are shown as + symbols.

analyses because they capture broad-scale variation in soil
fertility in our study area.

Because we lack direct measurements of flood regimes in
our transects, we developed a floristic index of inundation in-
tensity to test the hypothesis that phylogenetic composition is
related to the severity of inundation. This index is based on pre-
vious work showing a decline in floristic similarity between
inundated and non-inundated plant communities with increas-
ing flood intensity of the inundated site (Wittmann et al., 2006;
Drucker et al., 2008; Costa et al., 2009; Myster, 2009; Schietti
et al., 2014). Specifically, we computed the incidence-based
Serensen dissimilarity (f diversity) of palm communities be-
tween each floodplain transect and its geographically nearest
upland transect. Because floristic similarity also declines with
geographical distance, we used the residuals from a regression
between geographical distance between transects and the f3
diversity value for further analyses. High values of the index
represent floodplain transects with palm communities more
different from their nearest upland transect than expected by
distance alone, and vice versa. Correlations between the in-
undation index and the measured soil variables are provided
in Supplementary Data Table S2, and correlations among soil
variables for upland sites are provided in Supplementary Data

Table S3. Although we argue that this index captures major dif-
ferences in the flood regimes of inundated sites, it is possible
that the floristic differences underlying the index result from
other (unmeasured) differences between sites (see Discussion
section).

Phylogenetic community composition and statistical analyses

We quantified the mean phylogenetic pairwise distance
(MPD) among species in each transect (Kembel et al., 2010)
using the palm phylogeny of Faurby er al. (2016) (i.e. the
Phylogeny_Con_Checklist.nex file provided in Appendix 3 of
that paper). Although inter-generic phylogenetic resolution is
modest, the metric of phylogenetic composition we used here
(MPD) is not particularly sensitive to topology at the tips of the
tree (Webb et al., 2002). Nonetheless, we propagated phylogen-
etic uncertainty through our analysis by making calculations on
a set of 100 random trees from Faurby et al. (2016).

For each transect (and each of the 100 phylogenies), we cal-
culated a standard effect size of MPD (SES.MPD) as: [r —
mean(r_ ))/s.d.(r_ ), where ris the phylogenetic branch length
among species in a transect. Note that we based our analysis on
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TABLE 1. Environmental variables for palm transects of the western Amazon. Values of mean annual precipitation are from Karger et al.
(2017). Exchangeable base concentration (ExB conc.) is the sum of Ca, Mg and K. Georeferenced raw data are available upon request
from the authors

Habitat type Variable N Unit Mean + s.d. Range
Floodplain Elevation 325 ma.s.l 172+ 92 77-550
Upland Elevation 176 m a.s.l. 144 £ 44 78-254
Floodplain Mean annual precipitation 325 mm yr-! 2,621 = 1012 1088-7129
Upland Mean annual precipitation 176 mm yr~! 2,510 £ 707 1377 — 4338
Floodplain pH 157 Unitless 4.47+0.97 3.34-7.47
Upland pH 245 Unitless 4.07 £0.77 3.29-7.33
Floodplain Al 143 cmol kg™ 3.6£4.29 0.00-18.57
Upland Al 255 cmol, kg™ 3.57+3.05 0.00-14.52
Floodplain ExB conc. 156 cmol kg™ 12.88 = 12.63 0.16-101.54
Upland ExB conc. 280 cmol, kg™ 4.8+9.45 0.04-54.22
Floodplain Ca 156 cmol kg™ 10.04 = 11.03 0.02-85.25
Upland Ca 280 cmol, kg™ 3.70 +8.13 0.01-47.62
Floodplain Mg 156 cmol kg™ 245+ 1.77 0.07-14.05
Upland Mg 280 cmol, kg™ 0.88 £ 1.36 0.00-7.42
Floodplain P 144 mg kg™ 11.23 £7.53 1.15-40.20
Upland P 280 mg kg™ 8.80 £ 8.78 0.43-89.27
Floodplain Na 156 cmol kg™ 0.13+0.10 0.00-0.51
Upland Na 254 cmol, kg™ 0.05 £ 0.04 0.00-0.36
Floodplain Clay 120 %o 1573 +3.43 3.65-25.77
Upland Clay 197 % 16.58 = 12.00 2.79-57.58
Floodplain Silt 120 %o 71.49 £9.02 18.08-85.67
Upland Silt 197 % 60.66 + 15.17 9.21-80.86
Floodplain Sand 120 % 12.77 +10.95 0.97-78.27
Upland Sand 197 % 22.76 £ 17.43 0.00-88.00

