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Summary

1. Fungi play critical roles in ecosystem processes and interact with plant communities in mutualistic,
pathogenic, and commensal ways. Fungal communities are thought to depend on both associated tree
communities and soil properties. However, the relative importance of the biotic and abiotic drivers of
soil fungal community structure and diversity in lowland tropical forests remains poorly understood.
2. We examined the community structure of trees and fungi at different levels of phosphorus (0�17–
16�3 mg kg�1) in moist tropical forests in Panama. We predicted that arbuscular mycorrhizal (AM)
fungal composition would be more strongly associated with soil properties than with local tree com-
munities while the composition of other fungal clades would be more strongly correlated with local
tree communities than soil properties. We also predicted that fungal operational taxonomic unit
(OTU) richness would be negatively correlated with soil fertility and positively correlated with tree
species diversity within and among forests.
3. We characterized soil chemistry, fine root biomass, and sequenced the ITS1 barcode region to
describe fungal community composition from 70 soil cores across three 1-ha tropical rainforest sites in
Panama. The sites vary in soil chemistry, including P, and in tree species community composition, but
experience similar annual rainfall.
4. AM fungal community composition was partially correlated with soil chemistry (r = 0�32,
P ≤ 0�001), but not with local tree communities, while non-AM fungal communities were nearly
equally correlated with soil chemistry (Partial Mantel test, r = 0�38, P ≤ 0�001) as with tree commu-
nities (r = 0�36, P ≤ 0�001). Linear models showed that AM OTU richness was not explained by
any independent variable. For non-AM fungi, phosphorus, pH, and soil moisture better predicted
OTU richness across all cores than other biotic and abiotic factors.
5. Synthesis. Our results show that AM fungal structure is driven primarily by soil chemistry. For
non-AM fungi, soil properties and the local tree community can play a joint role in structuring com-
munities. Furthermore, we found that more diverse local tree communities did not harbour more fun-
gal species. Our results suggest that soil properties act as an environmental filter for both trees and
fungi, setting the stage for interactions between the two.

Key-words: ITS1, metabarcoding, microbial ecology, mycorrhizal fungi, Panama, plant–soil
(below-ground) interactions, soil phosphorus

Introduction

Many lowland tropical rainforests are strongly phosphorus (P)
depleted (Sollins 1998; Mirmanto et al. 1999; Vitousek et al.

2010; Wright et al. 2011) and they harbour some of the high-
est plant diversity on the planet (Wright 2002). Biotic forces,
including plant-associated soil fungi, play a key role in pro-
moting plant diversity (Klironomos 2002; Bell, Freckleton &
Lewis 2006; Petermann et al. 2008; Mangan et al. 2010;
Schnitzer & Klironomos 2011). Fungi interact with plant*Correspondence author. E-mail: jonesfr@science.oregonstate.edu
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communities in mutualistic, pathogenic, and commensal ways
(Rosenblueth & Mart�ınez-Romero 2006; Smith & Read
2008b; Van Der Heijden, Bardgett & Van Straalen 2008;
Dodds & Rathjen 2010). Fungi play critical roles in ecosys-
tem processes including decomposition and nutrient cycling,
and they have been hypothesized to play a critical role in the
maintenance of plant diversity via pathogen-mediated negative
density dependent survival (Janzen 1970; Connell 1971; Aug-
spurger 1983; Clark & Clark 1984; Carson et al. 2008;
Timothy Paine et al. 2008; Hol et al. 2013; Bagchi et al.
2014; Comita et al. 2014; but also see Hyatt et al. 2003) and
plant-soil feedbacks (Bever 2002; Mangan et al. 2010; Philip-
pot et al. 2013). Despite their recognized role in these pro-
cesses, the relative importance of the abiotic and biotic
drivers of soil fungal community structure and diversity in
lowland tropical forests remains poorly understood.
Soil properties can determine soil fungal communities and

host-microbe interactions (Lauber et al. 2008; Vinale et al.
2008). For example, arbuscular mycorrhizal (AM) fungi (sub-
phylum Glomeromycotina) form associations with 80% of
plant species worldwide (Wang & Qiu 2006; Brundrett 2009),
and enhance the uptake of water, inorganic P, and other rela-
tively immobile nutrients by effectively increasing root sur-
face area and therefore increasing the volume of soil explored
(Smith, Anderson & Smith 2015). The symbiosis between
plants and AM fungi can be facultative and dependent on the
plant’s soil nutrient requirements and resource availability
(Heijden & Kuyper 2001; Lambers et al. 2008; Dumbrell
et al. 2009; Albornoz et al. 2016a). Similarly, P and other
soil properties can affect non-AM fungal communities, such
as ectomycorrhizal fungi (Albornoz et al. 2016b), saprophytic
fungi (Kerekes et al. 2013), and pathogens (Toljander et al.
2006; Tedersoo et al. 2016). Nevertheless, fungi are only par-
tially driven by soil properties, and other factors, such as bio-
tic interactions, simultaneously structure fungal communities.
Plant communities can also affect their associated fungal

communities (Johnson et al. 2004; Prescott & Grayston
2013) due to differences in fungal host specificity, defined
as the taxonomic range of plant host species (Molina &
Trappe 1982; Botnen et al. 2014). For example, obligate
pathogens experience high selection pressure to infect hosts
and reciprocal natural selection can occur between hosts and
pathogens. This leads to an ‘evolutionary arms race’
between pathogen effectors and plant immunity genes,
resulting in increased host specificity of pathogens (Jones &
Dangl 2006; Dodds & Rathjen 2010; Brown & Tellier
2011). In contrast, AM fungi are thought to be generalists
in forming host associations (i.e. a broad range of hosts;
Davison et al. 2015) compared to other fungal groups such
as saprophytes, pathogens, and endophytes (Tedersoo et al.
2010). Because of the host specificity that many fungal
clades exhibit, they are thought to be strongly coupled with
plant communities (Davey et al. 2015; Gao et al. 2015).
However, the effects of plant community composition rela-
tive to soil chemistry in structuring fungal communities
remains largely unknown, and studies that quantitatively
determine the relative impact of each are scarce.

In this study, we aimed to disentangle the effects of soil
chemistry and tree communities in structuring fungal commu-
nities by studying forests across a strong P gradient in
Panama. Using massively parallel sequencing of a fungal
metabarcode region, we evaluated fungal communities associ-
ated with three forest sites with contrasting soil chemistry and
tree community richness and composition. We hypothesized
that (i) the turnover of AM fungal operational taxonomic
units (OTUs) among sites would be lower relative to non-AM
fungi, (ii) AM fungal composition would more strongly corre-
late with soil properties than with local tree community com-
position while non-AM fungal composition would be more
strongly correlated with local tree community composition
than soil properties, and (iii) fungal OTU richness, and in par-
ticular non-AM fungi, would be negatively correlated with
soil fertility and positively correlated with local tree diversity
across soil cores and among sites.

Materials and methods

SITE DESCRIPT ION

We chose three 1-ha mature secondary and old-growth forest sites
located in Central Panama (Pyke et al. 2001) to examine the relative
roles of soil nutrients and tree diversity on fungal community struc-
ture. Mean annual rainfall in these forests varies from c. 2482 to
3053 mm, and the sites are distinct in their tree species composition
and richness, with an average of 12�2% species shared between the
three forests (range = 4�8–17�9%) (Engelbrecht et al. 2007; Condit
et al. 2013a). These sites were chosen to minimize differences in
annual rainfall and maximize differences in soil P such that the cho-
sen sites vary by two orders of magnitude in resin P concentrations
(Table 1). These differences in soil P represent the relative range of
variation that is found across a network of plots on the Isthmus of
Panama (0�1–22�8 mg kg�1) (Condit et al. 2013a). Within each site,
all stems >10 cm diameter had previously been measured, mapped,
tagged, and identified to species (Pyke et al. 2001; Engelbrecht et al.
2007). Soils have been described previously (Turner & Engelbrecht
2011; Condit et al. 2013a). Soils from Campo Chagres are
Alfisols on limestone from the Alajuela formation, soils from Santa
Rita Ridge are Oxisols on pre-Tertiary basalt, and soils from
Pipeline Road are Oxisols on the Gatuncillo formation (i.e. marine
sedimentary rock).

