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A B S T R A C T

It is now widely accepted that the majority of tropical landscapes are in transition from disturbance to recovery.
Remediation efforts are occurring in Central and South America, attempting to recuperate the soils, often using
indigenous nitrogen (N)-fixing tree species. Tree species-generated soil microbial heterogeneity might be im-
portant in facilitating regeneration of forest vegetation growth and, although some work has identified these
efforts may enhance the soil carbon (C), there have been few studies conducted on how these trees are affecting
the below-ground soil biological dynamics in these regions. Here, we explored how and to what extent individual
plant effects of a native N-fixing and non-N-fixing plant has affected the below-ground soil C and N metrics and
soil bacterial and fungal community composition. To begin to address this, we examined if there were differences
in various soil abiotic factors (ToC, TN, C:N ratio, Cmic, NH4

+, NO3
−, pH, and % moisture) and in the soil

bacterial and fungal community composition associated with soil of a native non-N-fixer, Dipteryx panamensis
and a native N-fixer, Pentaclethra macroloba, and in comparison to the primary forest bulk-soil in which these tree
species occur. We found that primary forest-soils had the greatest amounts of soil NH4

+ and Cmic, followed by
Pentaclethra-soils. Dipteryx-soils had the least amount of soil Cmic and NH4

+, but the greatest amounts of soil
NO3

−. The PERMANOVA results indicated that the Bray-Curtis soil bacterial and fungal community composi-
tions were significantly different between N-fixing and non-N-fixing tree-soils, and also to that of the primary
forest-soils. Our results also demonstrated that soil NH4

+ best explained the variation observed in the soil Cmic

patterns (39.2%), and, both the soil bacterial (22.8%) and fungal community composition (18.1%). Furthermore,
we provide evidence that the N-fixer Pentaclethra-soils stimulates the production of more soil Cmic than the non-
N-fixer Dipteryx-soils. It is clear that these tree species are important in creating changes in the soil microbial
community composition, and that NH4

+ may be associated with a shift in a functional response that may have
implications for CUE and remediation in this region.

1. Introduction

Tropical forest ecosystems are critical global drivers of terrestrial
primary productivity and biogeochemical cycling (Jobbágy and
Jackson, 2000; Nottingham et al., 2015). Yet, these unique and im-
portant habitats have suffered various degrading land-use practices
such as the conversion to agriculture and cattle pasture (Asner et al.,
2009; Gibbs et al., 2010); the impacts of which have been observed at
the global scale (Brienen et al., 2015; Laurance, 2007; Nottingham

et al., 2015). As soil microbes are key components in biogeochemical
and nutrient cycling processes, it is thought that tree species-generated
soil microbial heterogeneity may be an important factor in facilitating
forest regeneration, and thus, critical to the recovery of tropical forests
following disturbance.

Following forest clearing, N-fixing plants with N-fixing microbial
root nodule symbionts are considered to be the principal pathway that
disturbed forests recuperate N (Eaton et al., 2012; Shebitz and Eaton,
2013). Indeed, remediation attempts throughout Costa Rica have been
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implemented including the plantings of N-fixing tree species such as,
Inga edulis and Erythrina poeppigiana, for the amelioration of damaged
soils (Holl, 1999; Nichols and Carpenter, 2006; Siddique et al., 2008).
However, these efforts are typically monitored with focus on survival
and growth rates of tree seedlings in their respective area, and not
analysis of the soil ecosystems (Calvo-Alvarado et al., 2007; Cusack and
Montagnini, 2004; Holl, 1999; Nichols and Carpenter, 2006; Siddique
et al., 2008). Consequently, this contributes to major uncertainties re-
garding the soil microbial and environmental drivers associated with N-
fixing plants in forest ecosystems of Costa Rica.

Individual tree species are likely to have a direct effect on the sur-
rounding soil bacterial and fungal communities through various me-
chanisms including the exudation of ions and organic compounds, and
leaching of dissolved organic materials (Ayres et al., 2009; Kardol and
Wardle, 2010; Mukhopadhyay and Joy, 2010; Prescott and Grayston,
2013; Wardle, 2006; Wardle et al., 2004; Zinke, 1962). Some work has
demonstrated that individual tree species influence soil abiotic prop-
erties and soil biotic community composition for temperate tree species
(Binkley and Giardina, 1998; Hobbie, 1992; Zinke, 1962), but less for
tropical tree species (McGuire et al., 2010; Raich et al., 2014; Ushio
et al., 2008). Different plant species differ in their substrate qualities
and quantities entering the soil which is available to the surrounding
soil microbial communities (Bauhus et al., 1998; Hobbie, 1992; Wardle,
2002). Consequently, the composition of these soil microorganisms may
be altered by the differing organic matter inputs from different plant
species. These individual plant effects on the belowground components
may provide mechanistic links to the unexplained stochasticity in forest
recovery following disturbance, and, as such, studying these compo-
nents and interactions have been identified as key research priorities for
understanding anthropogenic influences on forest ecosystems (Allison
and Martiny, 2008; Foster et al., 2003; Wardle et al., 2004; Wardle and
Jonsson, 2014). Yet, a recent meta-analysis has shown that individual
plant effects are likely to be lower in managed ecosystems versus un-
managed ecosystems, suggesting that individual plant effects may be
less pronounced in a managed ecosystem (Waring et al., 2015). As land-
use effects and soil disturbance regimes are likely to have an influence
on individual plant effects (Gei and Powers, 2013; Hobbie, 1992; Holl,
1999; Powers et al., 1997; Waring et al., 2015), this highlights the
importance of studying N-fixing and non-N-fixing individual plant ef-
fects in an unmanaged forest, such as a primary forest, in Costa Rica.

Nitrogen-fixing plant species can help restore soil fertility by the
stimulation of plant growth, as they have the ability to increase the
production of a neighboring tree via increased N availability and soil
biomass development (Binkley and Giardina, 1998; Binkley and
Menyailo, 2005; Hart et al., 1997; Wardle, 2002; Gehring et al., 2005;
Guariguata and Ostertag, 2001; Nichols and Carpenter, 2006). Soils of
N-fixing trees have been shown to have a lower C/N ratio, which may
favor bacterial decomposers as opposed to fungal decomposers (Fierer
et al., 2009; Harrison and Bardgett, 2010). However, soil fungi produce
enzymes targeting a wider range of substrates which can transform soil
inputs into more usable forms, and also immobilize materials, that ty-
pically enhances the assimilation efficiency of organic C into the soil
biomass (Anderson, 2003; Anderson and Domsch, 2010; Brookes, 1995;
Moscatelli et al., 2005; Strickland and Rousk, 2010; Waring et al.,
2013). As such, this can have potential consequences for the amount of
C stored in biomass and other various forms of organic C, rather than as
C loss through respiratory maintenance processes (Manzoni et al., 2012;
Sinsabaugh et al., 2016). Soil microbial decomposers with a greater
carbon use efficiency (CUE) can convert substrates in the soil more
efficiently to new biomass, leading to a reduced amount of respiration
per unit of C take-up (Bradford and Crowther, 2013; Manzoni et al.,
2012; Sinsabaugh et al., 2016). Thus, soil C can be quickly mineralized
and respired back to the atmosphere as CO2, or stored as microbial
biomass in soil. Therefore, the interplay between these soil microbes
and N-fixing plant species becomes critical for CUE, and potentially C-
sequestration (Bradford and Crowther, 2013; Manzoni et al., 2012).

What remains unclear, is how the presumed N-fixing individual plant
effects, in comparison to non-N-fixing individual plant effects, shape
the soil microbial community patterns that may be indicative of CUE.

Pentaclethra macroloba (Willd.) Ktze (Fabaceae) is a fundamental,
dominant early colonizing N-fixing tree, and a dominant later stage
forest canopy tree in the Northern Zone of Costa Rica (Eaton et al.,
2012; Shebitz and Eaton, 2013). Eaton et al. (2012) provided the first
preliminary look at the composition of the soil prokaryotic community
associated with this tree in the tropical lowlands of Costa Rica and
found that Frankia, Rhizobium, Archaea, and Type II methanotrophs
were present and likely involved in recuperating soil N and enhancing
the microbial biomass C via the more efficient use of organic C. As such,
Pentaclethra is thought to be important in N and C cycle dynamics and
biomass enhancement, and thus, forest succession (Hartshorn and
Hammel, 1994; Pons et al., 2006). Recent studies conducted in Costa
Rica have explored soil bacterial and fungal community dynamics as-
sociated with Pentaclethra (and other vegetation types) (Kivlin and
Hawkes, 2016a, 2016b). However, these observations were made by
examining a monoculture of Pentacelthra. Monoculture dynamics can
often be vastly different to that of a highly mixed-species habitat, such
as a primary forest (Ke and Miki, 2015). As a result, it is quite possible
that this type of experimental field design can mask the role Pentacle-
thra is playing in primary old-growth forests of Costa Rica. Despite the
critical ecosystem roles Pentaclethra is thought to play, the below-
ground abiotic and biotic structure associated with it is poorly char-
acterized at best, and generally under-studied. No study to date has
evaluated the soil biotic communities and soil edaphic and macro-
nutrients associated with this N-fixing tree species in a primary forest of
Costa Rica using high-throughput DNA sequencing methods. Therefore,
examining the soil biotic and abiotic factors associated with Pentacle-
thra-soils in primary forests of Costa Rica warrants investigation. It is
our hope that if we can understand how differences within these soil
microbial communities and abiotic metrics serve as drivers of N-fixing
and non-N-fixing plant effects within an unmanaged forest, it could
shed light on what the main drivers might be for CUE and soil re-
mediation strategies within secondary forests in the region.