species presence/absence because we were most interested in the
representation of particular clades across gradients as opposed
to abundance patterns. r,, is the observed value of MPD while
r..1is a vector of MPD values based on a null model. For the

nrldlnl(i model, we generated 9999 random palm assemblages by
randomizing species names across the phylogeny (separately
for each of the 100 phylogenies) and calculating a value of r_ ,
for each iteration. This procedure maintains the observed spe-
cies occupancy rates and transect-level species richness values
(we note that this null model gave results congruent to a set
of other null models; Supplementary Data Fig. S1). The type
of null model used here depends on how the regional species
pool is defined (Eiserhardt et al., 2011), and we tested two dif-
ferent species pools (global and regional). The global species
pool included the full set of species observed across all tran-
sects. To build regional pools, we used range maps from the
Botanical Information and Ecology Network (BIEN) (Maitner
et al., 2018) to make a list of species with ranges that overlap
each transect. Analyses based on these two species pools gave
very similar results (Pearson’s r = 0.96; Supplementary Data
Fig. S2) and we present results based on the regional pools
because this more accurately reflects species that could poten-
tially occur in each transect. We used the median SES.MPD
value across the 100 phylogenies for downstream analyses.
Negative SES.MPD values indicate phylogenetic clustering
(co-occurring species are more closely related than expected
by chance) whereas positive values indicate phylogenetic over-
dispersion (or ‘evenness’; co-occurring species are less closely
related than expected by chance). To determine how the phylo-
genetic composition of palm communities varies along edaphic
gradients within habitat types, we regressed SES.MPD values
against log,, exchangeable base concentration and mean annual
precipitation separately for transects in the two habitat types.

We included mean annual precipitation to explore the extent to
which soil fertility outperforms this climate variable in explain-
ing phylogenetic patterns. For floodplain transects, we also
included the index of inundation intensity as a model covariate.

We used three approaches to address our second question
about attributes of palms responsible for driving patterns of
phylogenetic clustering. First, we classified each species
according to its degree of habitat specialization using the
method of Chazdon ef al. (2011). This analysis uses species
abundances in two habitat types (i.e. uplands and floodplains)
to statistically classify each species as an upland specialist, a
floodplain specialist or a habitat generalist, or too rare to clas-
sify with confidence. Importantly, the method corrects for dif-
ferences in sampling intensity across habitats (Chazdon er al.,
2011). We used conservative settings (i.e. higher confidence
required to assign species to habitat specialists) including
a supermajority threshold (K = 2/3) and P = 0.0025 to cor-
rect for error rates (Chazdon et al., 2011). We then separately
regressed the proportion of habitat specialists against values
of SES.MPD, exchangeable base concentration and (for flood-
plain transects) the index of inundation of intensity. We tested
for phylogenetic signal of habitat specialization using the D
statistic of Fritz and Purvis (2010), a measure of phylogen-
etic signal for binary traits. The computation of D is based
on simulating a continuous trait under a given model of evo-
lution (e.g. Brownian motion) and then discretizing the trait
based on a threshold value that gives the same prevalence of
the trait as in the observed data (Fritz and Purvis, 2010). Values
of D equal to zero correspond to trait evolution by Brownian
motion; values equal to 1 represent random trait evolution. We
also used Blomberg’s K statistic (Blomberg et al., 2003) to
test for phylogenetic signal in the median value of exchange-
able base concentration across transects where each species
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was recorded [note that measuring phylogenetic signal with
Pagel’s A (Pagel, 1992) gave congruent results and therefore
here we only present results for Blomberg’s K]. Second, we
used data on plant size to determine if phylogenetically clus-
tered transects have predominantly large or small palms, on
average, compared with more phylogenetically over-dispersed
transects. For this, we used data on maximum stem diam-
eter, maximum stem height and maximum leaf length from
Henderson (2002), combined with data from the AAU herb-
arium and the Palmweb database (palmweb.org) (Goldel et al.,
2015). We conducted a principal components analysis (PCA)
based on these (log-transformed) size variables and extracted
the first axis to use as a synthetic metric of plant size. This axis
explained 74 % of the total variation and was positively associ-
ated with all three size variables (Pearson’s r ranged from 0.67
to 0.71). We then calculated the community mean value of this
size metric as the mean across species present in each tran-
sect. We regressed these values against values of SES.MPD,
exchangeable base concentration and (for floodplain transects)
the index of inundation of intensity. Finally, we examined the
relationship between the proportion of species in each transect
belonging to two hyperdiverse genera (Bactris and Geonoma)
and values of SES.MPD. Significant negative relationships in-
dicate that phylogenetic clustering results from species belong-
ing to a particular genus.