SITE SELECTION AND SAMPLE COLLECTION

Within each of the sites, soil cores were collected at 25 locations
spaced 20 m apart in a grid formation. Samples were taken to a depth
of 20 cm in increments of 10 cm using a soil corer with 9�25 cm
diameter. Samples within each site were collected on the same day
except for six samples at the Pipeline site that were collected 10 days
after the rest. All samples were taken during the 2015 wet season
between June 24 and July 22. Two adjacent cores were taken at each
of the 25 coring locations, one for soil nutrient chemistry and one for
fine root measurements and fungal community analyses. Soils for
nutrient analyses were analyzed fresh the same day as collection and
soil for fine root extraction were frozen for up to 15 days. We
homogenized soil in each core and collected 2�5 mL of soil in micro-
centrifuge tubes, which were then frozen at �80 °C. From the same
cores, we retrieved all fine roots (<3 mm diameter) by dry-sieving.
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Then, roots were washed to remove soil particles, oven-dried (50 °C
for 48 h), and weighed. This was replicated at all three forest sites
for a total of 75 coring locations. Tree community neighbourhood
composition and Shannon diversity indices (hereafter termed ‘local
tree composition’ and ‘local tree diversity’, respectively) were calcu-
lated from the summed diameter of stems for each species within a
10-m radius of each soil core location. A 10-m radius neighbourhood
was chosen because previous work that examined tree neighbourhood
and fungal community structure in a nearby forest plot on Barro Col-
orado Island showed that plant neighbourhoods at 10 m radii were
more strongly correlated with fungal and bacterial community struc-
ture than neighbourhoods <10 m (Barber�an et al. 2015). Tree com-
munity data was obtained from the most recent censuses for each site
(Condit et al. 2013b).

SOIL NUTRIENT ANALYSES

Soil nutrients and pH were measured using procedures described pre-
viously (Turner & Romero 2009). Briefly, soil pH was determined in
a 1 : 2 soil/water ratio with a glass electrode in water and 0�01 M
CaCl2. Resin P was determined by extraction with anion exchange
membranes, while ammonium and nitrate were determined by extrac-
tion in 2 M KCl, with detection in both cases by automated colorime-
try on a Lachat Quikchem 8500 (Hach Ltd, Loveland, CO, USA).
Extractable Al, base cations (Ca, K, Mg), P, and micronutrients (Cu,
Fe, Mn, Zn) were determined by extraction in Mehlich-III solution
and detection by inductively-coupled plasma optical-emission spec-
trometry (ICP–OES) on an Optima 7300 DV (Perkin Elmer, Inc.,
Shelton, CT, USA). Soil moisture was obtained by measuring the
gravimetric water content of 1 g of soil, defined as the ratio of soil
water mass to soil dry weight.

DNA EXTRACTION, AMPL IF ICATION AND HIGH-

THROUGHPUT SEQUENCING

We extracted DNA from 25 mg of soil per core using the PowerSoil
DNA isolation kit (MO BIO Laboratories, Carlsbad, CA, USA), follow-
ing the manufacturer’s instructions. Four core locations were eliminated
because soil for DNA extraction was not collected. PCR amplification of
the ITS1 barcode region was performed with primers ITS1F
(CTTGGTCATTTAGAGGAAGTAA; Gardes & Bruns 1993) and ITS2
(GCTGCGTTCTTCATCGATGC; White et al. 1990). Amplification was
carried out using a mixture of 12�5 lL of KAPA HiFi HotStart Ready
Mix (Kapa Biosystems, Wilmington, MA, USA), 1�25 lL of both for-
ward and reverse primers at 10 nM concentration, and 2�5 lL of extracted
DNA sample. Amplification was conducted on Bio-Rad T100 thermocy-
clers (Bio-Rad, Hercules, CA, USA) with the following settings: 95 °C
for 5 m, and 30 cycles of 98 °C for 20 s, 65 °C for 15 s, 72 °C for 30 s,
and finally 72 °C for 5 min. DNA extractions were additionally diluted
(1/10) to test for the presence of amplification inhibitors. PCR products
were then evaluated for quantity and quality via electrophoresis with 2%
agarose (w/v) gel. Positive and negative controls were used to evaluate
potential environmental contamination during DNA amplification. PCR
product clean-up, ligation of Illumina Nexterra XT indices and adapters,
and final library purification and pooling was conducted following manu-
facturers’ protocols by the Center for Genome Research and Biocomput-
ing at Oregon State University. Amplicons were sequenced using the
Illumina MiSeq platform with 250-bp paired-end reads.

BIOINFORMATICS

Raw paired sequence reads were demultiplexed, trimmed to remove
adapter and primer sequences, and filtered to remove reads that fell

Table 1. Site characteristics including rainfall, parent material, soil order, soil nutrients, local tree community diversity (Shannon-Weaver index)
and richness, and dry fine root biomass per litre of soil (mean � 95% CI). Soil nutrient and fine root biomass measurements are for individual
soil cores, tree community metrics are for 10-metre radii around each core, and mean rainfall estimates are from Engelbrecht et al. (2007). Letters
show significant (P ≤ 0�005) differences among sites based on a post hoc Tukey test. Vegetation data was obtained from Pyke et al. (2001) and
Engelbrecht et al. (2007)

Site

Santa Rita Ridge Pipeline Campo Chagres

Annual rainfall (mm) 3053 2325 2482
Parental material Pre-Tertiary basalt Marine sedimentary Calcareous sandstone
Soil order (Soil Taxonomy) Oxisol Oxisol Alfisol
Soil moisture (g g�1 dry soil) 34�1 a 18�2 b 34�3 a
pH (H2O) 4�50 � 0�03 a 4�82 � 0�04 b 6�46 � 0�08 c
pH (CaCl2) 4�02 � 0�03 a 3�98 � 0�03 a 6�42 � 0�08 b
Mehlich-III P (mg kg�1) 0�82 � 0�09 a 1�23 � 0�06 b 21�62 � 3�47 c
Resin P (mg kg�1) 0�17 � 0�03 a 1�69 � 0�19 b 16�34 � 2�31 c
NH4 (mg N kg�1) 0�81 � 0�12 a 1�12 � 0�17 a 2�27 � 0�56 b
NO3 (mg N kg�1) 0�50 � 0�12 a 0�80 � 0�16 a 3�87 � 1�87 b
Ca (mg kg�1) 69 � 11 a 193 � 28 b 8969 � 500 c
Cu (mg kg�1) 0�51 � 0�11 a 0�90 � 0�06 b 1�21 � 0�13 b
Fe (mg kg�1) 113�37 � 8�73 a 82�83 � 5�08 b 119�19 � 7�35 a
K (mg kg�1) 31�38 � 1�91 a 28�46 � 3�83 a 117�52 � 21�47 b
Mg (mg kg�1) 31�95 � 4�22 a 104�17 � 9�23 b 446�78 � 37�41 c
Mn (mg kg�1) 5�10 � 1�87 a 24�438 � 2�85 b 90�60 � 8�74 c
Zn (mg kg�1) 0�73 � 0�12 a 1�49 � 0�15 b 4�67 � 1�01 c

Vegetation properties
Fine root biomass (g L�1) 1�90 � 0�19 a 1�73 � 0�19 ab 1�31 � 0�12 b
Shannon diversity index 2�08 � 0�06 a 1�9 � 0�07 a 1�54 � 0�09 b
Plant species richness 11�52 � 0�63 a 8�8 � 0�56 b 6�88 � 0�49 c

© 2017 The Authors. Journal of Ecology © 2017 British Ecological Society, Journal of Ecology, 105, 569–579

Drivers of neotropical fungal communities 571



below a mean quality score of 15 (99�9% accuracy) using a sliding
window of 4 bp with Trimmomatic v.0�36 (Bolger, Lohse & Usadel
2014). One sample with fewer than 10 000 total reads was dropped
from the analysis (Fig. S1a, Supporting Information). Paired reads
were merged using Pandaseq (Masella et al. 2012). Sequences were
then dereplicated at 100% identity across their full length and clus-
tered at a 97% identity threshold using the UPARSE (Edgar 2013)
algorithm implemented in USEARCH (Edgar 2013) to identify OTUs.
Chimeras were removed prior to clustering and OTUs comprised of
fewer than two sequences were filtered out. While choosing to
remove singletons is somewhat arbitrary, several similar studies have
used the same approach (Kerekes et al. 2013; B�alint et al. 2014;
Barber�an et al. 2015; Tedersoo et al. 2016; Malacrin�o et al. 2017).
After quality checks, an OTU table was created in USEARCH by
identifying the number of sequences of each OTU in each core.
Consensus sequences of each OTU were queried against the UNITE
fungal database (K~oljalg et al. 2005; Abarenkov et al. 2010) at 75%
similarity using USEARCH (Edgar 2013) and the single best match
was retained.