The overall aim of this study was to characterize various
Pentaclethra-soil abiotic factors and the soil bacterial and fungal com-
munity composition in comparison to that of a native non-N-fixing
member of the same family, Dipteryx panamensis (Pittier) Record and
Mell (Fabaceae); and in comparison, to the primary forest floor bulk soil
within a primary old-growth forest in the Northern Zone of Costa Rica.
The objectives of this study were to determine the individual plant ef-
fects of a native N-fixing tree, in comparison to a non-N-fixing tree in
the region. Moreover, we wanted to identify which soil abiotic factors
might be structuring these soil bacterial and fungal communities across
the tree-species soil and primary forest soils to explore potential drivers
of these microbial communities that are greater for CUE. To begin to
address this, four questions were asked in this study: (i) How do various
soil abiotic factors and soil Cmic differ across Dipteryx- and Pentaclethra-
soils, and primary forest bulk soils? (ii) Are there certain soil abiotic
factors that are associated with changes in the soil Cmic among the tree-
soils and primary forest-soils? (iii) Are there different soil bacterial and
fungal community compositions between the two tree species in com-
parison to primary forest bulk soils? (iv) Which soil abiotic variables
appear to shape the soil bacterial and fungal communities in Dipteryx-
soils and Pentaclethra-soils? These tree species were chosen for three
reasons: first, both are dominant members of the forest canopy in this
region; second, both are in the same family (Fabaceae); and third, to
provide a comparison of two species of the same family, but one is
known to form root nodule N-fixing symbionts (Pentaclethra), whereas
Dipteryx has not been shown to form these symbionts (Allen and Allen,
1981; Halliday, 1984; Montagnini and Sancho, 1994).

We predicted that soil bacterial and fungal communities across
Pentaclethra-, Dipteryx-, and primary forest bulk-soil would be different
from one another given the known N-fixing characteristics of
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Pentaclethra. We also predicted forms of inorganic N would be asso-
ciated in shaping of these soil bacterial and fungal community com-
positions. Furthermore, because of the known roles that N-fixing sym-
bionts and different forms of inorganic N play in plant and microbial
growth, we predicted Pentaclethra would promote more soil microbial
biomass C in its soil, in contrast to Dipteryx, and would be similar to that
of the primary forest bulk soil.

2. Materials and methods

2.1. Site description

In 2001, the San Juan-La Selva Biological Corridor (SJLBC) (Fig. 1)
was created by the Costa Rican Ministry of Environment and Energy to
protect 1,204,812 ha of diverse ecosystems for habitat connectivity and
biodiversity in the Northern Zone of Costa Rica (Monge et al., 2002),
due to legal and illegal extraction-based land management practices
since the 1970's. In 2005, within the SJLBC, the Maquenque National
Wildlife Refuge (MNWR) (10°27′05.7″N, 84°16′24.32″W) was estab-
lished by executive decree of the Costa Rican government to protect
over 50,000 ha of various ecosystems, such as primary and secondary
forests, and wetlands (Fig. 1). The MNWR is the core nucleus of the
SJLBC for biodiversity as it contains the highest percentage of forest
cover and most valuable habitats for biodiversity in the region (Chassot
and Monge, 2012). Mean annual temperature is 27 °C, mean annual
rainfall is 4300mm, and the dominant soil type are oxisols (Hartshorn
and Hammel, 1994).

2.2. Soil sample collection

This study was conducted in the humid Atlantic lowland rainforest
of the MNWR. All field and soil sample collections were conducted in an
upland primary forest within the MNWR, with all of the primary forest
upland areas consisting of the same soil type (oxisols), soil typography,
and soil texture (McGee et al., 2019). Soil samples were collected from
adjacent Dipteryx and Pentaclethra trees that are commonly found
within this primary forest. For a control to compare that tree species
soil bacterial and fungal communities are unique from one another, and
unique from the primary forest floor soil, these soils were compared to
primary forest bulk soil samples collected in the previous year (July
2014) from six, 1000m2 plots. Throughout these six 1000m2 plots in
the primary forest, six individual trees per tree species> 30 cm dia-
meter at breast height (DBH) were used for this study. Size was used as
a proxy for age because trees in this area do not form visible annual

growth rings detectable by traditional dendrochronological tree core
methods on intact trees (Abrams and Hock, 2006; Enquist and Leffler,
2001; Jacoby and D'Arrigo, 1990). Furthermore, we were only con-
cerned with examining larger established trees, and therefore did not
collect soils associated with different age classes of the tree species, and
only collected tree soils of trees> 30 cm DBH.

Six individual trees per tree species were chosen and soil sampling
around the tree depended on the DBH of each tree. The DBH of each
individual tree was used to establish a tree protection zone (TPZ) ra-
dius. The TPZ radius is relative to the DBH of a tree, and Whiting (2013)
describes this TPZ area around the tree as the critical root area with
direct influence for the sustainability on tree health and vigor, since not
every root is essential for tree health. The drip-line method has been
commonly used to assess root influence on soil dwelling communities,
however, this method can underestimate the important rooting area for
most trees, and therefore this method was avoided (French and Juzwik,
1999; Matheny and Clark, 1998; Perry, 1982; Whiting, 2013). To cal-
culate the TPZ radius, formulas described by Whiting (2013) were ap-
plied (Fig. S1) and using a compass, four transects were constructed in
each cardinal direction. Along the transects, 10% and 20% zones were
determined based on the TPZ radius of the tree (Fig. S1). Sampling
transects were established in each cardinal direction to provide uniform
sampling around the tree to reduce microsite variability given the
heterogeneous properties in tropical soils (van der Gast et al., 2010),
and to obtain one representative composite soil sample per individual
tree (Bélanger and Van Rees, 2006; Bruckner et al., 2000; Carter and
Lowe, 1986; Pennock, 2004; Pennock et al., 2006). The justification for
only examining the 10% and 20% zones of the TPZ radius is to elim-
inate overlap with conspecific adults and to minimize the influence of
other neighboring plants and try to capture immediately adjacent tree
identity effects and were only interested in the soils immediately ad-
jacent to the tree.

One soil profile core (7.5 cm×15 cm×1.25 cm) was collected
along the North, South, West, and East transects in the 10% and 20%
zones. These soil cores per zone and direction were bulked in sterile
Whirl-Pak® (Nasco, Fort Atkinson, WI, USA) bags, resulting in one
composite soil sample for each individual tree. Soil cores and collection
gloves were sterilized with 70% ethanol between each individual tree.
The effect of direction was not examined, thus, sterilizing between di-
rections/transects was not necessary. For homogenization, all soil
samples were mixed and passed through a sterilized 4-mm sieve at field
moist conditions prior to all downstream analyses.

Fig. 1. Map of the San Juan La-Selva Biological Corridor (left) and the Maquenque National Wildlife Refuge (right) (MNWR outlined in black and shaded green)
(Cove et al., 2014). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.3. Soil abiotic factors

To estimate ToC, TN, NH4
+, and NO3

−, 200 g of soil from each of
the 18 sieved composite soil samples were delivered to the Center for
Tropical Agriculture Research and Education (CATIÉ) Laboratories in
Turrialba, Costa Rica. At CATIÉ, ToC levels were analyzed via dry
combustion analysis (Anderson and Ingram, 1993), total nitrogen by
the Kjeldahl method and, NH4

+ and NO3
−, were measured from 2M

KCl extracts using the spectrophotometric methods of Alef and
Nannipieri (1995). To estimate levels of microbial biomass C (Cmic), SIR
was used following the methods of Höper (2006). Substrate-induced
respiration for measuring Cmic was preferred as it measures the amount
of living microbial biomass C. Soil percent moisture and pH were
measured at each soil core location (2 readings× 8 soil core loca-
tions= 16 readings per tree) (Fig. S2) during the time of soil sample
collection with a Kelway Soil pH and Moisture meter (Kelway Instru-
ments Co., Inc., Wyckoff, NJ, USA). Elevation was measured with a
Garmin Rino 650 (Garmin International, Olathe, KS, USA) GPS. All
nutrient and microbial activity data presented were adjusted for dry
weight of the soil.