To account for spatial autocorrelation among transects, we
included a Gaussian spatial correlation structure in all regres-
sion models using the gls and corGaus functions in the nlme R
package (Pinheiro et al., 2013). In all cases, preliminary analy-
ses suggested that including spatial terms improved model fit.
We then used the Akaike information criterion (AIC) to com-
pare each full model (with covariates) with an intercept-only
null model that included only the spatial term. As another
measure of model fit, we calculated a pseudo-R? value based
on a regression between the observed and fitted model values
(Supplementary Data Table S4). All analyses were conducted
in R 3.4.2 (R Development Core Team, 2018) and used func-
tions from the packages ape (Paradis et al., 2004), caper (Orme
et al., 2011), nlme (Pinheiro et al., 2013), phytools (Revell,
2012), picante (Kembel et al., 2010), raster (Hijmans and van
Etten, 2013) and vegan (Oksanen et al., 2013). Data are avail-
able upon request from the authors.

RESULTS

Overall, we recorded 112 008 individuals belonging to 110
species (Supplementary Data Table S5). All except one spe-
cies occurred in at least one non-inundated upland transect and
60 % of the species (n = 67) occurred in at least one flood-
plain transect. On average, upland transects had higher species
richness than floodplain transects (mean number of species
per 0.25 ha = 13.2 versus 9.1). The range of exchangeable
base concentration recorded in the top 10 cm of the soil sur-
face (0.04-101.54 cmol_ kg™) corresponds to nearly the entire
range documented in western Amazonia (Quesada et al., 2010,
2012). The median value of exchangeable base concentration
was lower for upland compared with floodplain transects (0.49
versus 9.01 cmol_kg™), but the ranges were similar (Table 1).
The median value of P concentration was also lower for upland
compared with floodplain transects (8.8 versus 11.2 mg kg™).
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The overall correlation between exchangeable base concentra-
tion and soil P was 0.40 and the correlation was much higher
among upland transects (r = 0.44) than for floodplain transects
(0.09).

Question 1: How does the phylogenetic structure of palm
communities vary along edaphic gradients?

The phylogenetic composition of transects was differently
associated with edaphic conditions in the two main habitat
types. Specifically, among non-inundated upland transects,
phylogenetic composition (SES.MPD) was positively associ-
ated with soil fertility (Fig. 3A). In other words, upland tran-
sects with poor soils tended to host phylogenetically clustered
palm communities. In contrast, the phylogenetic composition
of floodplain transects was not significantly related to soil fer-
tility (Fig. 3B). Mean annual precipitation was not associated
with phylogenetic composition in either habitat type (Fig. 3C,
D). Among floodplain transects, there was a significant nega-
tive relationship between SES.MPD and the inundation index,
suggesting that areas exposed to more severe inundation have
relatively closely related palm species (Fig. 3E). Additional
details are provided in Supplementary Data Table S5 and
results based on soil P are presented in Supplementary Data
Fig. S3.