FUNGAL COMMUNITY COMPOSIT ION

We used a Wilcoxon rank sum test to determine whether there were
significant differences in the proportion of total reads among sites for
each taxonomic group after false discovery rate correction, and we
visualized the log fold change in reads among sites per taxon with
metacodeR (Foster, Sharpton & Grunwald 2016; Methods S1). We
examined differences in community composition of both AM and
non-AM fungi among sites by calculating Jaccard dissimilarity among
all cores and using non-metric multidimensional scaling (NMDS). To
address our first hypothesis, we tested for differences in fungal com-
munity composition among sites using permutational multivariate
analysis of variance (PERMANOVA). To assess our second hypothe-
sis, we tested for a correlation between fungal communities and both
tree community and soil chemistry among all cores. To do this, we
performed two partial Mantel tests to examine: (i) the correlation
between soil chemistry (i.e. pH and nutrient concentrations) and fun-
gal composition while controlling for the partial effect of tree commu-
nity composition, and (ii) the correlation between tree community
composition and fungal composition controlling for the partial effect
of soil chemistry.

FUNGAL RICHNESS

In order to evaluate differences in OTU richness between AM and
non-AM fungi across all cores and sites, we first rarefied OTU rich-
ness based on the minimum number of sequences observed per core
(AM: N = 34; non-AM: N = 15,407) and dropped three cores
because they had fewer than four OTUs. We tested for differences in
mean OTU richness among sites using generalized least square mod-
els. To test for correlations between OTU richness (AM and non-
AM) and soil properties, local tree diversity, and fine root biomass,
we used linear mixed effects models (Pinheiro & Bates 2000; Zuur
et al. 2009) with site as a random effect. For all models, residuals
were inspected visually for assumptions of normality and
homoscedasticity. When assumptions were not met, variance struc-
tures that accounted for heteroscedasticity among sites and/or non-
normal residual distributions were utilized in a second model and
residuals were again inspected visually for violations (Methods S1).
We performed model selection by fitting a full model with all
explanatory variables and reduced models with a priori combinations

of explanatory variables of biological significance, including soil
nutrients, pH and moisture, local tree diversity, and fine root biomass
(Methods S1; Table S1). Models were compared using Akaike infor-
mation criterion and likelihood ratio tests (Zuur et al. 2009; Table S1;
Table S2). All statistical analyses were conducted and figures were
produced using the R statistical software package (R Core Team
2016). Methods S1 lists all functions and packages used in this study.

Results

TREE AND SOIL COMPOSIT ION

Soil chemistry differed greatly among sites (PERMANOVA,
P ≤ 0�003; Fig. 2d). Specifically, soil pH at the Santa Rita
Ridge and Pipeline sites was 1�96 and 1�64 units less than at
Campo Chagres site, respectively (Table 1; Tukey post hoc
tests, P ≤ 0�01). Resin P differed by two orders of magnitude
among sites, with Campo Chagres showing the highest con-
centrations (c. 16 mg kg�1) and Santa Rita Ridge the lowest
(c. 0�17 mg kg�1) (Table 1; Tukey post hoc test, P ≤ 0�01).
Similarly, Ca, Mg, Mn, and Zn significantly increased from
the lowest (Santa Rita Ridge) to the highest (Campo Chagres)
(Table 1; Tukey post hoc test, P ≤ 0�01). Nitrogen and K did
not differ between the Santa Rita Ridge and Pipeline sites,
but did differ between Campo Chagres and the other two sites
(Table 1; Tukey post hoc test, P ≤ 0�05). Lastly, gravimetric
soil moisture was 53% lower at Pipeline relative to the
Campo Chagres and Santa Rita Ridge sites, and the latter two
were not significantly different from each other (Table 1;
Tukey post hoc test, P ≤ 0�05).
Local tree composition was different among sites (PERMA-

NOVA, P ≤ 0�003; Fig. 2c). Furthermore, local tree diversity
was c. 35% and 23% greater at the Santa Rita Ridge and
Pipeline sites compared to Campo Chagres, respectively
(Table 1; Tukey post hoc test, P ≤ 0�01). Local tree species
richness was 40% and 22% greater at Santa Rita Ridge and
Pipeline compared to Campo Chagres (Table 1; Tukey post
hoc test, P ≤ 0�01). Finally, fine root biomass was greatest at
Santa Rita Ridge and lowest at Campo Chagres (Table 1;
Tukey post hoc test, P ≤ 0�01).

FUNGAL OTU COMPOSIT ION

We obtained 4,245,975 fungal sequences from 70 soil cores,
comprising 2,853 unique fungal OTUs. Within soil cores, we
recovered 444 unique OTUs at Campo Chagres, 292 at Pipe-
line, and 150 at Santa Rita Ridge. Overall, Ascomycota was the
most abundant fungal phylum across all sites with 1,598 OTUs,
while Chytridiomycota was the least abundant with 21 OTUs
(Fig. 1). There were 37 AM OTUs (1�6% of total OTUs) across
all sites and only two cores out of 70 contained unique AM
fungal OTUs (i.e. rare OTUs not found in other cores), both
found at the Campo Chagres site. Additionally, among sites,
there was little change in mean rarified OTU richness of AM
fungi (range = 1–5�24), but a large difference of non-AM fungi
(range = 162�4–563�6). Similarly, the sequence abundance of
AM fungi did not vary among sites while several Ascomycota
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and Basidiomycota (non-AM) clades differed greatly among
sites (Fig. 1). For example, the number of sequences from the
Eurotiales clade, in the Ascomycota phylum, was about three
times greater at the Santa Rita Ridge site compared to the
Campo Chagres and Pipeline sites (Fig. 1). From the Basid-
iomycota phylum, sequences from Thelephorales were roughly
2�7 times more abundant at the Campo Chagres site than at the
Pipeline site (Fig. 1).
Among all sites, AM fungal community composition was

similar (PERMANOVA, P = 0�26; Fig. 2a), while non-AM
fungal communities differed in OTU composition (PERMA-
NOVA, P ≤ 0�0003; Fig. 2b). When controlling for differ-
ences in soil chemistry, community composition of AM fungi
was not correlated with local tree composition across all cores
and sites (Partial Mante,l r = �0�02; P = 0�70; Table 2).
However, non-AM fungal community composition was corre-
lated with local tree composition, but only when all cores
were pooled into a single analysis (Partial Mantel r = 0�36;

P ≤ 0�001; Table 2). When controlling for the effect of local
tree community composition in the partial Mantel tests, soil
nutrient chemistry was strongly correlated with both AM and
non-AM fungi, again only when considering all sites together
(Table 2; AM: partial Mantel r = 0�32; P ≤ 0�001; Non-AM:
partial Mantel r = 0�38; P ≤ 0�001).

FUNGAL OTU RICHNESS

Variance partitioning analyses showed that differences among
cores explained 94% of total variation in AM fungal richness
(Table S3). In contrast, site and core explained 38% and 55%
of total variation of non-AM fungal richness, respectively
(Table S3). Arbuscular mycorrhizal OTU richness did not
vary among sites (t-test, P = 0�40), but non-AM richness did,
with the Santa Rita Ridge site having c. 55% fewer OTUs
than the other two sites (t-test, P ≤ 0�0001). For AM fungi.
the model selection analysis showed that the best supported

Fig. 1. Bottom left: Taxonomic tree of fungal taxa found across all cores. Node size indicates number of sequences belonging to each taxon.
Upper right: Matrix of taxonomic trees comparing abundance of fungal taxa between pairs of sites. Black or red indicates that the proportion of
the median number of sequences clustered to each taxa is different than 1 based on a Wilcoxon rank test (P ≤ 0�05) with a Holm multiple com-
parison correction. Colour intensity represents the proportion of median sequences for each taxa for the sites being compared. Red indicates a sig-
nificantly higher proportion of sequences found at the site shown in red letters, black indicates a higher proportion of reads for the site shown in
black letters. [Colour figure can be viewed at wileyonlinelibrary.com]
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model contained none of the explanatory variables (Tables 3
and S2). Finally, the best supported model showed that non-
AM richness increased with increasing soil pH, resin P, and
moisture among all soil cores (Table 3).