2.4. eDNA extraction, PCR, and sequencing

Soil environmental DNA (eDNA) were extracted from each of the 18
composite soil samples using three 0.33 g replicate sub-samples for a
total of 1 g for each composite soil sample using the MoBio PowerSoil
DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA). The
concentration and purity (A260/A280 ratio) of extracted soil eDNA were
determined prior to downstream analyses using a NanoDrop 1000
spectrophotometer (ThermoFisher Scientific, Waltham, MA) and all
eDNA was stored at −80 °C.

PCR amplification of eDNA was performed targeting the v3 and v4
of 16S ribosomal RNA gene region for bacteria and archaea (Caporaso
et al., 2011) and the nuclear ribosomal internal transcribed spacer (ITS)
region for fungi (Gardes and Bruns, 1993). One fragment of the 16S
gene region was amplified by PCR targeting two non-overlapping
variable gene regions v3 (~197 bp) and v4 (~288 bp) using one primer
set 16Sv3F 5′-ACTCCTACGGGAGCAGCAG-3′ and 16Sv4R 5′-GGACTA-
CARGGTATCTAAT-3′ (Sundquist et al., 2007). The variable ITS1 and
ITS2 regions were amplified including the intercalary 5.8S rRNA gene
(> 500 bp) using one primer set, ITS1F 5′-CTTGGTCATTTAGAGGAAG
TAA-3′ and ITS4 5′-TCCTCCGCTTATTGATATGC-3′ (White et al., 1990).
Amplicons were prepared with a two-step PCR regime. The first step
was performed with the primers listed above. Each PCR amplification
contained 2 μL DNA template, 17.5 μL molecular biology grade water,
2.5 μL 10× reaction buffer (200mM Tris-HCl, 500mM KCl, pH 8.4),
1 μL 50× MgCl2 (50mM), 0.5 μL dNTPs mix (10mM), 0.5 μL forward
primer (10mM), 0.5 μL reverse primer (10mM), and 0.5 μL Invitrogen
Platinum Taq polymerase (5 U/μL) in a total volume of 25 μL. The PCR
conditions for 16S and ITS were 95 °C for 5min; 35 cycles of 94 °C for
40 s, 46 °C for 1min, and 72 °C for 30 s; and 72 °C for 5min; and held at
4 °C. Successful amplification of PCR products were visualized on 1.5%
agarose gels by the presence of fluorescent bands under a UV spectro-
photometer. PCR products were then purified using a Qiagen MinElute
PCR purification kit (Qiagen, Valencia, CA, USA) and eluted in 30 μL of
molecular biology grade water. A second PCR step was implemented
using the purified 1st PCR product as a template and with Illumina
adaptor-tailed primers. The 2nd PCR was made following the same
protocol as aforementioned except 30 cycles were used for PCR. All
PCRs were done using Eppendorf Mastercycler ep gradient S thermal-
cyclers and negative control reactions (no DNA template) were included
in all experiments. All generated soil amplicons were dual indexed and
sequenced in several Illumina MiSeq runs using a V3 MiSeq sequencing
kit (600 cycles – 300 bp×2) (FC-131-1002 and MS-102-3003).

2.5. Bioinformatic analyses

The subsequent 16S and ITS Illumina generated sequences were
processed using semi-automated pipelines. The 16S Illumina paired-end
libraries generated forward (R1) and reverse (R2) reads that did not
overlap, and therefore the R1 and R2 reads were analyzed separately.
Primer sequences were trimmed using CutAdapt v1.10 (Martin, 2011)
specifying a minimum Phred score of 20, a minimum sequence length of
150 bp after trimming, and no>3N's allowed. Trimmed reads were
further processed using USEARCH v9.1.13 (Edgar, 2010) by derepli-
cating and then denoising the data using the UNOISE2 pipeline that
essentially produces operational taxonomic units (OTUs) with a 100%
sequence similarity cutoff but also removes putative chimeric se-
quences, reads with errors, PhiX contamination, as well as removal of
rare OTUs with only one or two reads (singletons and doubletons).
Previous work has shown that rare OTUs may be particularly prone to
sequence errors and add ‘noise’ to the dataset (Reeder and Knight,
2009; Tedersoo et al., 2010). The remaining OTUs were taxonomically
assigned using the Ribosomal Database Project (RDP) classifier v2.12
(Wang et al., 2007) with the 16S training set v16 using the re-
commended 50% bootstrap support cutoff value at the genus rank as is
recommended for query sequences< 250 bp (Claesson et al., 2009).
The ITS Illumina paired-end libraries generated forward and reverse
reads that did not overlap, and were also analyzed separately. Primer
sequences were trimmed using CutAdapt v1.10 (Martin, 2011) speci-
fying a minimum Phred score of 20 and no> 3N's allowed. For R1
reads, a minimum sequence length of 200 bp was specified and for R2
reads, a minimum of 150 bp was specified. Trimmed reads were pro-
cessed using USEARCH v9.1.13 (Edgar, 2010) as described above.
Furthermore, the Perl-based ITSx tool was used to extract any re-
maining SSU/5.8S/LSU sequences from the ITS reads (Bengtsson-Palme
et al., 2013). Denoised OTUs were taxonomically assigned using the
RDP classifier with the UNITE fungal ITS training set 07-04-2014 using
a bootstrap support cutoff of 50% for sequences< 250 bp (Liu et al.,
2012). All generated sequencing data have been deposited in the Na-
tional Center for Biotechnology Information (NCBI) Sequence Read
Archive (SRA) database under the BioProject accession number
PRJNA471321.

2.6. Soil bacterial and fungal diversity and community composition

All 16S and ITS OTUs were organized taxonomically at the genus
rank and converted to mean proportion of sequences per sample. The
relative proportion of 16S and ITS OTUs were determined by calcu-
lating the total number of sequences from each genus within that
subsample, and dividing by the total number of sequences per sub-
sample. To examine the soil bacterial and fungal genus richness and
diversity for each sample, Margalef's richness (d= (S-1)/Log(N)) and
Shannon Index (H′) (H′= -SUM(Pi*ln(Pi))) (Pi is the proportion of the
total count (abundance) arising from the ith species) were calculated in
PRIMER-E v6 (Anderson et al., 2008). Soil bacterial and fungal genus
community compositions were transformed using a 4th root transfor-
mation to account for dominant taxa as well as rare taxa (Anderson
et al., 2008). The 4th root transformed 16S and ITS OTUs were then
calculated into a Bray-Curtis dissimilarity matrix in PRIMER-E v6
(Anderson et al., 2008).

2.7. Statistical and multivariate analyses

To address question one, a one-way analysis of variance (ANOVA)
was used to determine if the soil abiotic properties were significantly
different between primary forest bulk-, Dipteryx-, and Pentaclethra-soils
followed by Tukey's HSD and Dunnett's T3 post-hoc tests in SPSS (v.22,
Armonk, NY, USA). Prior to analyses, a Shapiro-Wilk test was per-
formed to determine normality of all the data in SPSS (v.25, Armonk,
NY, USA) and all data were p > 0.05 suggesting normality.
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To address question two, a Principal Coordinates Analysis (PCO)
was used to examine the overall patterns of the soil Cmic across the
primary forest bulk soils, and Dipteryx- and Pentaclethra-soils in relation
to the soil ToC, TN, NH4

+, NO3
−, pH, and moisture. Pearson correla-

tions were then performed of the individual soil abiotic variables with
PCO axes to explore potential soil abiotic factors associated with the
soil Cmic patterns. To further test these relationships, a multivariate
multiple regression was used by implementing a Distance-Based Linear
Model (DistLM) approach in PRIMER-E v6 (Anderson et al., 2008), to
calculate the contribution of each soil abiotic variable responsible for
the distribution of the soil Cmic across primary forest bulk-, Dipteryx-,
and Pentaclethra-soils. The DistLM was performed using a ‘step-wise’
selection procedure and an AICc (Akaike's Information Criterion Cor-
rected) selection criterion with 9999 permutations (Anderson et al.,
2008; Burnham and Anderson, 1998). The Distance-Based Linear
Modeling sequential tests were considered significant, if p≤ 0.05.
These DistLM results were then visualized using a Distance-Based Re-
dundancy Analysis (dbRDA) in which the ordination is plotted from the
values of the given model that explains the greatest variation in the data
cloud (Legendre and Anderson, 1999). Prior to analysis, the soil Cmic

data were transformed using a square-root transformation, and calcu-
lated into a Euclidean distance resemblance matrix.