Question 2: To what extent are phylogenetic patterns determined
by (a) habitat specialists, (b) small versus large palms and (c)
hyperdiverse genera?

(a) Habitat specialists versus generalists. Overall, 48 species
(44 %) were classified upland specialists, 20 (18 %) as flood-
plain specialists and 27 (25 %) as habitat generalists, and nine
(8 %) were too rare to classify (Fig. 4). We briefly highlight pat-
terns of habitat specialization for some key genera below; see
Supplementary Data Table S5 for habitat classifications of all
species. The diverse and widespread genus Geonoma, compris-
ing ~68 species across Central and South America (Henderson,
2011), had a high proportion of upland specialists (13/18 spe-
cies recorded in this study; 72 %) and only two floodplain spe-
cialists. Aftalea and Oenocarpus were also both dominated by
upland specialists (6/8 and 4/5 species, respectively). In Bactris
(the genus with most species included in our study, n = 25), nine
species (36 %) were classified as upland specialists and seven
(28 %) as floodplain specialists, and the remaining nine (36 %)
were either generalists (five species) or too rare to classify (four
species). Three out of four species of Desmoncus (75 %) were
classified as floodplain specialists. Based on the D statistic, spe-
cialization for both habitat types was randomly distributed across
the phylogeny (D = 0.98 and 1.18 for upland and floodplain spe-
cialization, respectively; P < 0.001 for D > 1 and P > 0.1 for
D =1 for both groups). Based on Blomberg’s K statistic, the me-
dian value of exchangeable base concentration in transects where
each species occurred did not exhibit significant phylogenetic
signal (K =0.09, P = 0.6; Supplementary Data Fig. S4).

Despite the lack of tree-wide phylogenetic signal in habitat
specialization and median base concentration in transects
where each species occurred, phylogenetically clustered
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transects in both habitat types (especially floodplains) tended
to have a high proportion of habitat specialists (Fig. 5A, B).
Among upland transects, there was also a strong negative re-
lationship between the proportion of upland specialists and
exchangeable base concentration (Fig. 5C), indicating that
upland sites with poor soils primarily have upland special-
ists, whereas more fertile upland sites tend to have both more
generalist and more rare species. In contrast, high-fertility
floodplain transects had a higher proportion of floodplain spe-
cialists (Fig. 5D). Additionally, the proportion of floodplain
habitat specialists was positively associated with the index of
inundation intensity (Fig. SE). Results based on soil P are pre-
sented in Supplementary Data Fig. S5. Briefly, soil P and the
percentage of habitat specialists were positively correlated in
upland transects but not significantly correlated for floodplain
transects, mirroring the relationship between habitat special-
ization and exchangeable base concentration.

(b) Small versus large palms. On average, upland specialists
reached shorter maximum heights and had shorter maximum leaf
lengths than floodplain specialists, but these groups had similar
average maximum diameters (Supplementary Data Fig. S6). For
transects in both habitat types, the community mean value of
the size metric (i.e. the first axis of the PCA of size variables)
increased with SES.MPD (Fig. 3, Supplementary Data Fig. S7).

In other words, phylogenetically clustered transects in both habitat
types contained, on average, small palm species. Among upland
(but not floodplain) transects, the size metric was also positively
associated with soil fertility. Contrary to our expectations, we did
not find a significant negative relationship between the index of
inundation intensity and the community mean value of palm size.

(c) Species belonging to hyperdiverse genera. Co-occurrence
of species in the two most diverse genera in our study [i.e.
Bactris (25 species) and Geonoma (18 species)] largely deter-
mined the observed variation in phylogenetic community
composition (Fig. 6). In particular, phylogenetically clustered
upland transects had a high representation of both Geonoma
and Bactris. Phylogenetically clustered floodplain transects had
a high representation of Bactris, but not Geonoma. Excluding
these species from the entire analysis generally led to more
random values of SES.MPD and eliminated most of the signifi-
cant trends presented here, which reinforces the idea that these
genera dominate the observed patterns.