Discussion

Our results provide support for our first hypothesis that AM
fungal communities show low turnover and variation among

sites and non-AM fungi show greater differences among sites.
We found that AM fungal communities showed high overlap
in species composition among sites despite marked variation in
vegetation composition and soil chemistry, including P avail-
ability. Non-AM fungal community structure differed strongly
among sites. Our results agree with previous studies that have
found most AM fungi to be generalists (€Opik et al. 2006; Dav-
ison et al. 2015) while other groups like Ascomycota and
Basidiomycota show some degree of host specificity (Ferrer &
Gilbert 2003; Tedersoo et al. 2010). Our second hypothesis,
that AM fungi would be better explained by abiotic soil chem-
istry and non-AM better explained by local biotic variables,
was partially supported by the results of the partial Mantel
tests. These tests showed that variation in AM fungi among
cores was correlated with soil chemistry but not local tree
neighbourhoods. The partial Mantel test revealed that non-AM
fungal communities were roughly equally correlated with soil
chemistry and local tree community composition. Finally, our
results do not support our third hypothesis that fungal OTU
richness within soil cores was negatively correlated with soil P
and positively correlated with tree diversity. Instead, we found
no relationship between AM richness and any biotic or abiotic
variable. We did find a positive relationship between non-AM
richness and resin P, soil pH, and soil moisture, which was
contrary to our initial hypothesis. Overall, our study suggests
that AM fungal community structure varies at fine spatial
scales and is generally correlated with soil properties. For other
fungi, soil properties and the local tree community play equiv-
alent roles in structuring their communities.

Fig. 2. Nonmetric multidimensional scaling
ordination plot showing differences in
community composition of (a) arbuscular
mycorrhizal (AM) fungi, (b) non-AM fungi,
(c) tree community, and (d) soil chemistry
across three contrasting sites (red diamond –
Santa Rita Ridge; green square – Pipeline;
blue circle – Campo Chagres). Ellipses
represent 95% confidence area around the
mean centroid for each site using Jaccard
dissimilarity values. Statistical differences
(P ≤ 0�05) in composition were determined
using PERMANOVA and pairwise
comparisons with Holm correction (Holm
1979). [Colour figure can be viewed at
wileyonlinelibrary.com]

Table 2. Partial Mantel test correlations of arbuscular mycorrhizal
(AM) and non-AM fungi with tree community and soil chemistry at
three forest sites in Central Panama. Differences in community com-
position were estimated using Jaccard distances. Statistics correspond
to partial Mantel tests controlling for differences in soil chemistry or
tree community, respectively. Bold and asterisks are significant corre-
lations (P ≤ 0�001)

Tree community Soil chemistry

Correlation P-value Correlation P-value

AM fungi
Santa Rita Ridge �0�08 0�75 0�04 0�40
Pipeline �0�11 0�92 0�1 0�16
Campo Chagres 0�20 0�29 �0�03 0�60
All sites �0�02 0�70 0�32 0�001*

Non-AM fungi
Santa Rita Ridge �0�03 0�60 0�08 0�28
Pipeline 0�07 0�20 0�19 0�06
Campo Chagres 0�06 0�31 �0�002 0�5
All sites 0�36 0�001* 0�38 0�001*
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FUNGAL OTU COMPOSIT ION

There was no correlation between the composition of AM
fungi and local tree community composition when accounting
for soil chemistry. Consistent with our results, previous stud-
ies have found that AM fungi are widely distributed with
90% of OTUs found on multiple continents (€Opik et al.
2006; Davison et al. 2015). Other studies have found that
AM fungal communities can be determined by plant commu-
nity composition, but these were either conducted within arti-
ficial mesocosms in temperate grasslands (Burrows & Pfleger
2002; Johnson et al. 2004), or with a small subset of plant
species (Vandenkoornhuyse et al. 2002; Mummey, Rillig &
Holben 2005). While AM composition was not correlated
with local tree composition, it was correlated with soil proper-
ties. Previous studies have shown that AM fungal communi-
ties can be influenced by soil properties (Lekberg et al. 2007;
Sheldrake et al. 2017). For example, soil pH (Hazard et al.
2013; Rodr�ıguez-Echeverr�ıa et al. 2016) and P (Johnson et al.
2010; Kr€uger et al. 2015) can be strong abiotic drivers of
AM fungal and bacterial communities (Fierer & Jackson
2006). Therefore, given their wide geographic distribution
(€Opik et al. 2006; Davison et al. 2015) and low host speci-
ficity (Morton & Benny 1990; Fitter & Moyersoen 1996;
Klironomos 2000; but see Husband et al. 2002; Smith &
Read 2008a), it is likely that AM fungal communities in the
forests we studied are more strongly driven by soil properties
rather than host-symbiont interactions.
We expected to find a stronger correlation between non-

AM fungi and local tree community composition among sites
relative to soil properties. Instead, we found that their compo-
sition was almost equally explained by soil chemistry and
local tree composition. The non-AM fungi in this study were
comprised of taxa with a large variety of ecological functions,
including saprophytes, pathogens and symbionts, and there
was marked turnover among sites in many clades (Fig. 1).
While we cannot infer host specificity for these fungal guilds
from OTUs sequenced from ambient soil, we found that non-
AM fungal composition co-varied and was in part explained
by local tree composition, suggesting some degree of host-
specific plant-fungal interactions in these forests. Kivlin &
Hawkes (2016) found that community composition of fungi
in the phyla Ascomycota, Basidiomycota and Chytridiomy-
cota differed among experimental monoculture plots of differ-
ent tropical tree species. Furthermore, there is evidence for

narrow host specificity in wood decomposing fungi (Ferrer &
Gilbert 2003), leaf endophytes (Per�soh 2013), seedling patho-
gens (Gilbert & Webb 2007), seed pathogens (Beckman &
Muller-Landau 2011), and in general for plant pathogens via
reciprocal selection (Brown & Tellier 2011; Marone et al.
2013). Conversely, many tropical fungi have been shown to
have broad host ranges (Lindblad 2000; Rodriguez et al.
2009). However, the Mantel tests show that soil chemistry
explained an equal amount of variation in non-AM fungal
community composition as the local tree community around
the soil core. Many saprophytic and ectomycorrhizal fungi
respond to soil chemistry, including N availability (Peter,
Ayer & Egli 2001) and soil pH (Smith, Anderson & Smith
2015). Hence, both soil properties and tree diversity simulta-
neously drive non-AM fungal communities, and the relative
effect of each might differ among fungal guilds.
Plant communities and soil properties are often strongly

correlated (Peltzer et al. 2010; Condit et al. 2013a; Zemunik
et al. 2016), which can obscure the relative effect of each
on fungal communities. Here, we found that local tree com-
munity composition and soil chemistry were strongly corre-
lated (Partial Mantel test, r = 0�62; P ≤ 0�001; Table S2).
Strong relationships between plant and fungal communities
could be misleading when the partial effects of soil nutrients
are not accounted for. For example, Peay, Baraloto & Fine
(2013) found a strong relationship between fungal and plant
communities in the Amazon basin. In that study, the authors
acknowledge the strong correlation of both fungal and tree
community composition with soil properties, but did not
examine the relative effects of each. When we performed a
Mantel test without controlling for the partial effect of soil
chemistry, we also found a correlation between AM fungal
community composition and local tree composition
(r = 0�22; P ≤ 0�001; Table S2) that was stronger than when
soil chemistry was partially controlled. Because plant com-
position and soil nutrients often co-vary (Peltzer et al. 2010;
Condit et al. 2013a; Zemunik et al. 2016) methods that
explicitly account for the effects of both are required to
determine the potential drivers of soil fungal community
composition. While our analyses were able to correct for the
effects of soil properties and tree community composition
statistically, work that experimentally isolates the individual
effects of each on fungal composition would contribute to
our understanding of the causative mechanisms in this tripar-
tite relationship.

Table 3. Summary statistics for two linear mixed effects models examining the relationship of rarefied OTU richness of (i) arbuscular mycorrhi-
zal (AM) fungi and (ii) non-AM fungi with pH, log of resin Phosphorus (kg ha�1), local tree diversity (Shannon index), log of dry fine root
biomass (g) and gravimetric soil moisture content (g). Site was used as a random effect. Pseudo r-squared value is for the entire model. Bold
denotes a statistically significant relationship (P ≤ 0�05)

Response variable Pseudo r-squared Explanatory variable Estimate SE d.f. t-value P-value

Rarefied AM OTU richness 0 Intercept 2�87 0�13 62 22�34 <0�001
Rarefied non-AM OTU richness 0�81 Log of resin P 26�41 6�00 64 4�40 <0�001

pH 96�49 28�12 64 3�43 <0�001
Gravimetric soil moisture 4�50 1�49 64 3�02 <0�004

© 2017 The Authors. Journal of Ecology © 2017 British Ecological Society, Journal of Ecology, 105, 569–579

