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Abstract

The complexities of the relationships between plant and soil microbial communities remain unre-
solved. We determined the associations between plant aboveground and belowground (root) distri-
butions and the communities of soil fungi and bacteria found across a diverse tropical forest plot.
Soil microbial community composition was correlated with the taxonomic and phylogenetic struc-
ture of the aboveground plant assemblages even after controlling for differences in soil character-
istics, but these relationships were stronger for fungi than for bacteria. In contrast to
expectations, the species composition of roots in our soil core samples was a poor predictor of
microbial community composition perhaps due to the patchy, ephemeral, and highly overlapping
nature of fine root distributions. Our ability to predict soil microbial composition was not
improved by incorporating information on plant functional traits suggesting that the most com-
monly measured plant traits are not particularly useful for predicting the plot-level variability in
belowground microbial communities.
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INTRODUCTION

Soil microbes engage in complex feedbacks with plants (War-
dle et al. 2004; Bever et al. 2013), although the specific mecha-
nisms that link aboveground and belowground communities
often remain unresolved. Predicted associations between plant
and microbial distributions arise from known plant effects on
soil conditions, including the amounts and types of organic
carbon (C) inputs, soil pH, or soil nutrient availability
through litter and root exudates (van der Heijden et al. 2008;
Prescott & Grayston 2013). These soil modifications can have
direct and indirect effects on local microbial communities by
favouring the growth of symbiotic bacteria and fungi (includ-
ing nitrogen-fixing bacteria and mycorrhizal fungi) or micro-
bial pathogens (Wardle et al. 2004). However, plant and
microbial assembly can also occur independently in response
to similar abiotic properties of soil (Hines et al. 2006), or can
occur at different spatial and temporal scales (Bardgett et al.
2005), making it difficult to identify generalisable patterns and
associations between plants and belowground microbes.

Given the myriad of interactions between plants and
microbes and their well-known impacts on ecosystem function
(van der Heijden et al. 2008), it is often assumed that the
composition of belowground microbial communities and
aboveground plant communities will reflect one another.
However, evidence to support this assertion is scarce (Prescott
& Grayston 2013), with some studies showing that plant com-
munity composition is a significant predictor of overall bacte-
rial and/or fungal community composition at regional or
continental-scale studies (Prober et al. 2015), and other stud-
ies unable to find the same relationship (Talbot et al. 2014).
Even when studies are tightly controlled, a correlation
between plant species identity and overall bacterial or fungal
community composition might (Jiang et al. 2012) or might
not (McGuire et al. 2012) be present.
Various methodological and ecological factors could obscure

the detection of tight associations between plants and below-
ground microbial communities. First, methodological con-
straints in microbial detection and quantification may make it
difficult to identify patterns between above and belowground
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communities (Fierer & Lennon 2011). Second, if the environ-
mental factors structuring plant communities are distinct from
those that structure the overall composition of belowground
microbial communities, relationships between individual plant
species and microbial community structure would be unlikely.
For example, some studies show that soil pH can have a large
influence on the composition of soil bacterial communities, but
little influence on plant species composition, contributing to an
apparent disconnect between plant communities and the bacte-
rial communities found in soil (Prober et al. 2015). Third,
plants may influence belowground microbial communities via
specific plant traits or attributes that are not predictable from
plant species identity alone such as litter C : N ratio, root exu-
date production, or litter carbon chemistry. There is a growing
body of evidence suggesting that functional traits or the evolu-
tionary relatedness of plants can often be more useful predic-
tors of plant effects on belowground biota than species identity
(De Deyn & Van der Putten 2005). Finally, soil microbial com-
munities may not respond to aboveground plant distributions,
but rather to the fine-scale distributions of plant root net-
works, because the spatial scale of aboveground ground cano-
pies and belowground distributions of plant species may not be
equivalent (Jones et al. 2011).
In order to disentangle the associations between plant and

