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Abstract
Aims Legacy attributes from land-use history have lingering effects on soil and its below-ground components
undergoing succession that has important consequences
for regenerating tropical secondary forests. Yet, even
landscapes of similar origins with analogous land-use
histories have exhibited differing routes of forest recovery with different outcomes. There is increasing evidence that tree species-generated soil microbial heterogeneity is an important factor in facilitating regeneration, particularly nitrogen (N)-fixing tree species. However, it is unclear how land-use history influences the
soil microbiome of important N-fixing plants developing under these conditions; at different life stages of Nfixing plant development; and how this compares to a
primary forest.
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Methods We examined differences in composition of
the soil bacterial and fungal communities and their
determinants (i.e. soil environmental factors) associated
with large-, medium-, and small-sized Pentaclethra
macroloba trees in a primary forest and in a 23-yearold secondary forest with contrasting land-use histories.
Results We show that as Pentaclethra increases in size
(and/or age), the soil microbiome associated with
Pentaclethra also changes, and that these soil
microbiomes can become similar even when developed
in soils of contrasting land-use histories. We found that
soil NH4+ and NO3− explained 61% of the variation in
the soil bacterial community composition of small trees
between the primary and secondary forest.
Conclusions This highlights the importance of inorganic N during tree soil microbiome development in contrasting land-use history of soils. Our findings suggest
that legacy effects on may be mediated through size
(and/or age) of Pentaclethra and its associated soil
microbiome.
Keywords 16S rRNA . ITS rRNA . Pentaclethra
macroloba . Soil . Costa Rica . Zinke effects

Introduction
Land-use histories in the tropics have resulted in complex interactions between the biotic and abiotic components of ecosystems, and consequently, the trajectory of
forest regeneration can have multiple and unpredictable
successional pathways. Indeed, even landscapes of
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similar origins with analogous land-use histories, or
within a single tree species, have exhibited differing
routes of forest recovery with different outcomes, often
due to legacy effects (Kuusipalo et al. 1995; Leopold
et al. 2001; Chaparro et al. 2012, 2014; Kashian et al.
2013; Norden et al. 2015). Legacy effects from land-use
histories include lingering alterations to the soil structure, carbon (C), nitrogen (N), or other biogeochemical
cycles, water flow, seed banks, the amount of light
reaching the forest floor, amount of woody debris, and
the forest flora and fauna (Hogan et al. 2016; Bürgi et al.
2016; Ziter et al. 2017) —causing significant depletions
of the critical soil C and N components. As land-use
impacts and soil disturbance regimes are likely to have
an influence on individual plant effects (Hobbie 1992;
Powers et al. 1997; Holl 1999; Gei and Powers 2013;
Waring et al. 2015), plant-induced soil microbial heterogeneity will likely have important consequences as
potential forces structuring regeneration pathways
(Powers et al. 1997, 2009; Holl 1999; Chazdon et al.
2016).
In contrast to the two-way relationship of plant-soil
feedbacks, individual plant ‘Zinke’ effects only concern
the effects of the tree on the soils beneath and immediately adjacent to the tree (Zinke 1962). Individual plant
effects are known to influence soil microbial communities (Wardle et al. 2004; Fierer et al. 2007; Ushio et al.
2008; Miki et al. 2010) that creates a zone of influence
under the tree canopy (Zinke 1962) through the release
of biochemicals and dead plant cells, and by providing
photosynthate (Kimmins et al. 1990; Chaparro et al.
2012; Gougoulias et al. 2014; Lakshmanan et al.
2014); the degree of which differs among plant species
and successional stage (Bauhus et al. 1998; Wardle
2002, 2006). Some work has demonstrated that individual plant effects influence soil abiotic properties and soil
biotic community composition for temperate tree species (Zinke 1962; Hobbie 1992; Binkley and Giardina
1998), but less for tropical tree species (Ushio et al.
2008; McGuire et al. 2010; Raich et al. 2014); however,
in neither case was there an explicit focus on recovery
from disturbance. These individual plant effects on the
belowground components may provide mechanistic
links to the unexplained stochasticity in forest recovery
following disturbance.
Soil microbial populations are susceptible to the altered stochastic processes that occur when normal plant
and soil conditions are disturbed. This often facilitates
the dispersal and invasion of other organisms which