Drivers of neotropical fungal communities 575



FUNGAL OTU RICHNESS

There was no evidence that AM fungal richness was associ-
ated with any soil property or local tree diversity. This lack
of association with soil properties contradicts several studies
that have shown the strong effects of pH (Verbruggen et al.
2012; Brundrett & Ashwath 2013; Wardle & Lindahl 2014;
Carrino-Kyker et al. 2016) and other soil properties (Camen-
zind et al. 2014, 2016; Sheldrake et al. 2017) on AM com-
munities. The lack of relationship between any soil property
and AM richness is somewhat unexpected but consistent with
the high species overlap observed among cores. The low vari-
ation of AM richness among cores may be a consequence of
the functional redundancy of AM fungi (Gosling, Jones &
Bending 2016). For example, Kivlin & Hawkes (2016) found
that vegetation communities had no effect on species richness
of AM fungi or any individual fungal clade across tropical
secondary forest plots in Costa Rica.
We found evidence that non-AM OTU richness was associ-

ated with a number of abiotic independent variables but not
with local tree diversity. Soil pH, resin P and soil moisture all
showed a positive relationship with non-AM richness, suggest-
ing that soil properties impose abiotic filtering on fungi such
that relatively few taxa are able to survive on acidic soils with
low P and moisture (Koide, Fernandez & Petprakob 2011;
Kivlin et al. 2014). Several studies have shown how abiotic
factors can affect fungal richness (McGuire et al. 2012; Ker-
ekes et al. 2013; Albornoz et al. 2016b). McGuire et al.
(2012) studied the effects of annual precipitation, soil nutrients
and plant diversity in structuring fungal communities in Pana-
manian forests close to the ones studied here and found that
only mean annual rainfall was positively correlated with fun-
gal richness. Here, we examined within-site variation in fungal
communities, soil chemistry, and tree neighbourhoods at the
scale of 20 m. McGuire et al. (2012) pooled their soil samples
to determine a single site value, which could explain why we
were able to detect a significant correlation of non-AM rich-
ness with pH and resin P, as well as soil moisture. With
respect to tree diversity, previous studies have also found no
relationship with non-AM richness (McGuire et al. 2012; Kiv-
lin & Hawkes 2016; but see Peay, Baraloto & Fine 2013).
Hence, the relationship between tree and fungal richness is not
clear, and other factors, such as soil properties are likely to be
the main determinants of fungal richness. Our results indicate
that more diverse tree communities may not harbour more fun-
gal species per se, but rather abiotic factors likely drive non-
AM fungal diversity through environmental filtering.
There were a number of limitations in our study. First, pre-

vious studies have shown that timing of sampling can have
significant effects on microbial community composition (Kor-
anda et al. 2013; Vo�r�ı�skov�a & Baldrian 2013). We collected
soil samples during the wet season over a 1-month period and
data from nearby plots in Panama show that the temporal vari-
ation in nutrients such as pH, N, P and Ca within sites is less
than variation among sites (Turner et al. 2013). In addition,
microbial biomass varies relatively little during the wet season,
with the main changes occurring during the dry season when

microbial biomass and enzyme activities decline (Turner &
Wright 2014). Another limitation is the potential for primer
bias against rare species of AM fungi. However, we found a
similar number of AM OTUs (37) compared to other studies
conducted in Panamanian forests (50 AM OTUs; Kerekes
et al. 2013), including one that used AM-specific primers (30
AM RFLP phylotypes; Husband et al. 2002). We note that
caution should be taken when interpreting molecular data from
ambient soil as only a subset of the inoculum pool actively
colonizes plant roots at any given time (Herre et al. 2005;
Hempel, Renker & Buscot 2007). The tree community data
from these forests includes only trees with DBH larger than
10 cm, excluding smaller trees and understory species in the
census data. However, large trees possess more extensive root
systems and can affect greater soil volume than smaller plants.
Furthermore, we note that a previous study in a similar forest
found that plant communities at distances >10 m radius from
a soil core better predict fungal and bacterial communities than
smaller plant neighbourhoods that, by their nature, have fewer
large trees (Barber�an et al. 2015). Finally, it is likely that we
found weak correlations between fungal communities and both
soil properties and tree communities when each site was ana-
lyzed separately (N = 23, 23, and 24 for Santa Rita Ridge,
Chagres, and Pipeline, respectively) due to less statistical
power than when all sites were combined (N = 70).
In conclusion, our results suggest that the composition of

AM fungi varies at fine-spatial scales and is driven primarily
by soil properties, while both soil properties and tree commu-
nities jointly structure non-AM fungal communities in low-
land tropical forests of Panama. Together with results from
McGuire et al. (2012), we show that environmental drivers
such as rainfall and soil properties can partly determine fungal
community composition and richness, but that the mechanistic
functional relationship between tree and fungal diversity
remains less clear. Condit et al. (2013a) showed a strong
effect of moisture and soil chemistry, in particular P, in deter-
mining tree species distribution and abundance across these
forests. Thus, it appears that underlying biogeochemical pro-
cesses act as an environmental filter for both tree and fungal
species and set the stage for biotic interactions between the
two. Future work could experimentally examine how soil
chemistry may jointly limit tree and fungal species distribu-
tions and modulate the host-symbiont interactions that have
long been hypothesized to play a critical role in the mainte-
nance of plant species diversity in tropical forests.

Authors’ contributions

T.S., A.J. and B.T. conceived the study and designed methodology; T.S., F.A.,
A.N., R.C. and B.T. collected the data; T.S. and F.A. analyzed the data; T.S.
and F.A. led the writing of the manuscript. All authors contributed critically to
the drafts and gave final approval for publication.

Acknowledgements

We thank the Smithsonian Tropical Research Institute (STRI) for logistical sup-
port. Financial support for this work comes from Oregon State University and
the National Science Foundation (DEB 1542681 to A.J.). A.N. was supported

© 2017 The Authors. Journal of Ecology © 2017 British Ecological Society, Journal of Ecology, 105, 569–579

576 T. Schappe et al.



by an NSF REU site grant to STRI (DBI 1359299). T.S. acknowledges support
from a distinguished provost fellowship from Oregon State University and an
internship from STRI. We thank members of the Jones Lab at Oregon State
University Department of Botany & Plant Pathology for helpful comments on
the manuscript, Dayana Agudo and Aleksandra Bielnicka for laboratory sup-
port, and Joey Spatafora, Javier Tabima, Andrew Esterson, and Zachary Foster
for their assistance.

Conflict of interest

The authors of this study declare they have no conflict of interest.

Data accessibility

Sequencing data are available in GenBank (accession number: https://www.ncb
i.nlm.nih.gov/bioproject/PRJNA363090/). Tree neighbourhood, OTU table, root
biomass, and soil property data are available in Dryad Digital Repository:
https://doi.org/10.5061/dryad.sc38s (Schappe et al. 2017).

References

Abarenkov, K., Henrik Nilsson, R., Larsson, K.-H. et al. (2010) The UNITE
database for molecular identification of fungi – recent updates and future per-
spectives. New Phytologist, 186, 281–285.

Albornoz, F.E., Lambers, H., Turner, B.L., Teste, F.P. & Lalibert�e, E. (2016a)
Shifts in symbiotic associations in plants capable of forming multiple root
symbioses across a long-term soil chronosequence. Ecology and Evolution,
6, 2368–2377.

Albornoz, F.E., Teste, F.P., Lambers, H., Bunce, M., Murray, D.C., White,
N.E. & Lalibert�e, E. (2016b) Changes in ectomycorrhizal fungal community
composition and declining diversity along a 2-million-year soil chronose-
quence. Molecular Ecology, 25, 4919–4929.

Augspurger, C.K. (1983) Seed dispersal of the tropical tree, platypodium ele-
gans, and the escape of its seedlings from fungal pathogens. Journal of Ecol-
ogy, 71, 759–771.

Bagchi, R., Gallery, R.E., Gripenberg, S., Gurr, S.J., Narayan, L., Addis, C.E.,
Freckleton, R.P. & Lewis, O.T. (2014) Pathogens and insect herbivores drive
rainforest plant diversity and composition. Nature, 506, 85–88.

B�alint, M., Schmidt, P.-A., Sharma, R., Thines, M. & Schmitt, I. (2014) An
illumina metabarcoding pipeline for fungi. Ecology and Evolution, 4, 2642–
2653.

Barber�an, A., McGuire, K.L., Wolf, J.A. et al. (2015) Relating below-
ground microbial composition to the taxonomic, phylogenetic, and func-
tional trait distributions of trees in a tropical forest. Ecology Letters, 18,
1397–1405.

Beckman, N.G. & Muller-Landau, H.C. (2011) Linking fruit traits to variation
in predispersal vertebrate seed predation, insect seed predation, and pathogen
attack. Ecology, 92, 2131–2140.

Bell, T., Freckleton, R.P. & Lewis, O.T. (2006) Plant pathogens drive density-
dependent seedling mortality in a tropical tree. Ecology Letters, 9, 569–574.

Bever, J.D. (2002) Negative feedback within a mutualism: host–specific growth
of mycorrhizal fungi reduces plant benefit. Proceedings of the Royal Society
of London B: Biological Sciences, 269, 2595–2601.