belowground microbial communities, we combined detailed
microbial community analyses with integrated assessments of
belowground and aboveground plant distributions that con-
sidered the taxonomic identities of plants, the phylogenetic
relationships among plants, and plant functional traits. To
accomplish these objectives, we used marker gene sequencing
to identify plant roots and characterise the bacterial and fun-
gal communities found in each of 625 soil samples collected
from a 50-ha tropical forest plot located on Barro Colorado
Island, Panama, a plot that has been intensively studied by
plant ecologists for decades and has been a focal point for
tropical research investigating tree coexistence and the mainte-
nance of plant diversity (Hubbell & Foster 1983). We used
this data set to determine the extent to which the variability
in the composition of soil bacterial and fungal communities
across the plot was predicted by above and belowground
plant species distributions. We tested the prediction that the
association between plants and belowground microbial com-
munities would be stronger for belowground than above-
ground plant distributions because roots are expected to have
important influences on the development of soil microbial
communities. In addition, we tested the hypothesis that phylo-
genetic relatedness and the functional traits of plants would
better predict belowground microbial distributions than plant
species identity alone since more closely related plant species
would be expected to share morphological and functional
traits that are important for structuring soil microbial com-
munities (Cantarel et al. 2015).

METHODS

Soil sampling

We collected 625 surface soil cores (6.25 cm diame-
ter 9 20 cm depth) from the 0.5 km2 Barro Colorado Island

(BCI) forest dynamics plot, Republic of Panama (9.15° N,
79.8° W) (Hubbell & Foster 1983) between 14 October and 2
December 2010. Cores were sampled 1 m west of the central
5 m grid marker in every other 20 9 20 m quadrat. If there
was an obstruction that precluded sampling in this location,
we sampled at a nearby location. We sampled even columns
on odd rows and odd columns on even rows of the 20 m grid
system, resulting in c. 28 m spacing between nearest neigh-
bour cores. Although our sampling scheme provided far
higher spatial resolution than nearly any comparable study,
we acknowledge that, by collecting soil cores spaced 28 m
from one another, we may still lack the spatial resolution to
capture detailed above–belowground relationships, given the
heterogeneous nature of tropical forests and the soils at this
site. We georeferenced the soil cores at all sites, using a differ-
ential GPS parameterised affine function (Wolf et al. 2015).
Locations of the cores on both the plot coordinate system
and a geographic coordinate system (WGS 1984 UTM Zone
17N, EPSG: 32617) are available in Wolf et al. (2015).
From each sampled location, we collected mineral soil (0–

20 cm), excluding litter and organic horizons, using bulk soil
rather than just rhizosphere soil for subsequent molecular
analyses of microbial communities. Immediately after collect-
ing the soil core, we placed the entire core in a Ziploc bag,
thoroughly mixed the soil, and subsampled c. 15 mL of
homogenised soil (no roots) into a Whirl-pak bag for micro-
bial analyses. Soils were frozen at �20 °C on the same day of
collection and were subsequently transported to Barnard Col-
lege, Columbia University where they were stored at �20 °C
until analysis. Prior to molecular analyses, we sieved soils
through sterilised 2 mm sieves to homogenise the microbial
community and remove any remaining rocks and non-soil
fragments.
From the remaining soil, we collected roots for molecular

analysis and subsampled 50 g of soil for air-drying and subse-
quent soil chemical analyses, which are described in Wolf
et al. (2015). Briefly, we analyzed BaCl2-extractable cations,
and P from Mehlich-3 extractions, total carbon and total
nitrogen, and soil pH in both H2O and 0.1 M CaCl2 solution.