To address question three, significant differences in the alpha di-
versity indices for soil bacterial and fungal genera across primary forest
bulk-soil and tree species-soil were determined using a one-way
ANOVA followed by Tukey's HSD and Dunnett's T3 post-hoc analyses in
SPSS (v.25, Armonk, NY, USA). To determine if there were differences
in the Bray-Curtis dissimilarity of the soil bacterial and fungal com-
munity composition matrices between the tree species-soils and pri-
mary forest bulk-soil, a one-way permutational multivariate analysis of
variance (PERMANOVA) with main and pair-wise tests based on un-
restricted permutations (9999 permutations) were implemented
(Clarke, 1993). The PERMANOVA results of the soil microbial com-
munity compositions among tree species-soils and primary forest bulk-
soil were considered significant, if p≤ 0.05. In addition, a Canonical
Analysis of Principal Coordinates (CAP) was used to visualize the dis-
tinctness of the soil bacterial and fungal community composition across
the primary forest bulk-soil and Dipteryx- and Pentaclethra-soils based
on an a priori allocation success, using the PERMANOVA+ guidelines
(Anderson et al., 2008; Anderson and Willis, 2003). Strong differences
between primary forest bulk soils, and Dipteryx- and Pentaclethra-soils
are represented by CAP axis 1 and CAP axis 2 squared canonical cor-
relations greater than or equal to 0.7, and moderate differences are
represented by squared canonical correlations greater than or equal to
0.5–0.69 (Anderson et al., 2008; Anderson and Willis, 2003). Further-
more, Cohen's d effect sizes were calculated for the PERMANOVA
pairwise comparisons to assess if the differences were trivial or not, and

used as indicators of biologically meaningful differences between mean
values of the parameters measured, as recommended for analysis of
small sample sizes (DiStefano et al., 2005). Cohen's d effect size sta-
tistics are considered small if d=0.2, medium if d=0.5–0.7, and large
if d > 0.8.

To address question four, to identify which soil abiotic variables are
structuring the observed multivariate patterns of the soil bacterial and
fungal communities across Pentaclethra-soil, Dipteryx-soil, and primary
forest bulk-soil, a multivariate multiple regression was used by im-
plementing the DistLM and dbRDA approaches following the afore-
mentioned procedures. This was based on the same biological fourth-
root transformed and resemblance matrices and log (x+ 1) trans-
formed environmental data (normalized).

All multivariate analyses were performed in PRIMER-E v6 (Clarke
and Gorley, 2006) and its add-on PERMANOVA+ (Anderson et al.,
2008). Prior to multivariate analyses, draftsman plots (variable pair-
wise scatter plots) were used to determine the homogeneity and mul-
ticollinearity of each soil abiotic variable (predictor variables). All soil
abiotic variables were transformed using the log (x+ 1) transformation
to correct for skewness and the data standardized using the ‘normalize’
parameter in PRIMER-E (Anderson et al., 2008; Clarke and Gorley,
2006).

3. Results

3.1. Differences in soil abiotic factors

The soil Cmic was significantly greater in the primary forest bulk-
and Pentaclethra-soils (851.92 ± 94.1 μgC/g and 765.28 ± 95.8 μgC/
g, respectively) than in the Dipteryx-soils (429.87 ± 50.63 μgC/g)
(F=7.24; p < 0.05) (Table 1). Soil NH4

+ was significantly greatest in
the primary forest bulk-soil (11.86 ± 0.69 μgN/g) in comparison to
both Pentaclethra- and Dipteryx-soils (6.41 ± 0.73 μgN/g and
1.08 ± 0.35 μgN/g, respectively) while Pentaclethra-soils also had
significantly greater amounts of NH4

+ than Dipteryx-soils (F= 114.07;
p < 0.0001) (Tables 1, S1). Dipteryx-soils had a significantly greater
amount of NO3

− (43.38 ± 3.23 μgN/g) than Pentaclethra-soils
(23.30 ± 1.57 μgN/g) (p < 0.05), but not the primary forest bulk-soil
(31.55 ± 8.07 μgN/g) (p > 0.05) (Tables 1, S1). No significant dif-
ferences were observed for C, N, C:N ratio, pH, moisture, and elevation
across the primary forest bulk-, Pentaclethra-, and Dipteryx-soils
(p > 0.05) (Table 1).

3.2. Drivers of soil microbial biomass C

The PCO axis 1 explained 100% of the variation in the soil Cmic and
the Pearson correlations with the PCO axes (Fig. S3) showed that soil

Table 1
Mean and standard error of the soil nutrient and environmental properties of primary forest bulk-soil, Dipteryx panamensis-soil, and Pentaclethra macroloba-soil and
the one-way ANOVA results evaluating the different soil property elements across these soils. Different letters denote significant pairwise comparisons (p < 0.05)
based on post-hoc analyses.

Primary forest Dipteryx Pentaclethra ANOVA

F stat p value

C (%) 5.83 ± 0.21 6.62 ± 0.32 6.50 ± 0.27 2.477 0.118
N (%) 0.47 ± 0.02 0.52 ± 0.02 0.51 ± 0.021 2.257 0.139
C/N 12.45 ± 0.16 12.78 ± 0.25 12.66 ± 0.11 0.820 0.459
Cmic (μgC/g) 851.92 ± 94.05a 429.87 ± 50.63b 765.28 ± 95.8ac 7.241 0.006
NH4

+ (μgN/g) 11.86 ± 0.69a 1.08 ± 0.35b 6.41 ± 0.30c 114.07 <0.0001
NO3

− (μgN/g) 31.55 ± 8.07a 43.38 ± 3.23ab 23.30 ± 1.57ac 14.56 0.002
pH 5.70 ± 0.03 5.75 ± 0.09 5.77 ± 0.14 0.227 0.802
Moisture (%) 56.72 ± 1.16 57.48 ± 4.09 55.69+ 2.33 0.102 0.903
Elevation (m) 58.75 ± 0.60 51.98 ± 6.49 58.18 ± 0.53 0.990 0.395
Average DBH (cm) n/a 100.58 ± 0.66 51.33 ± 4.43

Significant ANOVA results are indicated by p < 0.05 in bold.
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Table 2
Distance-based linear modeling (DistLM) marginal and sequential tests describing the association of environmental variables and patterns in (a) soil
microbial biomass C, (b) bacterial and (c) fungal community composition across primary forest bulk soil, Dipteryx panamensis-associated soil, and
Pentaclethra macroloba-associated soil in the MNWLR, using stepwise sequential tests following AICc selection criterion. Significant results are indicated by
p < 0.05 in bold (Prop. var. = proportion of total variation). The marginal tests are used to identify how much each predictor variable explains when
taken alone, ignoring all other variables and does not include any corrections for multiple testing. The sequential tests are conditional tests of individual
predictor variables done in the order specified, where each test examines whether adding that particular variable contributes significantly to the explained
variation to account for covariates.

(a) Soil microbial biomass C

Marginal test SS(trace) Pseudo-F p-Value Prop. var.
C 7.931 0.28248 0.5993 0.017349
N 3.8914 0.13736 0.7212 0.085122
C:N ratio 8.9044 0.31784 0.5894 0.019478
NH4

+ 179.11 10.307 0.0071 0.39179
NO3

− 14.509 0.52444 0.4745 0.031737
pH 17.149 0.62361 0.4438 0.037513
Moisture 22.759 0.83828 0.3788 0.049784

Sequential test AICc Pseudo-F p-Value Prop. var.
NH4

+ 54.07 10.307 0.0073 0.3918

(b) Soil bacterial community composition

Marginal test SS(trace) Pseudo-F p-Value Prop. var.
C 1235.7 2.7415 0.0216 0.14628
N 1178.1 2.5932 0.0251 0.13947
C:N ratio 650.59 1.3351 0.2012 0.077019
NH4

+ 1922.8 4.7152 0.0011 0.22762
NO3

− 524.7 1.0597 0.3391 0.06211
Cmic 990.94 2.1264 0.056 0.11731
pH 435.06 0.8688 0.4926 0.051504
Moisture 498.54 1.0035 0.3787 0.059018

Sequential test AICc Pseudo-F p-Value Prop. var.
NH4

+ 110.87 4.715 0.0014 0.22762

(c) Soil fungal community composition

Marginal test SS(trace) Pseudo-F p-Value Prop. var.
C 1423.1 1.3579 0.1527 0.078232
N 1208 1.1381 0.2726 0.066408
C:N ratio 1367.8 1.301 0.176 0.075196
NH4

+ 3294.6 3.5389 0.0013 0.18112
NO3

− 1913.3 1.8807 0.0405 0.10518
Cmic 1485.1 1.4224 0.1293 0.081644
pH 776.48 0.71344 0.7708 0.042686
Moisture 843.5 0.77801 0.6902 0.046371

Sequential test AICc Pseudo-F p-Value Prop. var.
NH4

+ 125.73 3.539 0.0007 0.18112

Fig. 2. The distance-based redundancy analysis
(dbRDA) ordination plot of the DistLM sequential test
results based on the soil abiotic variables fitted to the
variation in the soil Cmic patterns. Soil NH4

+ was the
best predictor variable out of the model and explained
39.2% of the total variation observed in the soil Cmic

patterns across the primary, Dipteryx-, and
Pentaclethra-soils (Pseudo-F= 10.31, p=0.007,
AICc= 54.07).
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NH4
+ was positively moderately correlated with soil Cmic (|r|= 0.626)

across the primary forest bulk-, Dipteryx-, and Pentaclethra-soils,
whereas pH was positively weakly correlated to the soil Cmic

(|r|= 0.19) (Table S2). In contrast, C, N, C:N ratio, NO3
−, and moisture

were negatively weakly correlated to the soil Cmic (|r| < 0.25) (Table
S2). The DistLM results indicated that soil NH4

+ was the best predictor
soil variable significantly related to structuring the soil Cmic (Pseudo-
F= 10.31 p=0.007, AICc=54.07) (Table 2a) across the associated
soils and accounted for 39.18% of the total variation observed in the
soil Cmic patterns (Fig. 2).