DISCUSSION

We found variation in the phylogenetic structure of palm com-
munities along edaphic gradients within major habitat types
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across western Amazonia. Although tree-wide (or deep-time)
metrics of phylogenetic signal did not support the scenario
that edaphic niches are conserved across the entire phylogen-
etic tree, several other pieces of evidence do support more
nuanced versions of edaphic niche conservatism. Specifically,
(1) palm communities in low-fertility non-inundated uplands
comprise phylogenetically clustered sets of small-sized up-
land specialists (especially Bactris and Geonoma), and (2)
palm communities in severely inundated floodplains are dom-
inated by closely related floodplain specialists (especially
Bactris). Overall, strong associations between edaphic condi-
tions and the phylogenetic composition of palm communities
across western Amazonia suggest that, in general, physio-
logical stress mediates evolutionary processes that have struc-
tured palm communities in this system. The most important
sources of physiological stress, however, differ across habitat
types. Our results increase our understanding of the factors
that determine diversity patterns for palms and, more gener-
ally, advance the role of edaphic heterogeneity in promoting
patterns of tropical plant diversity. Overall, our results support
phylogenetic conservatism of edaphic niches and selection
along abiotic gradients as key processes affecting community
assembly for western Amazonian palms. Processes thought to
promote edaphic niche partitioning (e.g. negative density de-
pendence and microhabitat niche differences) may occur at
finer spatial scales.

Community phylogenetic structure along edaphic gradients

Several studies have reported a lack of tree-wide (or deep-
time) phylogenetic signal in soil and topographic associations
for tropical tree species (Schreeg et al., 2010; Zhang et al.,
2017). In fact, adaptive radiation across edaphic gradients has
been demonstrated in a number of systems (e.g. Cavender-Bares
et al., 2004a; Fine et al., 2005) and Swenson (2013) suggested
that soil niches may be evolutionarily labile within tropical tree
genera and families (i.e. often not similar among closely related
species). On the one hand, some of our results are consistent
with the conclusion that edaphic associations are not phylogen-
etically conserved. In particular, habitat specialization and the
median values of soil fertility across transects where species
occur did not show significant phylogenetic signal based on the
D and K statistics, respectively. On the other hand, however,
these metrics provide an all-or-nothing value of phylogenetic
signal and do not describe more nuanced patterns of trait evo-
lution among clades. It is certainly possible that edaphic niches
are phylogenetically conserved in some clades and, indeed, sev-
eral other patterns we found (detailed below) do imply a de-
gree of phylogenetic conservatism of edaphic associations that
appears to be important for the community structure of western
Amazonian palms. A conclusion of phylogenetically conserved
edaphic associations is generally consistent with Eiserhardt
et al. (2013a), who found that the geographical turnover of
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palm clades across South America was driven by limited niche
evolution (with respect to temperature and soil tolerances) in
conjunction with limited dispersal.

In non-inundated upland sites, the association between
phylogenetic clustering and soil fertility may reflect selection
on phylogenetically conserved traits in low-fertility transects.
In support of this scenario, we found that nutrient-poor up-
land sites had communities of closely related, small-sized up-
land specialists. Based on a portion of the dataset used here,
Eiserhardt et al. (2013b) found that palm communities in both
terra firme and floodplain transects tended to be phylogenetic-
ally clustered even with respect to the pool of species known
to occur in each particular habitat type. They suggested an add-
itional component of abiotic filtering within habitats, which
we have identified in the current study as the within-habitat
soil fertility gradient. Within-habitat edaphic gradients have
also been shown to mediate palm phylogenetic composition in
a central Amazonian terra firme forest (de Freitas et al., 2014).
Specifically, palm communities in ‘bottomland’ sites that can
be flooded for a few hours following heavy rains tended to
be phylogenetically over-dispersed compared with sites higher
above the nearest waterway (and with higher clay content). It is
possible that the bottomland communities studied by de Freitas
et al. (2014) comprise a mix of upland and floodplain-associ-
ated species, whereas less flood-prone sites are dominated by
relatively closely related upland species. Alternatively, phylo-
genetic clustering in low-fertility upland sites may be more