Molecular analyses of microbial communities

Microbial diversity was assessed using high-throughput
sequencing methods to characterise the variation in taxonomic
marker gene sequences. For bacterial analyses, we sequenced
the V4 hypervariable region of the 16S rRNA gene, using the
515-F (GTGCCAGCMGCCGCGGTAA) and 806-R
(GGACTACHVGGGTWTCTAAT) primer pair (Fierer et al.
2012). Although this primer pair also captures Archaea, the
number of 16S rRNA reads from Archaea was very low in
this data set (< 2.2% of the total number of phylotypes and
< 1.9% of total 16S rRNA sequences). For the fungal
analyses, we sequenced the first internal transcribed spacer
(ITS1) region of the rRNA operon, using the ITS1-F
(CTTGGTCATTTAGAGGAAGTAA) and ITS2 (GCTGC
GTTCTTCATCGATGC) primer pair (McGuire et al. 2013).
The primers included the appropriate Illumina adapters with
the reverse primers also having an error-correcting 12-bp bar-
code unique to each sample to permit multiplexing of samples.
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PCR products from all samples were quantified using the
PicoGreen dsDNA assay, and pooled together in equimolar
concentrations for sequencing on an Illumina MiSeq instru-
ment running the 2 9 150 bp chemistry. All sequencing runs
were conducted at the University of Colorado Next Genera-
tion Sequencing Facility.
The forward reads were demultiplexed using a custom

Python script (https://github.com/leffj/helper-code-for-uparse),
with quality filtering and phylotype clustering conducted using
the UPARSE pipeline (Edgar 2013). For quality filtering, we
used a maxee value of 0.5 (indicating that on average a maxi-
mum of 0.5 nucleotides were incorrectly assigned in every
sequence). Sequences were also dereplicated and singleton
sequences were removed prior to phylotype determinations.
Representative sequences from the phylotypes that were not
≥ 75% similar to sequences contained in either the Green-
genes 13_8 database (McDonald et al. 2012) or the UNITE
May, 2014 database (Abarenkov et al. 2010) for 16S and ITS
rRNA sequences respectively, were discarded. Raw sequences
were then mapped to phylotypes at the 97% similarity thresh-
old. Phylotype taxonomy was determined using the RDP clas-
sifier with a confidence threshold of 0.5 (Wang et al. 2007)
trained on the respective databases for 16S and ITS rRNA
sequences. Sequences representing any phylotypes classified as
mitochondria or chloroplast were removed. In order to reduce
potential amplicon sequencing biases, we first removed sam-
ples with < 10 000 sequences and then we normalised the
sequence counts, using a cumulative-sum scaling approach
(Paulson et al. 2013). The total number of samples included
in downstream analyses was 556 for bacteria and 480 for
fungi. Representative sequences, phylotype abundance tables,
and corresponding sample information are publicly available
in FigShare (http://figshare.com/articles/Soil_microbial_com-
munities_Barro_Colorado/1449286).

Determination of plant distributions

Aboveground stem distributions were determined from the
2010 BCI census. Every woody and palm stem ≥ 1.0 cm diam-
eter at breast height (DBH) was sampled. Tree community
composition was determined for five neighbourhood sizes (i.e.
at 2.5, 5, 10, 15, and 20 m radii from the soil cores sampling
points). Lianas were excluded from subsequent analyses.
Palms were included in all analyses and, while we recognise
that they are monocots and not woody trees, we use the term
‘tree’ throughout the paper for ease of distinguishing canopy
and subcanopy plant species from understory plant species
(which were not included in the current study).
We assessed belowground root distributions so we could

simultaneously determine the relationships between plant
aboveground or belowground distributions and soil microbial
distribution patterns. We did this by conducting molecular
analyses of bulk fine root samples that were separated from
individual soil cores after washing the soil through a 0.1 mm
sieve. We stored the fine roots from individual soil cores in a
Tris-Low EDTA (TLE) buffer solution until dehydration by
oven drying at 37 °C and homogenisation by mortar and pes-
tle with liquid nitrogen. We used c. 0.1 g of the homogenised
root tissue to extract DNA using a modified CTAB DNA