3.3. Differences in the soil bacterial and fungal community composition

The PERMANOVA results showed that the soil bacterial community
composition was significantly different for all pairwise comparisons of
Dipteryx-soil, Pentaclethra-soil, and primary forest bulk-soil (p < 0.05)
(Table 3a). The bacterial communities in the Dipteryx-soil and Penta-
clethra-soil were the least dissimilar in composition at 27.8% (Pseudo-
F= 2.79, p=0.0027, d=0.79) (Table 3a), and the primary forest
bulk-soil and Pentaclethra-soil bacterial communities were dissimilar at
36.3% (Pseudo-F=10.33, p=0.0017, d=1.52) (Table 3a). The re-
sults of the CAP axis 1 squared canonical correlation was 0.9996 in-
dicating a very strong difference in soil bacterial community composi-
tion between primary forest bulk-soil, and Dipteryx- and Pentaclethra-
soils and the CAP axis 2 squared canonical correlation was 0.9752, also
indicating a strong difference in soil bacterial community composition
between Dipteryx- and Pentaclethra-soils (Fig. 3).

Similarly, the PERMANOVA results showed that the fungal com-
munity composition was significantly different for all pairwise com-
parisons of Dipteryx-soil, Pentaclethra-soil, and primary forest bulk-soil
(p < 0.05) (Table 3b). The PERMANOVA results indicated that the soil

fungal community composition between Dipteryx-soils and primary
forest bulk-soil was the most dissimilar (65.13%) (Pseudo-F=3.982,
p=0.0023, d=0.9407) (Table 3b), while the primary forest bulk-soil
and Pentaclethra-soil were the least dissimilar (57.15%) (Pseudo-
F=3.11, p=0.0026, d=0.8313) (Table 3b). The results of the CAP
axis 1 squared canonical correlation was 0.9184, indicating a very
strong difference soil fungal community composition between primary
forest bulk soil, and Dipteryx-soil and Pentaclethra-soil (Fig. 5). The CAP
axis 2 squared canonical correlation was 0.8178, also indicating strong
differences between in the soil fungal community composition between
Dipteryx-soil and Pentaclethra-soil (Fig. 5).

The primary forest bulk-soil, Dipteryx-soil and Pentaclethra-soil were
mainly dominated by Groups 1, 2, 3, and 5 Acidobacteria,
Spartobacteria (genera_incertae_sedis), Subdivision 3 (gen-
era_incertae_sedis), Nitrospira (spp.), Burkholderia (spp.), Solibacter
(spp.), and Bradyrhizobium (spp.) (Table 4). Pentaclethra-soil had the
greatest relative percent proportion (RPP) of Nitrospira (spp.) (7.3%),
followed by Dipteryx-soils (3.21%) and least in the primary forest bulk-
soil (1.71%) (Table 4). Dipteryx-soil had the greatest RPP of N-fixers,
represented by Bradyrhizobium (spp.), Rhizomicrobium (spp.), and Bur-
kholderia (spp.) (total RPP of N-fixers (7.54%)), followed by primary
forest bulk-soil (6.33%), and least in Pentaclethra-soil (4.97%)
(Table 4).

The top fungal genera across primary forest bulk-, Dipteryx-, and

Table 3
Analysis of the dissimilarity in overall soil (a) bacterial and (b) fungal community structure across primary forest bulk soil, Dipteryx panamensis-soil, and Pentaclethra
macroloba-soil. The DNA sequence relative proportion data were analyzed using the multivariate and permutation-based PERMANOVA. The percent dissimilarity,
Pseudo-F value, p-value, and Cohen's d effect size are presented in the table.

Pairwise groups Pseudo-F p-Value % dissimilarity Cohen's d

(a) Bacteria Dipteryx, Primary 9.04 0.0022 37.0 1.42
Dipteryx, Pentaclethra 2.79 0.0027 27.8 0.79
Primary, Pentaclethra 10.33 0.0017 36.3 1.52

(b) Fungi Dipteryx, Primary 3.982 0.0023 65.13 0.9497
Dipteryx, Pentaclethra 3.383 0.0028 59.07 0.8671
Primary, Pentaclethra 3.11 0.0026 57.15 0.8313

Fig. 3. Canonical Analysis of Principal Coordinates (CAP) showing the strength
of the dissimilarity of the overall soil bacterial community composition across
the primary forest bulk soil, Dipteryx-soil, and Pentaclethra-soil in a primary old-
growth lowland forest of Costa Rica. The CAP axis 1 squared canonical corre-
lation was 0.9996 and the CAP axis 2 squared canonical correlation was 0.9752.

Table 4
Soil bacterial genus proportion of sequences> 1% representation across pri-
mary forest bulk-, Dipteryx-, and Pentaclethra-soils. ‘Groups’ are members of
Acidobacteria.

Genus Primary forest Dipteryx Pentaclethra

Gp1 23.57 20.32 18.65
Gp2 24.50 16.54 18.83
Gp3 12.99 18.28 15.90
Spartobacteria Incertae sedis 7.64 6.52 10.16
Subdivision 3 Incertae sedis 4.55 4.82 4.79
Nitrospira 1.71 3.21 7.30
Burkholderia 4.12 3.88 2.83
Solibacter 1.96 3.04 1.67
Gp5 2.17 2.13 1.99
Bradyrhizobium 1.16 2.82 1.44
Edaphobacter 1.20 1.22 0.91
Ktedonobacter 0.42 0.94 1.67
Chitinophaga 1.12 0.10 1.20
Rhizomicrobium 0.97 0.77 0.65
Niastella 0.01 1.13 0.96
Mucilaginibacter 0.26 1.18 0.65
Dyella 1.04 0.33 0.50
Rhodomicrobium 0.30 0.51 0.88
WPS-2 Incertae sedis 0.63 0.59 0.41
Labilithrix 0.20 0.68 0.28
Acidobacterium 0.58 0.41 0.16
Stigmatella 0.00 0.52 0.62
Aggregicoccus 0.52 0.18 0.44
Koribacter 0.78 0.02 0.22
Vampirovibrio 0.10 0.52 0.30
Kitasatospora 0.08 0.68 0.03
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Pentaclethra-soils were Mortierella (spp.), Archaeorhizomyces (spp.),
Trichosporon, Geotrichum (spp.), Cryptococcus (spp.), Myxocephala
(spp.), Mycena (spp.) (Table 6). The RPP of Geotrichum (spp.) were
greatest in Pentaclethra-soil (51.69%), whereas primary forest-soil was
mainly dominated by Trichosporon (spp.) (38.95%), Mortierella (spp.)
(26.04%), Cryptococcus (spp.) (6.17%), Myxocephala (spp.) (5.4%), and
Xylaria (spp.) (4.24%). Dipteryx-soil was mostly dominated by Archae-
orhizomyces (spp.) (24.31%), Mortierella (spp.) (21.06%), Geotrichum
(spp.) (15.95%), Cryptococcus (spp.) (15.08%) and Trichosporon (spp.)
(7.38%). Pentaclethra-soil was dominated by Geotrichum (spp.)
(51.69%), Trichosporon (spp.) (18.16%), Mortierella (spp.) (15.91%),
and Cryptococcus (spp.) (2.57%). The primary forest bulk-soil had the
greatest RPP of Trichosporon (spp.), Myxocephala (spp.) and Xylaria
(spp.), whereas Dipteryx-soil had the greatest RPP of Archaeorhizomyces
(spp.), Cryptococcus (spp.), and Hygrocybe (spp.), and Pentaclethra-soil
had the greatest RPP of Geotrichum (spp.) (Table 6). Dipteryx-soils had
the greatest RPP of Hygrocybe (spp.) (1.71%), but primary forest bulk-
soil and Pentaclethra-soils, had the least RPP of Hygrocybe (spp.) (0.14%
and 0.93%, respectively) (Table 6).

The primary forest bulk soil had significantly greater soil bacterial
genus richness than Dipteryx- and Pentaclethra-soils (p < 0.0001),
however, no differences were observed in the soil bacterial genus
richness between Dipteryx-soils and Pentaclethra-soils (p=0.962)
(Table 5a). Moreover, there were no significant differences in soil
bacterial Shannon diversity (H′) (p > 0.05) (Table 5a).

The primary forest bulk-soil had the greatest soil fungal genus
richness in comparison to Dipteryx- and Pentaclethra-soils (p < 0.05),
but no differences were observed in fungal genus richness between
Dipteryx-soil and Pentaclethra-soil (p=0.948) (Table 5b). There were
no significant differences observed in soil fungal Shannon diversity (H′)
(p > 0.05) (Table 5b).