may have potential consequences for overall plant productivity and ecosystem function of secondary forest
development (Richter et al. 2000; Foster et al. 2003).
During the early stages of tree development, the soil
bacterial and fungal groups that come together to form
the soil microbiome of tree species, would likely be
more susceptible to changes resulting from stochastic
processes, as well as the presence of other groups of
competing microbes (Brussaard 1997; Griffiths et al.
2000; van der Heijden et al. 2008; Allison and Martiny
2008; Fierer et al. 2010; Kardol and Wardle 2010;
Kardol et al. 2013). Yet, even if priority effects and
deterministic and stochastic processes act concurrently
(Martiny et al. 2006; Nemergut et al. 2013; Barberán
et al. 2015; Tedersoo et al. 2016; Fukami et al. 2017), it
is unclear which soil abiotic properties may influence
these soil microbial populations in a direction or trajectory in a disturbed area, such that it will become more
similar to the original biotic community before the major disturbance.
Soils of primary old-growth forests in tropical lowland ecosystems are often highly weathered and typically described as relatively poor in soil phosphorus (P),
yet rich in atmospherically-derived soil nitrogen (N)
(Vitousek 1984; Vitousek and Sanford 1986; Vitousek
and Howarth 1991; Guariguata and Ostertag 2001).
However, land-use activities such as the conversion to
agriculture, especially those involving slash and burn
techniques, can cause deleterious losses of soil N. Consequently, these nutrient losses can drive the early stages
of secondary succession toward N-limitation, that has
potential negative feedbacks for not only plant growth
but also for critical soil biomass development
(Guariguata and Ostertag 2001; Feldpausch et al.
2004; Booth et al. 2005; Gehring et al. 2005; Sahrawat
2008; Siddique et al. 2010).
Indeed, one such set of biotic factors presumed to be
important in ecosystem development of forests are the
symbiotic N-fixing bacterial communities associated
with the root nodules of N-fixing tree species. This
biologically important plant attribute can ameliorate
damaged soils through increases in the availability of
soil N that is important for biosynthetic pathways in
plant and soil microbial biomass development, which
has critical implications for improved soil fertility (Hart
et al. 1997; Guariguata and Ostertag 2001; Gehring et al.
2005; Nichols and Carpenter 2006; Eaton et al. 2012;
Shebitz and Eaton 2013). Pentaclethra macroloba
(Wiild.) Ktze (Fabaceae) is a dominant early colonizing
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and dominant later stage leguminous forest canopy tree
in the Northern Zone of Costa Rica, that is important in
the recuperation of soil N and C cycle dynamics and
microbial biomass enhancement during secondary forest succession (Hartshorn et al. 1994; Pons et al. 2006;
Eaton et al. 2012; Shebitz and Eaton 2013). It is unclear
how past land-use history may influence the soil biotic
development associated with Pentaclethra, and what, if
any, are the implications or consequences of this with
respect to forest successional trajectory. The dearth of
these types of studies can hinder our understanding of
how previous land management influences the soil
microbiome of important N-fixing plants developing
under these conditions; at different life stages of Nfixing plant development; and how this compares to an
undisturbed ecosystem such as a primary forest.
To begin to address this, we examined the soil bacterial and fungal community composition and various
soil abiotic factors surrounding different size classes (as
a proxy for age) of Pentaclethra, in a primary forest and
in a secondary forest, and determined if there were
differences in these soil microbial communities in each
size class between the primary and secondary forest
trees. Moreover, we wanted to investigate which soil
abiotic properties were driving the differences in the soil
microbiomes of Pentaclethra across tree-size and between the primary and secondary forest. It is possible
there is a legacy affect after forest clearing that may have
implications for the ecosystem in which Pentaclethra
occurs, that may shape the soil microbial communities
in different ways than a primary forest. For the current
study, we asked three questions:

soil microbiome of Pentaclethra soils can become increasingly similar across tree-size even in contrasting
land-use history of the same origin and soil texture.

(1) Are there differences in the soil bacterial and fungal community composition between large, medium, and small sized Pentaclethra-trees, within a
primary forest, and within a secondary forest?
(2) Are there differences in the soil bacterial and fungal community composition for each size class of
Pentaclethra trees between a primary and secondary forest?
(3) Which soil abiotic factors are structuring the soil
microbial communities in these different
comparisons?