extraction technique (Li et al. 2007). We removed PCR inhibi-
tors from DNA extracts using a standard bead-based DNA
cleanup with 1.89 AMPure substitute (Rohland & Reich
2012). Following DNA cleanup, we amplified root DNA
using sequence-tagged rbcL primers (Kress et al. 2009). We
visually confirmed amplification success by running fragments
on 1.5% agarose and we normalised amplicons across plates
by adding 10 lL of PCR product to SequalPrep Normalisa-
tion Kits (Invitrogen, Inc., Carlsbad, CA USA) using the
standard protocol. After normalisation, we combined 6 lL
from each normalised sample in a single tube, concentrated
the combined DNA in a SpeedVac, and rehydrated the con-
centrated DNA with 16 lL 10 mM Tris-HCl. To apply
sequence tags and sequencing adapters to each amplicon, we
end-repaired and adenylated the rehydrated PCR amplicons
by adding 16 lL of each amplicon pool to 1 lL End Prep
Enzyme Mix (New England Biolabs, Ipswich, MA USA),
2.5 lL reaction buffer, and 5.5 lL ddH2O. We incubated this
reaction for 25 min at 25 °C followed by 20 min at 72 °C.
We added 1 lL of 25 mM 454 sequencing adapters (indexed)
to the pool of normalised amplicons along with 1 lL Quick
T4 DNA ligase (New England Biolabs), and we incubated the
ligation reaction for 10 min at 25 °C followed by 10 min at
65 °C. Following ligation, we added 38 lL of ddH2O to each
reaction along with 48.6 AMPure XP beads (Beckman Coul-
ter Inc., Indianapolis, IN USA), and cleaned reactions follow-
ing the standard AMPure protocol. We used qPCR to
quantify each pool of amplicons, and we prepared an equimo-
lar mixture of 1.0E8 copies by combining pools of amplicons
together, and checked the size distribution of amplicons, using
an Agilent BioAnalyzer (Santa Clara, CA USA) prior to
sequencing. We sequenced the equimolar pools using either
the Roche 454 FLX (1/8 lane) or the 454 Jr. (2 runs) at the
UCLA Genotyping Core (Los Angeles, CA USA).
Prior to classifying sequences to species, we created a com-

posite reference database by combining sequences from the
database of BCI trees from Kress et al. (2009). We supple-
mented the composite reference database with sequences from
Genbank for those species that occur on BCI but were absent
from Kress et al. (2009). To classify sequence reads to woody
plant species, we first removed reads shorter than 400 bp from
the data set. Then we removed core samples having fewer
than 30 total sequence reads, which we believe represented
rbcl amplification failures. Following this filtering, we per-
formed a BLAT search of all sequence reads to all species in
the composite database, using a 98% similarity cutoff. We
assigned a sequence read to a given reference species by min-
imising the number of base pair mismatches between the
sequence read and reference data. Because rbcL is not com-
pletely diagnostic for all woody plant species on the BCI plot
(Kress et al. 2009), we assigned ambiguous sequences (i.e.
sequences with more than one matching species and the same
number of base pair mismatches) to species in the reference
database by computing the relative abundance of the potential
matches in the plant neighbourhood within a distance of 15 m
from the location of the soil core and assigning species iden-
tity based upon the potential match having the highest relative
abundance (sum of total basal area of all stems > 1 cm of the
candidate species). We selected 15 m as our radius because
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this value is the maximum estimated crown radius for individ-
uals in the neighbourhood around each sampling point (see
below). If none of the potential matches were present within
the 15 m neighbourhood, we removed the ambiguous
sequence from the analysis. We also removed singletons (i.e.
species with only one sequence present in a core) from the
data set. The total number of root samples included in down-
stream analyses was 536.

Plant functional traits and phylogeny

We obtained the following plant functional traits for 248 of
the 288 tree species (all woody and palm species ≥ 1.0 cm
DBH) found in the 20 m neighbourhoods surrounding the
soil cores: wood density, fruit mass, seed mass, average
DBH, growth rate, mortality rate, leaf morphology (leaf
area, leaf thickness, leaf mass per area), and leaf elemental
chemistry (concentration of aluminum, calcium, potassium,
magnesium, phosphorous, nitrogen and carbon) (Wright
et al. 2010). For the 248 tree species for which we had trait
information, phylogenetic relationships among these species
were estimated according to a maximum-likelihood phy-
logeny (Kress et al. 2009). After multiple sequence alignment
using MAFFT (Katoh & Standley 2013) and trimming of
poorly aligned positions using GBLOCKS (Castresana
2000), phylogenetic relationships from root samples were
estimated with the FastTree approximate maximum-likeli-
hood algorithm (Price et al. 2010) and the midpoint method
for rooting.
The distance between plant assemblages as determined