3.4. Drivers of the soil bacterial and fungal community composition

Soil NH4
+ was the best predictor variable in structuring the soil

bacterial community patterns across the primary forest bulk-,
Pentaclethra-, and Dipteryx-soils (Pseudo-F= 4.72, p=0.0019,
AICc=110.87) (Table 2b) and explained 22.76% of the total variation
observed, as visualized by dbRDA (Fig. 4). Similarly, soil NH4

+ was the
best predictor variable in the shaping soil fungal community composi-
tion across the primary forest bulk-, Pentaclethra-, and Dipteryx-soils
(Pseudo-F=3.5389, p=0.0007, AICc=125.73) (Table 2c) and ex-
plained 18.1% of the total variation observed, as visualized by dbRDA
(Fig. 6).

4. Discussion

In contrast to the two-way relationship of plant-soil feedbacks, in-
dividual plant effects only concern the effects of the tree on the soils
beneath and immediately adjacent to the tree (Waring et al., 2015).
Individual plant effects are known to influence soil microbial commu-
nities (Fierer et al., 2007; Miki et al., 2010; Ushio et al., 2008; Wardle,
2002; Wardle et al., 2004) through the release of biochemicals and dead

cells, and by providing photosynthate (Chaparro et al., 2012;
Gougoulias et al., 2014; Kimmins et al., 1990; Lakshmanan et al.,
2014); the degree of which differs among plant species and successional
stage (Bauhus et al., 1998; Wardle, 2006, 2002). Yet, it is unclear what
these N-fixing and non-N-fixing individual plant effects may have on
the soil bacterial and fungal communities and soil chemistry that may
influence potential CUE in unmanaged tropical ecosystems, and the
drivers of this. Here, we provide evidence that individual plants effects
for N-fixing and non-N-fixing trees have influenced levels of NH4+,
NO3

−, and Cmic in the soils. Moreover, we show that NH4
+ could be the

main factor in which to accrue Cmic in soils. We also show that the soil
bacterial and fungal communities are different, and appear to have
influenced the bacterial and fungal groups associated with N-cycling
activities. Lastly, we also show that the soil microbial community pat-
terns were driven by NH4

+. Examining individual plant effects in tro-
pical ecosystems are important in understanding how a tree species
may individually affect the soil biotic and abiotic components beneath
them. Plant-induced soil microbial heterogeneity will likely have im-
portant consequences in the immediately adjacent soils that could have
potential consequences for secondary forest developments in the tro-
pics, yet, still warrants more investigation.

4.1. Differences in soil abiotic factors & determinants of soil Cmic

Our results indicated that N-fixing and non-N-fixing individual plant
effects can have a substantial influence on plant-essential mineral ions

Table 5
The soil (a) bacterial and (b) fungal genera alpha diversity indices mean ± SE and the one-way ANOVA (n= 6) results followed by post-hoc analyses. The different
letters denote significant pairwise comparisons found in the post-hoc analyses (p < 0.05).

Community Diversity index Primary forest Dipteryx Pentaclethra ANOVA

F stat p-Value

(a) Bacteria Richness (d) 24.76 ± 0.8a 17.33 ± 1.56b 16.94 ± 0.51bc 17.42 <0.0001
Shannon (H′) 2.57 ± 0.05 2.72 ± 0.08 2.66 ± 0.03 1.87 0.189

(b) Fungi Richness (d) 19.94 ± 2.77a 7.24 ± 0.89b 7.71 ± 0.44bc 18.03 <0.0001
Shannon (H′) 2.25 ± 0.14 2.23 ± 0.09 1.94 ± 0.2 1.48 0.259

Significant ANOVA results are indicated by p < 0.05 in bold.

Table 6
Soil fungal genera relative percent proportion of sequences> 0.5% re-
presentation across the primary forest bulk-, Dipteryx-, and Pentaclethra-asso-
ciated soils.

Genus Primary forest Dipteryx Pentaclethra

Glomeraceae unidentified 0.58 0.76 0.47
Mortierella 26.04 21.06 15.91
Xylaria 4.24 2.17 1.38
Crinipellis 0.29 1.22 0.08
Marasmius 1.07 0.00 0.47
Gymnopus 0.75 0.06 0.00
Hygrocybe 0.14 1.71 0.93
Trichoderma 2.12 0.97 0.20
Viridispora 0.81 0.06 0.00
Pestalotiopsis 0.26 0.14 0.44
Heliscus 0.48 0.13 0.00
Fusarium 1.00 0.00 0.18
Calonectria 1.51 1.01 1.57
Rhizophydium 0.34 0.87 0.19
Synchytrium 0.10 0.83 0.01
Gliocladiopsis 3.04 0.29 0.86
Archaeorhizomyces 1.87 24.31 3.05
Cryptococcus 6.17 15.08 2.57
Mycena 0.26 4.30 1.05
Pseudallescheria 0.83 0.03 0.00
Geotrichum 3.12 15.95 51.69
Trichosporon 38.95 7.38 18.16
Myxocephala 5.40 1.39 0.73
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such as NH4
+ and NO3

−, but less so for the soil physico-chemical
properties (i.e., soil pH and moisture content). As various plant growth
processes mainly depend on inorganic and organic N uptake from the
soil (Tegeder and Masclaux-Daubresse, 2018), the differences observed
in this study could be attributed to that climax (shade-bearer) and
pioneer (light-demander) tree species differ in terms of their principal
source of inorganic N (Ghazoul and Sheil, 2010; Kricher, 2011). For
example, climax tree species use NH4

+ as the primary source of in-
organic N, whereas pioneer tree species use NO3

− (Ghazoul and Sheil,
2010; Kricher, 2011). As Dipteryx is an important climax tree species
(Ghazoul and Sheil, 2010; Kricher, 2011) in the area of this study, it is
possible that Dipteryx is using NH4

+ as its primary source of inorganic N
for vegetation growth processes for the plant, leading to less NH4

+ in
the Dipteryx-soils, and more allocation of NH4

+ for plant growth me-
chanisms. On the other hand, given that Pentaclethra is a tropical pio-
neer species (and later successional species) (Ghazoul and Sheil, 2010;
Kricher, 2011), it could be that this species is using NO3

− as its prin-
cipal source of inorganic N. Thus, this would result in less accumulation
of NO3

− in the immediately adjacent soils. Given the overall pattern
here, the lower means of the NH4

+ and NO3
− and the differing de-

mands for these nutrients by these plants, could suggest the inorganic N
soil nutrient pools here represent the amount of NH4

+ and NO3
− left-

over after utilization by the trees. However, it is important to note the

Fig. 4. Distance-based redundancy analysis (dbRDA)
ordination plot of the DistLM sequential test results
based on the soil abiotic variables fitted to the varia-
tion in the soil bacterial community. Soil NH4

+ was
the best predictor variable out of the model and ex-
plained 22.8% of the total variation observed in the
soil bacterial community patterns across primary
forest bulk-, Dipteryx-, and Pentaclethra-soil (Pseudo-
F= 4.72, p=0.0019, AICc= 110.87).

Fig. 5. Canonical Analysis of Principal Coordinates (CAP) showing the strength
of the dissimilarity of the overall soil fungal community composition across the
primary forest bulk soil, Dipteryx-soil, and Pentaclethra-soil in a primary old-
growth lowland forest of Costa Rica. The CAP axis 1 squared canonical corre-
lation was 0.9184 and the CAP axis 2 squared canonical correlation was 0.8178.

Fig. 6. Distance-based redundancy analysis (dbRDA)
ordination plot of the DistLM sequential test results
based on the soil abiotic variables fitted to the var-
iation in the soil fungal community. Soil NH4

+ was
the best predictor variable out of the model and ex-
plained 18.1% of the total variation observed in the
soil fungal community patterns across primary forest
bulk-, Dipteryx-, and Pentaclethra-soils (Pseudo-
F=3.5389, p=0.0007, AICc= 125.73).
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current study measured the standing pools of soil NO3
− and NH4

+, and
not the rate of production or utilization of these soil nutrients.

Moreover, Pentaclethra-soils had more Cmic than the non-N-fixing
Dipteryx-soils and had similar amounts of Cmic to that of the primary
forest-soils; suggesting that Pentaclethra stimulates the production of
Cmic such that it is similar to the levels found in the primary forest-soil.
This is most likely due to the N-fixing capabilities of Pentaclethra, and is
consistent with previous evidence suggesting that trees with N-fixing
symbioses can enhance soil biomass and soil organic matter levels
(Eaton et al., 2012; Grant et al., 2007; Macedo et al., 2008) (but see,
Hoogmoed et al., 2014a, 2014b, 2012). This could be corroborated by
the finding that soil NH4

+ explained almost 40% of the total variation
observed in the soil Cmic patterns. Indeed, a greater nitrogen availability
in the soil can increase a more efficient use of C in the soils, and as a
result, more C remains in the soil in the form of microbial biomass and
byproducts (Bradford and Crowther, 2013; Manzoni et al., 2012; Tucker
et al., 2012; Vicca et al., 2012). However, if a tropical climax tree
species is dependent on soil NH4

+ as its principal source of inorganic N,
that tree species would potentially be acting as an NH4

+ sink with re-
spect to its aboveground components, as has been observed elsewhere
(Tegeder and Masclaux-Daubresse, 2018). Consequently, without soil
NH4

+ or a limited availability of NH4
+ in soils beneath a tree such as

Dipteryx, ammonium-oxidation could also become limiting, and po-
tentially result in less soil Cmic. Thus, Pentaclethra could be acting as a
source-dynamic for the facilitation of more soil Cmic in its soils, in
contrast to Dipteryx which may be acting as a sink-dynamic that may
ultimately result in less soil Cmic in its soils. Therefore, at the individual
tree level, soil NH4

+ may have a strong effect as the principal pathway
in terms of promoting more Cmic (and thus, potentially more CUE) in
primary forests in this area.