strongly related to particularly high rates of diversification of
certain lineages (e.g. Geonoma) that are specialized to those
conditions (Onstein et al., 2017). It is also possible that differ-
ences in soil age between low- and high-fertility sites mediate
the phylogenetic patterns in ways that mirror patterns found
more broadly across Amazonia (Honorio Coronado et al.,
2015). Specifically, if there is a negative association between
soil fertility and soil age within western Amazonia (as there is
when comparing eastern and western Amazonia), low-fertility
soils may have had a longer time to accumulate closely related
lineages via in situ speciation. Western Amazonia has, how-
ever, experienced substantial geological dynamism since the
Miocene and soils in the region are generally quite young (i.e.
Pliocene or Pleistocene) compared with the eastern parts of
the Amazon basin (Hoorn et al., 2010; Quesada et al., 2011;
Roncal et al., 2013; Jaramillo et al., 2017). Future work exam-
ining relationships between geological time, uplift/soil forma-
tion and evolutionary patterns of specific taxonomic groups
will help clarify these questions.

We focused on exchangeable base concentration as a metric
of soil fertility, but we note that P is often considered the primary
limiting nutrient in tropical soils (Vitousek, 1984; Quesada et al.,
2012; Turner et al., 2018). In our dataset, as is more generally
the case (Fyllas et al., 2009; Quesada et al., 2012), exchange-
able base concentration and soil P are positively correlated.
Nonetheless, models incorporating exchangeable base concen-
tration performed better (based on the AIC) than models based
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on soil P. Results from models based on these two parameters
differed mainly in that some relationships with exchangeable
base concentration that were significant became non-significant
when considering soil P (see Supplementary Data Table S4).
This is consistent with previous work suggesting a stronger as-
sociation between floristic patterns of Amazonian palms and
exchangeable base concentration compared with soil P (e.g.
Kristiansen et al., 2012; Camara-Leret et al., 2017). Turner
et al. (2018) recently showed a wide variation across tropical
tree species in terms of P limitation and, while they did not in-
clude palms in their study, it is possible that palms may be more
sensitive than other lineages to exchangeable base concentra-
tion compared with soil P. For example, Emilio et al. (2014)
found a significant response by palms, but not trees, to a gra-
dient of exchangeable base concentration in forests of central
Amazonia. Since Ca is a key component of plant cell wall struc-
ture (Demarty et al., 1984), it is possible that this nutrient may
be particularly important for maintaining the large, thick leaves
characteristic of palms. Some other work suggests that palms
are particularly rich in K (Vitousek and Sanford, 1986) and so it
is possible that palms are sensitive to K availability. Literature
related to these issues is, however, scarce and more work is
needed to evaluate the mechanisms driving palm responses to
different soil nutrients.

Regarding floodplain transects, we conclude that palm com-
munities that differ more floristically from nearby upland palm

communities (ranking high on our index of inundation) tend to
be phylogenetically clustered. We interpret this result as pro-
viding support to the hypothesis that communities subjected
to more severe flood regimes tend to comprise phylogenet-
ically clustered communities of floodplain specialists. Our
interpretation rests on the index of inundation intensity we
developed from floristic patterns since we lack direct meas-
urements of flood regimes in these transects. The justification
for our approach is based on previous work showing strong
links between Amazonian palm community composition and
flood regimes (Balslev et al., 1987; Wittmann et al., 2006;
Costa et al., 2009; de Freitas et al., 2014; Schietti et al., 2014).
Nonetheless, it is possible that the patterns we attribute to in-
undation intensity are caused by other unmeasured factors
associated with floristic differences between floodplain and
upland sites. In any case, our results still support phylogenetic
conservatism of floodplain associations. This supports the hy-
pothesis that tolerance of inundation reflects an important axis
of abiotic stress as well as phylogenetic niche conservatism
of traits associated with flood tolerance (Junk et al., 2010).
Unfortunately, we currently lack high-precision GPS coordi-
nates as well as high-resolution remote sensing data (e.g. high-
fidelity imaging spectroscopy and LiDAR data collected to
account for seasonal variation) with which to accurately deter-
mine the flood regime or other related variables for our dataset
(e.g. height above the nearest drainage; Rennd et al., 2008).
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Future work would benefit from additional data describing
flood regimes in these forests, most likely obtained through
remote sensing approaches (Rudorff ez al., 2014; Hess et al.,
2015). Recent development of various remote sensing tech-
nologies [e.g. synthetic aperture radar data (e.g. Sentinel) or
polarimetric imagery (e.g. ALOS-2/PALSAR-2)] show prom-
ising results for mapping of flooded vegetation areas and ac-
curately delineating areas of open water (Plank er al., 2017).
Given the importance of hydrology in determining floristic pat-
terns and dynamics in the region, future work will benefit from
more detailed information on flood regimes and soil moisture.