from their trait distributions was calculated using the abun-
dance weighted mean pairwise distance (MPD). MPD is
defined as the average functional distance separating two
species drawn at random from different assemblages (Webb
2000). Plant phylogenetic assemblage distance was calculated
using the abundance weighted UniFrac metric, which is
defined as percent of branch length unique to any pair of
assemblages (Lozupone & Knight 2005). Functional trait
and phylogenetic analyses were carried out in the R environ-
ment (www.r-project.org) using the ape (http://ape-pack-
age.ird.fr/) and picante (http://picante.r-forge.r-project.org/)
packages.

Statistical analyses

Patterns in plant and microbial community similarity were
represented by non-metric multidimensional scaling (NMDS)
using the Bray–Curtis distance metric after Hellinger stan-
dardisation. We used partial Mantel tests controlling for the
potential confounding effects of topography (slope) and soil
pH as well as quantile regressions as implemented in the R
package quantreg (https://cran.r-project.org/web/packages/
quantreg/) to determine the relationships between plant and
microbial community distance matrices. To estimate the
explanatory power of individual soil and topographical vari-
ables on soil microbial communities and tree assemblages,
we used permutational multivariate analysis of variance (PER-

MANOVA). Multivariate statistical analyses were implemented
using the R packages vegan (http://vegan.r-forge.r-pro-

ject.org/) and ecodist (http://cran.r-project.org/web/packages/
ecodist/).

RESULTS AND DISCUSSION

Characteristics of the soil microbial communities at BCI

A total of of 33 480 bacterial and 24 610 fungal phylotypes
were detected across all samples. Each soil sample collected
from the 50-ha plot contained an average of 2600 bacterial
phylotypes and 600 fungal phylotypes (Fig. S1). For trees, the
average number of aboveground species associated with each
soil sample was 6, 17, 42, 64, and 83 at increasing neighbour-
hood distances (2.5, 5, 10, 15 and 20 m radius, respectively)
away from each soil sampling location, with a total of 288
trees species counted across all samples. On average, we iden-
tified roots from nine tree species in each soil core, with a
total of 203 tree species detected in all soil cores (Fig. S1). We
observed no significant relationship between patterns in plant
and belowground microbial richness levels across the 0.5 km2

plot (Fig. S2).
At the phylum level, the soil bacterial communities were

dominated by Proteobacteria, Acidobacteria and Verrucomi-
crobia (34, 21, and 9% of 16S rRNA sequences respectively).
The fungal communities were predominately composed of
taxa within the Ascomycota and Basidiomycota phyla (66 and
27% of the fungal ITS1 sequences respectively) (Fig. S3). Tree
species from the orders Gentianales (20%), Malpighiales
(18%) and Sapindales (15%) dominated the aboveground
samples, while Gentianales (23%), Rosales (16%), Fabales
(14%) and Malpighiales (10%) dominated the belowground
samples (Fig. S3).

Soil microbial community composition is correlated with

aboveground tree distributions

For both soil bacteria and fungi, community similarity was
weakly related to the geographic location of the sample
(Fig. S4). As has been demonstrated previously (John et al.
2007), tree assemblage patterns were correlated with topogra-
phy and soil characteristics (Fig. S5), and some of these same
factors were also predictive of fungal and bacterial community
composition (Fig. S5). In particular, tree community composi-
tion was associated with slope (PERMANOVA: R2 = 0.05,
P < 0.001), while microbial community composition was asso-
ciated with soil pH. Bacterial communities showed a stronger
relationship with soil pH than the fungal communities (PER-