A recent meta-analysis exploring individual plant effects throughout
the tropics, found that the largest effects were observed for base sa-
turation, electrical conductivity, plant-available inorganic N, and others
(Waring et al., 2015). Whereas plant effects on soil physico-chemical
factors (e.g. soil bulk density, soil moisture, and soil pH) and total soil
nutrient pools (e.g. soil TC, TN, C:N ratio) were less pronounced
(Waring et al., 2015). Even though the meta-analysis was not ex-
amining N-fixing and non-N-fixing plants, inorganic N had one of the
strongest effect sizes for influencing soil chemical properties. Thus, as
inorganic N maybe be a strong driver of soil abiotic and biotic com-
ponents, N-fixing or non-N-fixing tree species could have major con-
sequences for soil Cmic. Our results are most consistent with the results
of the meta-analysis in that the more limiting nutrients, such as in-
organic N, had the strongest influence in terms of individual plant ef-
fects. However, in contrast, our results are inconsistent with previous
studies examining N-fixing and non-N-fixing individual plant effects via
monoculture plantations (Hoogmoed et al., 2014b; Kivlin and Hawkes,
2016a). For example, in two previous studies, no differences were ob-
served for soil NH4

+ (Hoogmoed et al., 2014b; Kivlin and Hawkes,
2016a), NO3

− (Kivlin and Hawkes, 2016a), and Cmic (Kivlin and
Hawkes, 2016a); and interestingly, the one monoculture plantation
consisted of Pentaclethra (Kivlin and Hawkes, 2016a). Yet, in a study
comparing Pentaclethra-soils to secondary forest bulk-soils, it was found
that there was more soil Cmic associated with Pentaclethra-soils, than
forest-soils (Eaton et al., 2012).

However, given the monoculture experimental design in some of
these studies, it may be difficult to parse out and identify individual
plant effects of N-fixing and non-N-fixing trees in a managed system.
Thus, evaluating individual plant effects in an unmanaged ecosystem
such as a primary forest still warrants more investigation. Overall, these
results ultimately highlight that the native N-fixing tree species
Pentaclethra, may be conducive for forest recuperation in comparison to
the native non-N-fixing species, Dipteryx. In cases of large disparities in
the amount of soil NH4

+, large decreases or increases in NH4
+ could be

the soil abiotic driver that may ultimately determine the fate or di-
rection of soil microbial biomass development. From this, it appears

NH4
+ may be quite important as the first step to building more mi-

crobial biomass in the soils, and that changes in the amount of NH4
+

are acting as an environmental driver for soil Cmic.

4.2. Differences in the soil bacterial and fungal community composition

Our results demonstrated that the soil bacterial and fungal com-
munity compositions were significantly different between the tree-soils
and from primary forest-soils. This suggests that individual plant effects
influence the adjacent soil microbial community composition, which is
different than the primary forest soil microbial composition. This shows
that there could be a relatively strong influence a tree species can have
on the surrounding soil microbiome in a highly mixed species tropical
primary forest. Indeed, previous studies have shown that plants can
shape the soil microbiome, particularly the rhizosphere communities,
through the rhizodeposition of plant-root exudates, mucilage, and
sloughed cells (Chaparro et al., 2012, 2014; Lakshmanan et al., 2014;
Yan et al., 2017). Even though we did not directly sample and isolate
the rhizosphere soils, our soil samples did consist of this soil habitat
given our soil sampling design. Nonetheless, we predicted Dipteryx-,
Pentaclethra-, and primary forest-soils to have their own distinct soil
bacterial and fungal community composition due to individual plant
effects that can affect different substrate qualities and quantities en-
tering the soil; either through rhizodeposition (i.e. individual tree
species plant roots) or through plant litter diversity and complexity on
forest floor soils (i.e. forest soils).

The most notable pattern for the soil bacterial taxonomic groups
were for those soil bacteria associated with N-cycling activities. For
example, Dipteryx-soils had the greatest RPP of N-fixing bacteria
(Burkholderia (spp.), Bradyrhizobium (spp.), and Rhizomicrobium (spp.))
(cumulative proportion 7.47%) compared to Pentaclethra-soils (cumu-
lative proportion 4.92%). However, given that Dipteryx does not form
N-fixing root nodule symbionts (Montagnini and Sancho, 1994), it is
quite possible the greater cumulative proportion of N-fixing bacteria in
Dipteryx-soils, compared to Pentaclethra-soils, are actually free-living N-
fixing bacteria. The demand of soil NH4

+ by Dipteryx could be driving
the need for more free-living N-fixing bacteria, as a compensatory effect
for the lack of N-fixing root nodule symbionts. The root nodular bac-
terial N-fixing symbionts are presumably more efficient in N-fixation
processes as these bacterial symbionts have a steady stream of meta-
bolic precursors from the plant, and therefore, less energy expenditure
is required for biosynthesis. However, the free-living N-fixing bacteria
need to expend more energy for biosynthesis, as these free-living bac-
teria do not have that steady stream of metabolic precursors from the
plant, and thus, have less energy available for N-fixation. Therefore, the
Dipteryx plant may require more free-living N-fixing bacteria in its soils
to reach the functional contribution or efficiency to that of root nodular
bacteria, in terms of producing soil NH4

+. Moreover, the Pentaclethra-
soils had the greatest RPP of the ammonium-oxidizing bacteria (AMoB)
Nitrospira (7.3%) in contrast to Dipteryx-soils (3.2%). Pentaclethra would
presumably need more AmoB in its soils to produce NO3

− for utiliza-
tion by the plant (as described earlier). In any case, it is difficult to
ascribe whether there are more N-fixer populations due to the NH4

+

demand of the Dipteryx plant species, or that more free-living N-fixing
bacteria are required to compensate for the lack of root nodule mi-
crobial symbionts, or perhaps a combination of both. Therefore, it may
be of interest in future studies to measure rates of N-fixation and am-
monium-oxidation of these soils, as well as explore the quantity and
expression of functional genes involved in N-cycling processes.

Similarly, we found N-fixing and non-N-fixing individual plant ef-
fects have influenced certain soil fungal taxonomic groups associated
with N-cycling processes. For example, the Pentaclethra-soils harbored
the most amount of the fungal yeast Geotrichum (51.7%) and had more
than double the amount in comparison to Dipteryx-soils (15.95%).
Geotrichum is not only able to synthesize carbohydrates in the soil but,
can also nitrify NH4

+ to NO3
− (Al-Falih and Wainwright, 1995a,
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1995b; Al-Falih, 2006; Botha, 2011), indicating important consequence
for N-cycling activities within Pentaclethra-soils. In the case of Penta-
clethra, this may most likely be to stimulate those microbes associated
with nitrifying processes to produce soil NO3

− that Pentaclethra may be
using as its principal source of inorganic N. In addition, Dipteryx-soils
had the most soil ECM (Hygrocybe) (1.71%), compared to Pentaclethra-
and primary forest-soils (0.93% and 0.14%, respectively), and harbored
the greatest proportion of Archaeorhizomyces (24%) that have been
found around plant roots that may be dependent on soil C compounds
from plant roots. The accumulation of NO3

− associated with Dipteryx
could be stimulating the growth of ECM, as has been observed else-
where (Sinsabaugh, 2010; DeForest et al., 2004; de Vries et al., 2007;
Knorr et al., 2005; Hobbie, 2008). Moreover, the soil ECM and Ar-
chaeorhizomyces associated with Dipteryx may be playing a crucial role
in inorganic N nutrient acquisition and assimilation (Abuzinadah et al.,
1986; Read and Perez-Moreno, 2003). It has been observed that in the
presence of favorable sources of N such as NH4

+, filamentous ECM
fungi can exhibit repressed expression of proteolytic activity (Marzluf,
1996; Zhu et al., 1994). The reason for this is that the ECM have been
shown to be important scavengers of organic forms of N, degrading
these compounds so as to bring in these forms of N for use (Talbot et al.,
2008). However, if excess inorganic N is already present, then higher
levels of these scavenging activities are not needed and these levels will
be suppressed.