Comparison with other plant groups

To what extent do the phylogenetic patterns we report for
western Amazonian palms correspond to or contrast with
results from other studies focusing on different plant groups?
For example, work by Fine and colleagues suggests that habitat
specialization in western Amazonian tree communities across
soil fertility gradients is driven by phylogenetically constrained
trade-offs in growth and defence (Fine ef al., 2006; Fine and
Kembel, 2011). Fine and Kembel (2011) found phylogenetic
clustering of western Amazonian tree communities on nutrient-
poor white sand soils, which is consistent with phylogenetic
conservation of edaphic niches. They attributed their findings
to a trade-off between herbivore defence and growth rate,
which has been suggested to be a key driver of habitat spe-
cialization for trees on nutrient-poor white sand soils and more
fertile upland soils (Fine et al., 2006). Similarly, for western
Amazonian palm communities examined in our study, patterns
of phylogenetic clustering were explained by a higher propor-
tion of habitat specialists in low-fertility upland sites and areas
with higher inundation intensity in flooded sites. Furthermore,
low-fertility upland sites had smaller sized palms. Together,
this suggests that phylogenetically constrained trade-offs in
growth and defence may be a general driver of phylogenetic
community composition across plant groups. Fine et al. (2005)
reported evidence for repeated and independent evolution of
soil specialization in western Amazonian trees (Burseraceae),
proposing that multiple and rapid speciation events followed
shifts in soil preference. To some extent, this finding is also
consistent with our work showing that species belonging to two
large genera (Geonoma and Bactris) dominate many patterns
we report (also see below).

Our finding that upland palm communities are phylogenet-
ically clustered in areas with low soil fertility contrasts with
Lehtonen et al. (2015), who reported that Neotropical fern
communities tend to be phylogenetically clustered in areas of
high soil fertility. In contrast, older fern lineages were dispro-
portionately represented in geologically older sites with poor
soils. Lehtonen et al. (2015) attributed their results, in part, to
the basal phylogenetic position of two key genera that special-
ized on infertile soils. In our study, the dominant phylogenetic
patterns are mediated by co-occurrence of species in rela-
tively shallow phylogenetic nodes (e.g. co-occurring species
of Bactris and Geonoma). Even though we found the opposite
pattern from Lehtonen et al. (2015) in terms of the association
between phylogenetic clustering and soil fertility, both studies
indicate a role for edaphic niche conservatism.

Muscarella et al. — Amazonian palms and edaphic gradients

Phylogenetic patterns are dominated by small-sized habitat
specialists belonging to hyperdiverse genera

Phylogenetic clustering in both habitat types resulted largely
from the co-occurrence of habitat specialists. This further sup-
ports our conclusion that edaphic niches are phylogenetically
conserved, at least across broad habitat types (e.g. non-inundated
upland versus seasonally inundated floodplain conditions).
Additionally, we found associations between phylogenetic pat-
terns and community-mean values of palm size, suggesting that
phylogenetic patterns emerge, in particular, from co-occurrence
of small-sized (understorey) palms. Finally, patterns of phylo-
genetic clustering were strongly related to the proportion of
co-occurring species belonging to the two most diverse genera
included in our study: Bactris and Geonoma. These genera are
both broadly distributed across the Neotropics and predom-
inantly comprise small, understorey species. Together, these
results provide insight not only into the factors underpinning
community-wide patterns of diversity in western Amazonian
palms, but also into the co-occurrence patterns of these two
hyperdiverse genera.