MANOVA: R2 = 0.16, P < 0.001 and R2 = 0.06, P < 0.001,
respectively; Fig. S5). These results are in line with other stud-
ies suggesting that the composition of soil bacterial communi-
ties, and to a lesser degree soil fungal communities, can be
strongly influenced by differences in soil pH (Prober et al.
2015).
Both bacterial and fungal community distance patterns were

positively associated with aboveground tree assemblage dis-
tance patterns (spatial visualisation of ordination axes in
Figs 1, 2 and S6). We observed this positive relationship
between soil microbial communities and tree assemblages after
controlling for the potential confounding effects of shared
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environmental and habitat correlations by including topogra-
phy (slope) and soil pH as covariates (Fig. 2). Thus, the corre-
lations between tree distributions and belowground microbial
community composition were not just driven by shared
responses to changes in soil characteristics and topography
across the plot. Rather, our data suggest that the observed
correlations between the plant and soil microbial communities
are related to aboveground-belowground feedbacks (Bever
2003), acknowledging that unmeasured environmental param-
eters or other biotic interactions might also be contributing to
the observed patterns. When we re-ran these same models
using only the largest trees in the plot (only those 27 tree spe-
cies that had DBH values > 750 mm), we found weaker asso-
ciations (r = 0.13 and 0.16 for the largest trees at 20 m
neighbourhood compared to r = 0.18 and 0.27 for the whole
data set at 20 m neighbourhood, for bacteria and fungi
respectively). These results demonstrate that the correlations
between soil microbial communities and the aboveground tree
distributions are not just driven by the largest trees in the
neighbourhood analyses.
Fungal community composition showed a stronger relation-

ship with aboveground tree distributions than the bacterial
communities (Figs 2 and S6), which is likely due to physiolog-
ical and ecological differences between these groups (Waring

et al. 2013). Fungi tend to depend more directly on plant
products such as structural leaf litter compounds and root
exudates (Broeckling et al. 2008) and are key decomposers of
plant necromass (Boddy et al. 2008). Some groups of fungi
also display resource-use specialisation on individual organic
C and N compounds found in leaf litter (McGuire et al.
2010). Surprisingly, the relationship between arbuscular myc-
orrhizal fungi (Glomeromycota) and aboveground tree com-
munity composition was weaker than the one observed for
overall fungal community composition (r = 0.11, P < 0.01 for
Glomeromycota compared to r = 0.27, P < 0.01 for all fungi).
When we compared the aboveground plant assemblage data

at different spatial neighbourhood sizes (2.5, 5, 10, 15 and
20 m), we found that the correlations between aboveground
tree community composition and bacterial or fungal commu-
nity composition were strongest at the largest neighbourhood
size (20 m) (Figs 2 and S6). In other words, if we want to pre-
dict what types of bacteria or fungi we will find in an individ-
ual soil sample, it is most useful to know what trees are
within a 20 m radius of that sample. It was somewhat surpris-
ing that the identity of trees very close to the soil sample was
not nearly as useful for predicting microbial composition,
because we would expect leaf litter inputs to be highest by
trees closer to the sampling site. Our finding that the 20 m

–0.0304 0.0320 –0.0272

5.70 5.89

0.0275

–0.0259 0.0252 –0.0229 0.0164

(a) (b)

(c) (d)

(e) (f)

Figure 1 Sampling sites, soil pH, and maps of community similarity (NMDS axis scores). (a) Sampling sites for 625 soil cores (the 50 ha plot was divided

into 20 9 20 m quadrats). (b) Soil pH. (c) Soil bacterial communities. (d) Soil fungal communities. (e) Root assemblages. (f) Tree assemblages.