To address questions 1–3, large- (> 30 cm DBH),
medium- (5 cm ≤ DBH ≤ 10 cm), and small- (< 1 cm)
sized Pentaclethra trees in the upland regions of the
primary forest and the secondary forest, were used for
soil sample collection. We used tree-size (DBH) as a
proxy for age as Pentaclethra macroloba does not form
visible tree rings detectable by traditional dendrochronological methods. 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 (Enquist and
Leffler 2001; Abrams and Hock 2006). This is due to
an aseasonal with respect to temperature in this area. Six
Pentaclethra large-, medium-, and small-trees per habitat were targeted, resulting in 18 Pentaclethra trees per
habitat type, and six per size class. Trees were chosen at

Here we provide the first characterization of plant
‘Zinke’ effects and evidence that as the Pentaclethra
soil microbiome is initially dissimilar developing in a
contrasting land-use history than a primary forest, the

Materials and methods
Site description
This study was conducted in the Maquenque National
Wildlife Refuge (MNWR) (10o27’05.7”N,
84o16’24.32”W) (Fig. S1) of Costa Rica within two
upland habitat types: a primary old-growth forest and a
23-year-old secondary forest. These two habitats were at
one point in time, all a part of a single tract of primary
forest with the same soil type (oxisol), topography, and
soil textures but have been managed differently in the
past ~40 years (total area 500 ha). The primary forest
has not experienced anthropogenic disturbance in the
known history of the area (personal communication, K.
Schmack, Laguna del Lagarto Lodge). In contrast, the
23-year-old secondary forest was cut 33-years ago, used
for cattle pasture for 10 years, and then allowed to
regenerate. Thus, even though the past land-use histories
are different between these two forested habitats, they
both originated from the same forested landscape, soil
topography, and soil texture (McGee et al. 2018, 2019).
The mean annual temperature is 27o C, mean annual
rainfall is 4300 mm, and the dominant soil type are
oxisols (Hartshorn et al. 1994).
Soil sample collection
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least 20 m away from the edge of any trails, no slope
aspect greater than 10%, and proximity to neighboring
trees based on a tree protection zone (TPZ—described
below) (McNulty and Barry 2009; Whiting 2013). The
sampling area around the tree was based on the DBH of
each tree so a tree protection zone (TPZ) radius could be
calculated, as the size of the TPZ radius is relative to the
DBH of a tree (Whiting 2013). To calculate the TPZ
radius, formulas described by Whiting (2013) were
applied (Fig. S2). This TPZ radius number provides
the maximum distance away from the base of the tree
in which to sample. However, to eliminate overlap with
conspecifics and to minimize the influence of other
neighboring plants, the maximum distance from tree
was not examined. Instead, only three soil zones away
from the tree were examined to assess individual plant
effects (described below).
Using a compass, four transects were constructed in
each cardinal direction from the base of the tree, and
10%, 20%, and 30% zones were determined (e.g. Fig.
S2). The purpose of establishing soil sampling transects
in each cardinal direction was to provide uniform sampling around the tree to obtain one representative composite soil sample per tree (Bruckner et al. 2000;
Bélanger and Van Rees 2006; van der Gast et al.
2011; Whiting 2013). This approach to soil sampling
was to reduce microsite variability given the heterogeneous properties in tropical soils (Enquist and Leffler
2001; Buckley and Schmidt 2003; Abrams and Hock
2006). One soil core (7.5 cm × 15 cm × 1.25 cm) was
taken along the North, South, West, and East transects in
the 10%, 20%, and 30% zones, yielding 12 soil cores
per tree. These 12 soil cores per tree were bulked in
sterile Whirl-Pak® (Nasco, Fort Atkinson, WI, USA)
bags resulting in one composite soil sample per tree.
Soil cores were taken aseptically (sterilized with 70%
ethanol between each tree) to avoid cross contamination, minimize spatial autocorrelation, and ensure independent sampling. The effect of direction was not examined, and therefore, sterilizing the soil core and collection gloves between directions/transects was not necessary. A gardening punch (5 cm × 15 cm) was used to
collect soil from the small (sapling) Pentaclethra trees in
the primary forest and in the secondary forests. The
sapling trees were small enough that the punch could
be brought down around the tree and collect a core of
soil with the sapling being in the middle of the core. For
homogenization, all soil samples were mixed and passed
through a 4-mm sieve using sterile techniques at field