Bolger, A.M., Lohse, M. & Usadel, B. (2014) Trimmomatic: a flexible trimmer
for Illumina sequence data. Bioinformatics, 30, 2114–2120.

Botnen, S., Vik, U., Carlsen, T., Eidesen, P.B., Davey, M.L. & Kauserud, H.
(2014) Low host specificity of root-associated fungi at an Arctic site. Molec-
ular Ecology, 23, 975–985.

Brown, J.K.M. & Tellier, A. (2011) Plant-parasite coevolution: bridging the
gap between genetics and ecology. Annual Review of Phytopathology, 49,
345–367.

Brundrett, M.C. (2009) Mycorrhizal associations and other means of nutrition
of vascular plants: understanding the global diversity of host plants by
resolving conflicting information and developing reliable means of diagnosis.
Plant and Soil, 320, 37–77.

Brundrett, M.C. & Ashwath, N. (2013) Glomeromycotan mycorrhizal fungi
from tropical Australia III. Measuring diversity in natural and disturbed habi-
tats. Plant and Soil, 370, 419–433.

Burrows, R.L. & Pfleger, F.L. (2002) Arbuscular mycorrhizal fungi respond to
increasing plant diversity. Canadian Journal of Botany, 80, 120–130.

Camenzind, T., Hempel, S., Homeier, J., Horn, S., Velescu, A., Wilcke, W. &
Rillig, M.C. (2014) Nitrogen and phosphorus additions impact arbuscular

mycorrhizal abundance and molecular diversity in a tropical montane forest.
Global Change Biology, 20, 3646–3659.

Camenzind, T., Homeier, J., Dietrich, K. et al. (2016) Opposing effects of
nitrogen versus phosphorus additions on mycorrhizal fungal abundance along
an elevational gradient in tropical montane forests. Soil Biology and Bio-
chemistry, 94, 37–47.

Carrino-Kyker, S.R., Kluber, L.A., Petersen, S.M., Coyle, K.P., Hewins, C.R.,
DeForest, J.L., Smemo, K.A. & Burke, D.J. (2016) Mycorrhizal fungal com-
munities respond to experimental elevation of soil pH and P availability in
temperate hardwood forests. FEMS Microbiology Ecology, 92, fiw024.

Carson, W.P., Anderson, J.T., Leigh, E. & Schnitzer, S.A. (2008) Challenges
associated with testing and falsifying the Janzen-Connell hypothesis: a
review and critique. Tropical Forest Community Ecology (eds W.P. Carson
& S.A. Schnitzer), pp. 210–241. Wiley-Blackwell Publishing, Oxford, UK.

Clark, D.A. & Clark, D.B. (1984) Spacing dynamics of a tropical rain forest
tree: evaluation of the Janzen-Connell model. The American Naturalist, 124,
769–788.

Comita, L.S., Queenborough, S.A., Murphy, S.J., Eck, J.L., Xu, K., Krishnadas,
M., Beckman, N. & Zhu, Y. (2014) Testing predictions of the Janzen-Connell
hypothesis: a meta-analysis of experimental evidence for distance- and density-
dependent seed and seedling survival. Journal of Ecology, 102, 845–856.

Condit, R., Engelbrecht, B.M.J., Pino, D., P�erez, R. & Turner, B.L. (2013a)
Species distributions in response to individual soil nutrients and seasonal
drought across a community of tropical trees. Proceedings of the National
Academy of Sciences of the USA, 110, 5064–5068.

Condit, R., Engelbrecht, B., Pino, D., Turner, B. & P�erez, R. (2013b) Panama
Tree Distribution. Database. doi:10.5479/data.bci.20130204

Connell, J.H. (1971) On the role of natural enemies in preventing competitive
exclusion in some marine animals and in rain forest trees. Dynamics of Pop-
ulations, 298, 312.

Davey, M., Blaalid, R., Vik, U., Carlsen, T., Kauserud, H. & Eidesen, P.B.
(2015) Primary succession of Bistorta vivipara (L.) Delabre (Polygonaceae)
root-associated fungi mirrors plant succession in two glacial chronose-
quences. Environmental Microbiology, 17, 2777–2790.

Davison, J., Moora, M., €Opik, M. et al. (2015) Global assessment of arbuscular
mycorrhizal fungus diversity reveals very low endemism. Science, 349, 970–
973.

Dodds, P.N. & Rathjen, J.P. (2010) Plant immunity: towards an integrated view
of plant–pathogen interactions. Nature Reviews Genetics, 11, 539–548.

Dumbrell, A.J., Nelson, M., Helgason, T., Dytham, C. & Fitter, A.H. (2009)
Relative roles of niche and neutral processes in structuring a soil microbial
community. The ISME Journal, 4, 337–345.

Edgar, R.C. (2013) UPARSE: highly accurate OTU sequences from microbial
amplicon reads. Nature Methods, 10, 996–998.

Engelbrecht, B.M.J., Comita, L.S., Condit, R., Kursar, T.A., Tyree, M.T.,
Turner, B.L. & Hubbell, S.P. (2007) Drought sensitivity shapes species dis-
tribution patterns in tropical forests. Nature, 447, 80–82.

Ferrer, A. & Gilbert, G.S. (2003) Effect of tree host species on fungal commu-
nity composition in a tropical rain forest in Panama. Diversity and Distribu-
tions, 9, 455–468.

Fierer, N. & Jackson, R.B. (2006) The diversity and biogeography of soil bac-
terial communities. Proceedings of the National Academy of Sciences of the
United States of America, 103, 626–631.

Fitter, A.H. & Moyersoen, B. (1996) Evolutionary trends in root-microbe sym-
bioses. Philosophical Transactions of the Royal Society of London B: Biolog-
ical Sciences, 351, 1367–1375.

Foster, Z.S.L., Sharpton, T. & Grunwald, N.J. (2016) MetacodeR: an R pack-
age for visualization and manipulation of community taxonomic diversity
data. PLOS Computational Biology, 13, e1005404.

Gao, C., Zhang, Y., Shi, N.-N. et al. (2015) Community assembly of ectomyc-
orrhizal fungi along a subtropical secondary forest succession. New Phytolo-
gist, 205, 771–785.

Gardes, M. & Bruns, T.D. (1993) ITS primers with enhanced specificity for
basidiomycetes – application to the identification of mycorrhizae and rusts.
Molecular Ecology, 2, 113–118.

Gilbert, G.S. & Webb, C.O. (2007) Phylogenetic signal in plant pathogen–host
range. Proceedings of the National Academy of Sciences of the USA, 104,
4979–4983.

Gosling, P., Jones, J. & Bending, G.D. (2016) Evidence for functional redun-
dancy in arbuscular mycorrhizal fungi and implications for agroecosystem
management. Mycorrhiza, 26, 77–83.

Hazard, C., Gosling, P., van der Gast, C.J., Mitchell, D.T., Doohan, F.M. &
Bending, G.D. (2013) The role of local environment and geographical dis-
tance in determining community composition of arbuscular mycorrhizal fungi
at the landscape scale. The ISME Journal, 7, 498–508.

© 2017 The Authors. Journal of Ecology © 2017 British Ecological Society, Journal of Ecology, 105, 569–579

Drivers of neotropical fungal communities 577

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA363090/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA363090/
https://doi.org/10.5479/data.bci.20130204


Heijden, E.W.V. & Kuyper, T.W. (2001) Laboratory experiments imply the
conditionality of mycorrhizal benefits for Salix repens: role of pH and nitro-
gen to phosphorus ratios. Plant and Soil, 228, 275–290.

Hempel, S., Renker, C. & Buscot, F. (2007) Differences in the species compo-
sition of arbuscular mycorrhizal fungi in spore, root and soil communities in
a grassland ecosystem. Environmental Microbiology, 9, 1930–1938.

Herre, E.A., Kyllo, D., Mangan, S., Husband, R., Mejia, L.C. & Eom, A.
(2005) An overview of arbuscular mycorrhizal fungi composition, distribu-
tion, and host effects from a tropical moist forest. Biotic Interactions in the
Tropics: Their Role in the Maintenance of Species Diversity (eds D.F.R.P.
Burslem, M.A. Pinard & S.E. Hartley), pp. 204–222. Cambridge University
Press, Cambridge, UK.

Hol, W.H.G., de Boer, W., ten Hooven, F. & van der Putten, W.H. (2013)
Competition increases sensitivity of wheat (Triticum aestivum) to biotic
plant-soil feedback. PLoS ONE, 8, e66085.

Holm, S. (1979) A simple sequentially rejective multiple test procedure. Scan-
dinavian Journal of Statistics, 6, 65–70.