Interpolated values were calculated using inverse distance weighting with square-root distance.
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neighbourhood was more closely related to microbial compo-
sition suggests that plant community information collected at
that scale may more effectively capture those plants that could
be influencing soil at a given site. It may also be that non-ad-
ditive litter mixture effects due to canopy overlap structure
soil microbes in ways that are not predictable from single-spe-
cies litter effects (Chapman et al. 2013). Additionally, differ-
ences in phenology (in particular, litter fall) may be another
potential explanation for the observed relationships between
tree assemblages and soil microbial community composition.
For example, a recent study found that variation in litter
inputs explained a significant proportion of soil C : N vari-
ability and that particular tree species dominated the litter
inputs with seasonal differences (Uriarte et al. 2015). While
litter phenology has not been explicitly evaluated on BCI,
variability in species-specific litter phenology could explain the
lack of a tight correlation between plant and microbial com-
position at smaller neighbourhood scales, particularly if litter
from a more productive, neighbouring tree species was more
influential on microbial composition at a given sampling point
and time.
While phylogenetic relationships have been useful for

explaining community assembly patterns for a variety of
organisms (Cavender-Bares et al. 2009), and phylogenetic
information can help explain some of the variation in some
leaf-associated microbial communities (Kembel et al. 2014),
incorporating phylogenetic information did not improve our
ability to predict soil microbial distributions better than
knowing species identity, alone (Figs 3 and S7). One ossible
explanation for this finding is that the high taxonomic
diversity of trees in the plot obscured the relative effects of

phylogenetic vs. taxonomic distance, since these indices were
highly correlated (r = 0.86, P < 0.001). Alternatively, the
plant traits that shape belowground microbial communities
may not be predictable from plant phylogeny due to con-
vergence in selected phenotypic characteristics (Kursar et al.
2009).

Root distributions are poor predictors of microbial community

composition

While we found fairly strong relationships between above-
ground tree composition and soil microbial communities,
there were only weak correlations between root distributions
and microbial community composition (Figs 1, 2 and S6),
which conflicts with our original prediction. This weak corre-
lation was maintained when we conducted phylogenetic analy-
ses of the root communities (r = 0.061, P < 0.001; r = 0.128,
P < 0.001, for bacteria and fungi, respectively). Focusing
solely on the composition of Glomeromycota did not improve
the correlation with root composition (r = 0.11, P = 0.11).
This result may be due to the fact that the distributions of
aboveground trees and their roots are not well correlated at
this site (Jones et al. 2011), which implies that either above-
ground or belowground species-specific effects are spatially
decoupled or that species-specific root zones may not actually
exist like they do for aboveground neighbourhoods. There is
some evidence for the latter hypothesis from a recent temper-
ate forest study which found that roots from multiple tree
species migrated to nutrient-enriched soil patches and
diminished belowground species segregation across the forest
(Valverde-Barrantes et al. 2015).
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Figure 2 Relationships between (a) soil bacterial communities and (b) soil fungal communities with tree assemblages at increasing spatial scales and root

assemblages. Differences among assemblages and communities estimated using Bray–Curtis distances. Lines represent fitted linear regressions between tree

assemblages and associated bacterial or fungal communities. Statistics correspond to rank-based partial Mantel tests controlling for differences in slope and

soil pH with P-values corrected for multiple comparisons by false discovery rate. Note the difference in y-axis scales. Similar results were obtained using

quantile regression analyses (Fig. S6).
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Another explanation for the weak relationship between root
and microbial composition is that roots are highly mobile
and root distributions change quickly over time. Thus, tempo-
ral shifts in microbial communities may be uncoupled from
the corresponding temporal dynamics of roots at this site.
The average rate of fine root turnover for tree species in an
adjacent forest was ~ 120 days, although significant species-
specific variation likely exists (Yavitt et al. 2009). In addition,
the microbes that are likely to be most affected by root
dynamics may be rhizosphere specialists living on or around
root surfaces rather than the microbes residing in bulk soil.
Numerous studies have found that rhizosphere microbial
communities are distinct from bulk soil microbial communi-
ties (Prescott & Grayston 2013), so species-specific effects of
tree roots may be realised at much smaller spatial scales in
the rhizosphere than could be detected from the bulk soil
analyses conducted here. More manipulative studies are
clearly necessary to unravel these alternative explanations, as
most studies tend to have an aboveground bias and very little
work has been done on the distributions of tropical tree roots
(Iversen 2014).

Are tree traits predictive of soil microbial community composition?