Previous work on the distributions and evolutionary history
of Bactris and Geonoma may clarify mechanisms underlying
patterns of palm community composition in western Amazonia.
For example, Camara-Leret ef al. (2017) modelled palm abun-
dance distributions along edaphic gradients. They reported
that congeners of Bactris and Geonoma reached their maximal
abundance in transects with low values of exchangeable base
concentrations, which is consistent with our results suggest-
ing phylogenetic conservatism of edaphic associations. Roncal
et al. (2012) found that the timing of Geonoma diversification
was consistent with major geological events in Amazonia and
that a high degree of relatedness among co-occurring species
may reflect in situ diversification patterns. This may suggest
that species of Geonoma are differentiated on resource axes
other than edaphic conditions (e.g. light) (Chazdon, 1991;
Roncal, 2014), which may also be consistent with our findings.
In fact, Roncal et al. (2012) found phylogenetic signal in some
morphological characters of Geonoma species but not for char-
acters with clear relationships to edaphic conditions. It is also
possible that fine-scale partitioning of edaphic niches could
promote co-occurrence of closely related species. For example,
associations with arbuscular mycorrhizal fungi across relatively
fine-scale soil gradients appear to have contributed to sympatric
speciation of Howea palms (Savolainen et al., 2006; Osborne
etal.,2018).

In our dataset, upland specialists (which were over-repre-
sented in low-fertility sites) are smaller, on average, compared
with floodplain specialists or generalists. This pattern is largely
driven by high diversity of understorey palm species (e.g. spe-
cies of Geonoma). We suspect that because more fertile soils
promote taller and denser forests (and thus less understorey
light availability), these sites select for larger-size palms both
from the perspectives of competition for light and of nutrient
supply. The tendency for small palms to occur in low-fertility
sites, in addition to their shade-tolerant strategies, suggests
that conservative resource strategies, in general, may be crit-
ical for this group (Chazdon, 1986b). In contrast, phylogenet-
ically clustered floodplain transects tended to have particularly
high proportions of small-sized Bactris species. This result is
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consistent with our original prediction based on the rapid rates
of soil and woody stem turnover in sites that experience more
severe flood regimes (see also Emilio et al., 2014).

Conclusions

Edaphic conditions have repeatedly been shown to influence
the floristic composition and species distributions of many trop-
ical plants, including palms (John ez al., 2007; Andersen et al.,
2010; Higgins et al., 2011; Quesada et al., 2012; Condit et al.,
2013; Muscarella et al., 2016; Camara-Leret et al., 2017). Our
study links edaphic gradients with palm community phylogen-
etic structure and reinforces the need to integrate edaphic con-
ditions in eco-evolutionary studies in order to better understand
the processes that generate and maintain tropical forest diver-
sity. Overall, our results do not support niche partitioning as the
main process determining palm community composition across
western Amazonia. Processes that promote niche partitioning are
likely important for promoting co-occurrence of palm species at
fine spatial scales. However, our results are more consistent with
phylogenetic conservatism of edaphic niches and abiotic filtering
as a key driver of community assembly for western Amazonian
palms, because palm communities tended to be phylogenetically
clustered in areas of high physiological stress.
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Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1: results of
analysis comparing within- versus among-transect variation
in exchangeable base concentration. Table S2: correlations
among soil chemistry variables and index of inundation inten-
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chemistry variables for upland transects. Table S4: model fit
statistics. Table S5: details of species recorded in this study.
Figure S1: correlation between SES.MPD values based on dif-
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values based on the ‘global’ and “full” species pools. Figure S3:
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versus soil P, mean annual precipitation and inundation index.
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phorus concentrations across transects where species occur,
mapped onto a phylogeny. Figure S5: proportion of species
identified as habitat specialists that occur in non-inundated up-
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