Husband, R., Herre, E.A., Turner, S.L., Gallery, R. & Young, J.P.W. (2002)
Molecular diversity of arbuscular mycorrhizal fungi and patterns of host
association over time and space in a tropical forest. Molecular Ecology, 11,
2669–2678.

Hyatt, L.A., Rosenberg, M.S., Howard, T.G. et al. (2003) The distance depen-
dence prediction of the Janzen-Connell hypothesis: a meta-analysis. Oikos,
103, 590–602.

Janzen, D.H. (1970) Herbivores and the number of tree species in tropical for-
ests. The American Naturalist, 104, 501–528.

Johnson, D., Vandenkoornhuyse, P.J., Leake, J.R., Gilbert, L., Booth, R.E.,
Grime, J.P., Young, J.P.W. & Read, D.J. (2004) Plant communities affect
arbuscular mycorrhizal fungal diversity and community composition in grass-
land microcosms. New Phytologist, 161, 503–515.

Johnson, N.C., Wilson, G.W.T., Bowker, M.A., Wilson, J.A. & Miller, R.M.
(2010) Resource limitation is a driver of local adaptation in mycorrhizal sym-
bioses. Proceedings of the National Academy of Sciences of the USA, 107,
2093–2098.

Jones, J.D.G. & Dangl, J.L. (2006) The plant immune system. Nature, 444,
323–329.

Kerekes, J., Kaspari, M., Stevenson, B., Nilsson, R.H., Hartmann, M., Amend,
A. & Bruns, T.D. (2013) Nutrient enrichment increased species richness of
leaf litter fungal assemblages in a tropical forest. Molecular Ecology, 22,
2827–2838.

Kivlin, S.N. & Hawkes, C.V. (2016) Tree species, spatial heterogeneity, and
seasonality drive soil fungal abundance, richness, and composition in
Neotropical rainforests. Environmental Microbiology, 18, 4662–4673.

Kivlin, S.N., Winston, G.C., Goulden, M.L. & Treseder, K.K. (2014) Environ-
mental filtering affects soil fungal community composition more than disper-
sal limitation at regional scales. Fungal Ecology, 12, 14–25.

Klironomos, J. (2000) Host-specificity and functional diversity among arbuscu-
lar mycorrhizal fungi. Microbial Biosystems: New Frontiers, vol. 1. Proceed-
ings of the 8th International Symposium on Microbial Ecology (eds C.R.
Bell, M. Brylinsky & P. Johnson-Green), pp. 845–851. Atlantic Canada Soci-
ety for Microbial Ecology, Halifax, NS, Canada.

Klironomos, J.N. (2002) Feedback with soil biota contributes to plant rarity
and invasiveness in communities. Nature, 417, 67–70.

Koide, R.T., Fernandez, C. & Petprakob, K. (2011) General principles in the
community ecology of ectomycorrhizal fungi. Annals of Forest Science, 68,
45–55.

K~oljalg, U., Larsson, K.-H., Abarenkov, K. et al. (2005) UNITE: a database
providing web-based methods for the molecular identification of ectomycor-
rhizal fungi. New Phytologist, 166, 1063–1068.

Koranda, M., Kaiser, C., Fuchslueger, L., Kitzler, B., Sessitsch, A., Zechmeis-
ter-Boltenstern, S. & Richter, A. (2013) Seasonal variation in functional
properties of microbial communities in beech forest soil. Soil Biology and
Biochemistry, 60, 95–104.

Kr€uger, M., Teste, F.P., Lalibert�e, E., Lambers, H., Coghlan, M., Zemunik, G.
& Bunce, M. (2015) The rise and fall of arbuscular mycorrhizal fungal diver-
sity during ecosystem retrogression. Molecular Ecology, 24, 4912–4930.

Lambers, H., Raven, J.A., Shaver, G.R. & Smith, S.E. (2008) Plant nutrient-
acquisition strategies change with soil age. Trends in Ecology & Evolution,
23, 95–103.

Lauber, C.L., Strickland, M.S., Bradford, M.A. & Fierer, N. (2008) The influ-
ence of soil properties on the structure of bacterial and fungal communities
across land-use types. Soil Biology and Biochemistry, 40, 2407–2415.

Lekberg, Y., Koide, R.T., Rohr, J.R., Aldrich-Wolfe, L. & Morton, J.B. (2007)
Role of niche restrictions and dispersal in the composition of arbuscular myc-
orrhizal fungal communities. Journal of Ecology, 95, 95–105.

Lindblad, I. (2000) Host specificity of some wood-inhabiting fungi in a tropical
forest. Mycologia, 92, 399–405.

Malacrin�o, A., Schena, L., Campolo, O., Laudani, F., Mosca, S., Giunti, G.,
Strano, C.P. & Palmeri, V. (2017) A metabarcoding survey on the fungal
microbiota associated to the olive fruit fly. Microbial Ecology, doi:10.1007/
s00248-016-0864-z.

Mangan, S.A., Schnitzer, S.A., Herre, E.A., Mack, K.M.L., Valencia, M.C.,
Sanchez, E.I. & Bever, J.D. (2010) Negative plant-soil feedback predicts
tree-species relative abundance in a tropical forest. Nature, 466, 752–755.

Marone, D., Russo, M.A., Laid�o, G., De Leonardis, A.M. & Mastrangelo,
A.M. (2013) Plant Nucleotide Binding Site–Leucine-Rich Repeat (NBS-
LRR) genes: active guardians in host defense responses. International Jour-
nal of Molecular Sciences, 14, 7302–7326.

Masella, A.P., Bartram, A.K., Truszkowski, J.M., Brown, D.G. & Neufeld, J.D.
(2012) PANDAseq: paired-end assembler for illumina sequences. BMC
Bioinformatics, 13, 31.

McGuire, K.L., Fierer, N., Bateman, C., Treseder, K.K. & Turner, B.L. (2012)
Fungal community composition in neotropical rain forests: the influence of
tree diversity and precipitation. Microbial Ecology, 63, 804–812.

Mirmanto, E., Proctor, J., Green, J., Nagy, L. & Suriantata, N. (1999) Effects
of nitrogen and phosphorus fertilization in a lowland evergreen rainforest.
Philosophical Transactions of the Royal Society of London B: Biological
Sciences, 354, 1825–1829.

Molina, R. & Trappe, J.M. (1982) Patterns of ectomycorrhizal host specificity
and potential among Pacific Northwest Conifers and fungi. Forest Science,
28, 423–458.

Morton, J.B. & Benny, G.L. (1990) Revised classification of arbuscular mycor-
rhizal fungi (Zygomycetes): a new order, Glomales, two new suborders, Glo-
mineae and Gigasporineae, and two new families, Acaulosporaceae and
Gigasporaceae, with an emendation of Glomaceae. Mycotaxon, 37, 471–491.

Mummey, D.L., Rillig, M.C. & Holben, W.E. (2005) Neighboring plant influ-
ences on arbuscular mycorrhizal fungal community composition as assessed
by T-RFLP analysis. Plant and Soil, 271, 83–90.

€Opik, M., Moora, M., Liira, J. & Zobel, M. (2006) Composition of root-colo-
nizing arbuscular mycorrhizal fungal communities in different ecosystems
around the globe. Journal of Ecology, 94, 778–790.

Peay, K.G., Baraloto, C. & Fine, P.V. (2013) Strong coupling of plant and fun-
gal community structure across western Amazonian rainforests. The ISME
Journal, 7, 1852–1861.

Peltzer, D.A., Wardle, D.A., Allison, V.J. et al. (2010) Understanding ecosys-
tem retrogression. Ecological Monographs, 80, 509–529.

Per�soh, D. (2013) Factors shaping community structure of endophytic fungi–ev-
idence from the Pinus-Viscum-system. Fungal Diversity, 60, 55–69.

Peter, M., Ayer, F. & Egli, S. (2001) Nitrogen addition in a Norway spruce
stand altered macromycete sporocarp production and below-ground ectomyc-
orrhizal species composition. New Phytologist, 149, 311–325.

Petermann, J.S., Fergus, A.J.F., Turnbull, L.A. & Schmid, B. (2008) Janzen-
Connell effects are widespread and strong enough to maintain diversity in
grasslands. Ecology, 89, 2399–2406.

Philippot, L., Raaijmakers, J.M., Lemanceau, P. & van der Putten, W.H. (2013)
Going back to the roots: the microbial ecology of the rhizosphere. Nature
Reviews Microbiology, 11, 789–799.

Pinheiro, J. & Bates, D. (2000) Mixed-Effects Models in S and S-PLUS.
Springer-Verlag New York Inc., New York, NY, USA.