While the taxonomic and phylogenetic metrics of tree assem-
blage composition were correlated with belowground bacterial
and fungal communities, the aboveground leaf and stem traits
were not good predictors of microbial community composi-
tion. Overall functional assemblage distance based on traits,
using the abundance weighted mean pairwise functional dis-

tance (Webb 2000) was not correlated with soil microbial
community composition (Figs 3 and S7). Given that there is a
growing body of literature, suggesting that plant trait infor-
mation is useful for predicting community assembly and
ecosystem services (De Deyn & Van der Putten 2005; Corn-
well et al. 2008), we were surprised to find that most plant
trait distributions were not well-correlated with microbial dis-
tributions across the plot. However, it must be noted that
most of the work linking microbial communities and micro-
bially mediated processes to plant traits has been done in tem-
perate grassland ecosystems (Cantarel et al. 2015), and it is
possible that the patterns and processes documented in herba-
ceous ecosystems may not be observed in diverse tropical for-
ests. It is also possible that other unmeasured traits, such as
litter carbon chemistry or root traits (Cantarel et al. 2015),
are more important drivers of microbial composition than the
traits included in our analyses.
We also explored specific relationships between individual

assemblage-weighted functional traits and soil bacterial or
fungal community composition. Although we did not observe
significant relationships between the overall, aggregated
aboveground traits of the plant assemblages and the composi-
tion of the soil microbial communities, several individual
traits showed weak correlations (Fig. S8). Specifically, Al con-
tent in leaves and tree mortality rate were correlated with
both bacterial and fungal community composition. The rela-
tionship with Al may reflect the toxicity of that element to
microbial cells (Pina & Cervantes 1996). For fungal communi-
ties, carbon and Ca content in leaves were also correlated with
community composition (Fig. S8), which may be related to

0.550

0.575

0.600

0.625

0.00 0.25 0.50 0.75 1.00

Tree assemblage distance

B
ac

te
ri

a 
co

m
m

u
n

it
y 

d
is

ta
n

ce

0.825

0.850

0.875

0.900

0.925

(a) (b)

0.00 0.25 0.50 0.75 1.00

Tree assemblage distance

F
u

n
g

i c
o

m
m

u
n

it
y 

d
is

ta
n

ce

Taxonomic:      r = 0.152, P < 0.01**
Phylogenetic:  r = 0.124, P < 0.01**
Functional:      r = 0.030, P = 0.14

Taxonomic:     r = 0.212, P < 0.01**
Phylogenetic:  r = 0.181, P < 0.01**
Functional:      r = –0.034, P = 0.88

Figure 3 Relationships between (a) soil bacterial communities and (b) soil fungal communities with tree assemblage distance at the 20 m neighbourhood

radius around each soil core based on taxonomic, phylogenetic and functional trait information. Only the species for which we had trait information were

included in the analyses. Lines represent fitted linear regressions between assemblage distances and microbial community distances. Statistics correspond to

rank-based partial Mantel tests controlling for differences in slope and soil pH with P-values corrected for multiple comparisons by false discovery rate.

Dashed lines represent non-significant relationships. Note the difference in y-axis scales. Similar results were obtained using quantile regression analyses

(Fig. S7).
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the effects of these plant traits on soil C and litter input quan-
tities. The relationship of leaf Ca concentrations and fungal
composition likely reflects the important role of Ca in fungal
growth, nutrient uptake and mycorrhizal symbiosis (Pera &
Callieri 1997).

CONCLUSIONS

Despite the high tree diversity, we found significant correla-
tions between tree composition, soil pH and the composition
of soil microbial communities at the local scale. We also
found correlations between microbial composition and a sub-
set of assemblage-weighted plant traits. The lack of strong
relationships between soil microbial composition and root dis-
tributions was surprising, but may be related to the ephemeral
and mobile nature of fine roots. Since aboveground tree com-
position is less dynamic than belowground fine root turnover,
the integrated effects of decadal litter inputs may be a more
significant factor structuring soil microbial communities than
root inputs.
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