Moreover, our findings also indicated that individual plant effects,
whether with N-fixing capabilities or not, does not have an influence on
soil bacterial and fungal genus diversity and richness. Previous studies
have found similar results in that monoculture stands of different N-
fixing and non-N-fixing tree species did not have an effect on fungal
richness, and that bacterial richness depended more on sampling season
(i.e. wetter vs drier seasons), rather than vegetation type (Kivlin and
Hawkes, 2016a, 2016b). However, despite no differences in soil bac-
terial and fungal genus richness between the tree-soils, the soil bacterial
and fungal genus richness were greatest in the primary forest-soils, and
less in Dipteryx- and Pentaclethra-soils. This is most likely due to more
abundant resources that would presumably be available for the soil
microbial communities in primary forest bulk-soils as there would be
less plant leaf litter in the soil adjacent to these tree species, in com-
parison to the primary forest floor. A greater multiplicity of resources
and spatial heterogeneity (such as greater quantity, quality, and com-
plexity of plant litter) on the forest floor would presumably create more
niches or a partitioning of resources thereby reducing competition, and
therefore, result in soil microbial communities with greater richness
and greater biomass to consume these resources (Bradford et al., 2013,
2008, 2014; Guggenberger et al., 1995; Guggenberger and Zech, 1999;
Schwendenmann and Veldkamp, 2006; Zhang and Zak, 1995).

4.3. Soil NH4
+ as drivers of soil bacterial and fungal community

composition

The bacterial and fungal communities in soils have strong connec-
tions to the surrounding environment and it is well known that various
soil site factors such as pH, moisture, and texture, etc., can shape mi-
crobial community composition (Fierer et al., 2007; Fierer et al., 2009).
However, a soil microbial population that is existing close to the edge of
its upper or lower tolerance limit, grows rather slowly under these
stressful conditions. Thus, those microbial populations become more
vulnerable to ecological interactions such as competition, predation,
and parasitism. Environmental conditions act as filter processes that
should select for organisms according to their traits, niche preferences,
biological interactions, and coevolution with hosts, and therefore,
shape the microbial community compositions (Costello et al., 2012;
McCalley et al., 2014; Nemergut et al., 2013). Yet, the environmental
filters or drivers of certain functional implications are not well known.
Recent findings suggest that fluctuations of key microbial taxa reflect
the dynamics of important biogeochemical processes (McCalley et al.,

2014). In less severe habitats, or a narrow range of environmental
conditions, nutrient availability and substrate qualities and quantities,
should exert a strong force on the biochemical and ecological interac-
tions among populations, that would change the direction and trajec-
tory of various ecosystem processes, such as decomposition (Atlas and
Bartha, 1981). Ultimately, this may have consequences or various po-
tential outcomes of ecosystem functioning (McCalley et al., 2014). The
drivers of this acting on local-scales, such as here with individual plant
effects, become important for understanding possible functional out-
comes extrapolated to a habitat or forest ecosystem scale, particularly
so for remediation efforts.

From our results, not only does it appears that NH4
+ is important in

structuring the soil bacterial and fungal communities, it is important in
structuring a microbial community that associated with more microbial
biomass in the soils. Thus, this may have potential consequences for
improved CUE. Soil NH4

+ as a driver of the bacterial and fungal
community structure can be explained in part, by its role in the utili-
zation by bacteria and fungi as an important preferred N-source. Forms
of inorganic N have been known to stimulate the growth of soil ECM
(Singh et al., 2008), but inhibit many of those fungi capable of complex
recalcitrant C degradation (e.g. lignin, cellulose, hemicellulose)
(DeForest et al., 2004; Waldrop and Firestone, 2006; Waldrop and Zak,
2006). Soil microbial decomposers with a greater CUE can convert
substrates in the soil more efficiently to new biomass, leading to a re-
duced amount of respiration per unit of C take-up (Bradford and
Crowther, 2013; Manzoni et al., 2012; Sinsabaugh et al., 2016). For
example, in general, fungi have a greater CUE than bacteria, meaning
that fungi can assimilate C more efficiently into biomass that involves
less loss of C via maintenance respiration and requires more N for the
enzymes needed for biosynthesis (Anderson, 2003; Anderson and
Domsch, 2010; Brookes, 1995; Moscatelli et al., 2005; Strickland and
Rousk, 2010; Waring et al., 2013). As such, this can have potential
consequences for the amount of C stored in microbial biomass and other
various forms, rather than C loss through respiratory maintenance
processes (Manzoni et al., 2012; Sinsabaugh et al., 2016). In connection
with the soil Cmic data, it could be that at the local-scale, the NH4

+

source-dynamic of Pentaclethra is stimulating a bacterial and fungal
decomposer community that is more efficient in the incorporation of C
for biomass. Therefore, it appears as if less NH4

+, is perhaps a more
important limiting factor for microbial biomass production in the soils
examined in this study, and that changes in the amount of NH4

+ are
acting as an environmental driver that can shape the soil bacterial and
fungal community composition with varying decomposer efficiencies.
Consequently, decreased levels of inorganic N could result in a decrease
in the synthesis of these enzymes, and therefore, a decrease in the rate
and efficiency of these complex decomposition activities. Ultimately,
this would lead to a reduction in biomass, and potentially a reduction in
CUE.

Our study contradicts many others in that pH was not a driver of soil
microbial community composition (Banerjee et al., 2016; Castro et al.,
2010; Freedman and Zak, 2015; Högberg et al., 2006; Kivlin and
Hawkes, 2016b; Lee-Cruz et al., 2013; Sait et al., 2006; Tripathi et al.,
2012). However, soil abiotic drivers such as pH (or others such as
moisture, soil texture, etc.) that can shape community composition may
not always have an effect on the functional process of the microbes. For
example, Kivlin and Hawkes (2016b), found that soil moisture and pH
accounted for ~4% of the variation in total soil fungal community
structure. Yet pH was significantly different across their monoculture
vegetation types, with Pentaclethra stands being the most acidic
(pH=4.2). As many microbes are capable of performing the same
function, there may be small to large associated shifts in taxa with
changing or different climatic and environmental variables, but there
may be no change in the overall functional response of the microbial
community. For example, even if soil pH is structuring the composition
of two microbial communities between two habitats, this does not mean
that there is an associated functional shift with a shift in community

K.M. McGee, et al. Applied Soil Ecology 137 (2019) 139–153

149



composition. Thus, pH could shape communities but not necessarily
have some sort of larger effect that changes the amount of soil microbial
biomass C, as a result of structuring the microbial communities present.

5. Conclusions

Our study adds to the growing body of literature for individual plant
effects in the tropics. The role of individual plant effects on soil con-
ditions in structuring microbial community composition associated
with N-fixing and non-N-fixing trees, and primary forest soils, has not
previously been assessed in this region of Costa Rica. Tropical forests
exchange CO2 with the atmosphere than any other terrestrial ecosystem
and are global drivers of soil carbon biomass (Jobbágy and Jackson,
2000; Nottingham et al., 2015), however, human-driven land-use
changes and forest disturbances can have significance impacts on the
carbon biomass that is stored in these soils, and thus, atmosphere CO2

levels (Brienen et al., 2015; Laurance, 2007; Nottingham et al., 2015). A
better understanding of the extent individual tree species influence soil
microbial heterogeneity can help decision-making strategies for the
selection of plant species for potential reforestation and remediation
efforts. As such, if a particular tree species is capable of stimulating soil
Cmic levels similar to that of a primary forest, that particular tree species
could prove to be a good gateway tree species in which to facilitate
remediation efforts. Moreover, if we can understand the soil microbial
and environmental drivers associated with individual plant effects that
are important for belowground biomass development, this could have
important implications for the recuperation of degraded soils. Thus, the
results from this study provide evidence that Pentaclethra could be a
remediation tool for recuperating important sources of inorganic soil N
as well as the development of soil Cmic in regenerating secondary forests
in the area, but still warrants much more investigation.

This study showed that N-fixing and non-N-fixing individual plant
effects have a strong influence on some of the abiotic properties in-
volved with N-cycling processes, and that the soil Cmic and microbial
communities are driven by these differences in soil NH4

+. As such, in
cases of reduced soil NH4

+, decreases in NH4
+ could be an important

factor which ultimately determines the fate or direction of biomass
development. This suggests that soil NH4

+ may be structuring a more
efficient soil microbial decomposer community capable of allocating C
toward biomass as opposed to lose through respiratory processes. Even
though this study only examined two different tree species in the area,
the results have shown strong implications for Pentaclethra to stimulate
microbial biomass C in primary forest soils than a non-N-fixing tree
species of the same family. As such, this plant species could be an im-
portant ecosystem restoration tool used in facilitating early regenera-
tion of secondary forests, providing essential forms of inorganic N that
are important for plant and microbial growth and enhancing CUE.
Therefore, this tree species may have a greater potential for facilitating
biomass development, and possibly C sequestration, than native non-N-
fixing species in the area. Future studies should focus on understanding
how Pentaclethra influences soil biotic communities and C and N cycle
dynamics in previously managed systems compared to old-growth for-
ests, and a project concerning this is currently underway.
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