Prescott, C.E. & Grayston, S.J. (2013) Tree species influence on microbial
communities in litter and soil: current knowledge and research needs. Forest
Ecology and Management, 309, 19–27.

Pyke, C.R., Condit, R., Aguilar, S. & Lao, S. (2001) Floristic composition
across a climatic gradient in a neotropical lowland forest. Journal of Vegeta-
tion Science, 12, 553–566.

R Core Team (2016) R: A Language and Environment for Statistical Comput-
ing. R Foundation for Statistical Computing, Vienna, Austria. Available at:
http://www.R-project.org (accessed 2 October 2016).

Rodriguez, R.J., White, J.F. Jr, Arnold, A.E. & Redman, R.S. (2009) Fungal
endophytes: diversity and functional roles. New Phytologist, 182, 314–330.

Rodr�ıguez-Echeverr�ıa, S., Teixeira, H., Correia, M., Tim�oteo, S., Heleno, R.,
€Opik, M. & Moora, M. (2016) Arbuscular mycorrhizal fungi communities
from tropical Africa reveal strong ecological structure. New Phytologist, 213,
380–390.

Rosenblueth, M. & Mart�ınez-Romero, E. (2006) Bacterial endophytes and their
interactions with hosts. Molecular Plant-Microbe Interactions, 19, 827–837.

Schappe, T., Albornoz, F., Turner, B.L., Neat, A., Condit, R. & Jones, F.A.
(2017) Data from: The role of soil chemistry and plant neighborhoods in
structuring fungal communities in three Panamanian rainforests. Dryad Digi-
tal Repository, doi:10.5061/dryad.sc38s.

© 2017 The Authors. Journal of Ecology © 2017 British Ecological Society, Journal of Ecology, 105, 569–579

578 T. Schappe et al.

https://doi.org/10.1007/s00248-016-0864-z
https://doi.org/10.1007/s00248-016-0864-z
http://www.R-project.org
https://doi.org/10.5061/dryad.sc38s


Schnitzer, S.A. & Klironomos, J. (2011) Soil microbes regulate ecosystem pro-
ductivity and maintain species diversity. Plant Signaling & Behavior, 6,
1240–1243.

Sheldrake, M., Rosenstock, N.P., Revillini, D., Olsson, P.A., Mangan, S.,
Sayer, E.J., Wallander, H., Turner, B.L. & Tanner, E.V.J. (2017) Arbuscular
mycorrhizal fungal community composition is altered by long-term litter
removal but not litter addition in a lowland tropical forest. New Phytologist,
214, 455–467.

Smith, S.E., Anderson, I.C. & Smith, F.A. (2015) Mycorrhizal associations and
phosphorus acquisition: from cells to ecosystems. Annual Plant Reviews,
Phosphorus Metabolism in Plants, 48, 409–440.

Smith, S.E. & Read, D.J. (2008a) Mycorrhizal Symbiosis. Academic Press,
London, UK.

Smith, S.E. & Read, D. (2008b) The symbionts forming arbuscular mycor-
rhizas. Mycorrhizal Symbiosis, 3rd edn (eds S.E. Smith and D.J. Read), pp.
13–41. Academic Press, London, UK.

Sollins, P. (1998) Factors influencing species composition in tropical lowland
rain forest: does soil matter? Ecology, 79, 23–30.

Tedersoo, L., Sadam, A., Zambrano, M., Valencia, R. & Bahram, M. (2010) Low
diversity and high host preference of ectomycorrhizal fungi in Western Amazo-
nia, a neotropical biodiversity hotspot. The ISME Journal, 4, 465–471.

Tedersoo, L., Bahram, M., Cajthaml, T. et al. (2016) Tree diversity and species
identity effects on soil fungi, protists and animals are context dependent. The
ISME Journal, 10, 346–362.

Timothy Paine, C.E., Harms, K.E., Schnitzer, S.A. & Carson, W.P. (2008)
Weak competition among tropical tree seedlings: implications for species
coexistence. Biotropica, 40, 432–440.

Toljander, J.F., Eberhardt, U., Toljander, Y.K., Paul, L.R. & Taylor, A.F.S.
(2006) Species composition of an ectomycorrhizal fungal community along a
local nutrient gradient in a boreal forest. New Phytologist, 170, 873–884.

Turner, B. & Engelbrecht, B.J. (2011) Soil organic phosphorus in lowland trop-
ical rain forests. Biogeochemistry, 103, 297–315.

Turner, B.L. & Romero, T.E. (2009) Short-term changes in extractable inor-
ganic nutrients during storage of tropical rain forest soils. Soil Science Soci-
ety of America Journal, 73, 1972–1979.

Turner, B.L. & Wright, S.J. (2014) The response of microbial biomass and
hydrolytic enzymes to a decade of nitrogen, phosphorus, and potassium addi-
tion in a lowland tropical rain forest. Biogeochemistry, 117, 115–130.

Turner, B.L., Yavitt, J.B., Harms, K.E., Garcia, M.N., Romero, T.E. & Wright,
S.J. (2013) Seasonal changes and treatment effects on soil inorganic nutrients
following a decade of fertilizer addition in a lowland tropical forest. Soil
Science Society of America Journal, 77, 1357.

Van Der Heijden, M.G.A., Bardgett, R.D. & Van Straalen, N.M. (2008) The
unseen majority: soil microbes as drivers of plant diversity and productivity
in terrestrial ecosystems. Ecology Letters, 11, 296–310.

Vandenkoornhuyse, P., Husband, R., Daniell, T.J., Watson, I.J., Duck, J.M.,
Fitter, A.H. & Young, J.P.W. (2002) Arbuscular mycorrhizal community
composition associated with two plant species in a grassland ecosystem.
Molecular Ecology, 11, 1555–1564.

Verbruggen, E., Van Der Heijden, M.G.A., Weedon, J.T., Kowalchuk, G.A. &
R€oling, W.F.M. (2012) Community assembly, species richness and nested-
ness of arbuscular mycorrhizal fungi in agricultural soils. Molecular Ecology,
21, 2341–2353.

Vinale, F., Sivasithamparam, K., Ghisalberti, E.L., Marra, R., Woo, S.L. &
Lorito, M. (2008) Trichoderma–plant–pathogen interactions. Soil Biology and
Biochemistry, 40, 1–10.

Vitousek, P.M., Porder, S., Houlton, B.Z. & Chadwick, O.A. (2010) Terrestrial
phosphorus limitation: mechanisms, implications, and nitrogen–phosphorus
interactions. Ecological Applications, 20, 5–15.

Vo�r�ı�skov�a, J. & Baldrian, P. (2013) Fungal community on decomposing leaf
litter undergoes rapid successional changes. The ISME Journal, 7, 477–
486.

Wang, B. & Qiu, Y.-L. (2006) Phylogenetic distribution and evolution of myc-
orrhizas in land plants. Mycorrhiza, 16, 299–363.

Wardle, D.A. & Lindahl, B.D. (2014) Disentangling global soil fungal diver-
sity. Science, 346, 1052–1053.

White, T.J., Bruns, T., Lee, S. & Taylor, J. (1990) Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics. PCR Proto-
cols: A Guide to Methods and Applications, 18, 315–322.

Wright, S.J. (2002) Plant diversity in tropical forests: a review of mechanisms
of species coexistence. Oecologia, 130, 1–14.

Wright, S.J., Yavitt, J.B., Wurzburger, N. et al. (2011) Potassium, phosphorus,
or nitrogen limit root allocation, tree growth, or litter production in a lowland
tropical forest. Ecology, 92, 1616–1625.

Zemunik, G., Turner, B.L., Lambers, H. & Lalibert�e, E. (2016) Increasing plant
species diversity and extreme species turnover accompany declining soil fer-
tility along a long-term chronosequence in a biodiversity hotspot. Journal of
Ecology, 104, 792–805.

Zuur, A., Ieno, E., Walker, N., Saveliev, A. & Smith, G. (2009) Mixed Effects
Models and Extensions in Ecology with R, 1st edn. Springer-Verlag New
York, New York, NY, USA.

Received 22 November 2016; accepted 23 January 2017
Handling Editor: Nathan Swenson

Supporting Information

Details of electronic Supporting Information are provided below.

Methods S1. List of packages for R statistical software used for data
analysis.

Table S1. Summary of models and metrics used for model selection
procedure.

Table S2. Mantel test correlations of soil properties and arbuscular
mycorrhizal (AM) with tree communities.

Fig. S1. Fungal OTU accumulation curves of each core for all sites.

© 2017 The Authors. Journal of Ecology © 2017 British Ecological Society, Journal of Ecology, 105, 569–579

Drivers of neotropical fungal communities 579