moist conditions prior to all downstream analyses. Elevation of the primary and secondary forest were measured with a Garmin Rino 650 (Garmin International,
Olathe, KS, USA) GPS. The distance between the primary forest (10°40′46.21”N, 84°10′42.10”W) and the
secondary forest (10°41′7.92“N, 84° 9’57.30”W) is approximately 1.5 km.
Soil abiotic properties
The soil abiotic properties measured were, % C (as
ToC), %N (as TN), NH4+, NO3−, soil microbial biomass
C (Cmic), pH, and % moisture, and have been described
previously (McGee et al. 2018, 2019). Soil percent
moisture and pH were measured at each soil core sample
location at the time of soil sampling with a Kelway Soil
pH and Moisture meter (Kel Instruments Co., Inc.,
Wyckoff, NJ, USA). The differences in the soil abiotic
factors among the Pentaclethra tree-size comparison
and between the primary trees and secondary trees forest
can be found in the supplementary material, Tables S1S3.
DNA extraction, sequencing, and bioinformatic
analyses
Soil environmental microbial DNA was extracted from
three 0.33 g replicate sub-samples for a total of 1 g for
each soil sample using the MoBio PowerSoil DNA
Isolation Kit (MO BIO Laboratories Inc., Carlsbad,
CA, USA), following manufacturer’s protocol. The concentration and purity (A260/A280 ratio) of extracted soil
eDNA were determined prior to downstream analyses
using a Nano Dro p 1000 sp ectroph otometer
(ThermoFisher Scientific, Waltham, MA). 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’-ACTCCTAC
GGGAGCAGCAG-3′ and 16Sv4R 5’-GGACTACA
RGGTATCTAAT-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’-CTTGGTCATTTAGAGGAAGT
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AA-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 10x reaction buffer
(200 mM Tris-HCl, 500 mM KCl, pH 8.4), 1 μL 50x
MgCl2 (50 mM), 0.5 μL dNTPs mix (10 mM), 0.5 μL
forward primer (10 mM), 0.5 μL reverse primer
(10 mM), and 0.5 μL Invitrogen Platinum Taq polymerase (5 U/μL) in a total volume of 25 μL. The PCR
conditions were 95 °C for 5 min; 35 cycles of 94 °C
for 40 s, 46 °C for 1 min, and 72 °C for 30 s; and 72 °C
for 5 min; and held at 4 °C. PCR products were visualized on 1.5% agarose gels to confirm successful amplification by the presence of fluorescent bands under a
UV spectrophotometer. 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 2 μl of 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 thermalcyclers and negative control reactions
(no DNA template) were included in all experiments.
All generated soil amplicons plates were dual indexed
and sequenced in several Illumina MiSeq runs using a
V2 MiSeq sequencing kit (500 cycles – 250 bp × 2)
(FC-131-1002 and MS-102-2003).
Bioinformatic methods have been described previously in McGee et al. (2019) and a more detailed description can be found in the supplementary material.
All generated raw sequencing data have been deposited
in the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) database under
the BioProject accession numbers: PRJNA526523 and
PRJNA527065.
Statistical and multivariate analyses
To determine if significant differences were occurring
between the mean values of the soil abiotic properties
across size class, and between primary and secondary
forests, values were compared by one-way analysis of
variance (ANOVA), followed by Tukey HSD or
Dunnett T3 post-hoc analysis where appropriate due to
equal or unequal variances, and by independent samples

t-test in SPSS (v.22, Armonk, NY, USA). Soil bacterial
and fungal genera richness (d) (Margalef’s richness) and
Shannon Index (H′) were calculated using Primer-E
(Anderson et al. 2008). Significant differences among
these mean values of alpha diversity indices for soil
bacterial and fungal genera were also determined using
a one-way ANOVA followed by post-hoc analyses in
SPSS (v.22, Armonk, NY, USA) with either a Tukey
HSD or a Dunnett T3 post-hoc, based on equal or
unequal variances.
All multivariate analyses were performed in PRIMERE v6 (Clarke and Gorley 2006) and its add-on
PERMANOVA+ (Anderson et al. 2008). Prior to analysis, Draftsman plots (variable pair-wise scatter plots) were
used to determine the homogeneity and multicollinearity
of each soil abiotic variable (predictor variables). All
environmental data were normalized and transformed
using the log (x + 1) transformation to correct for skewness (Clarke and Gorley 2006; Anderson et al. 2008). The
differences in the soil bacterial and fungal community
compositions were analyzed separately. Prior to analysis,
the soil bacterial and fungal community composition was
4th root transformed to account for dominant, as well as
rare taxa, and then calculated into a Bray-Curtis Dissimilarity matrix. To test if the soil bacterial and fungal community composition was significantly different across size
class within each site (primary and secondary forest), a 1way permutational analysis of variance (PERMANOVA)
was implemented with 2-factors: site and size, with size
nested in site (question 1). To determine if the soil bacterial and fungal community composition was significantly
different between primary and secondary forest for each
size class (question 2), a 1-way permutational analysis of
variance (PERMANOVA) was implemented with 2factors: site and size, with site nested in size. All of
these analyses were done using main and pair-wise
tests based on unrestricted permutations (9999 permutations) on the fourth-root transformed soil bacterial
and fungal community composition pairwise BrayCurtis dissimilarity resemblance matrices (Clarke
1993). These analyses were nested to account for
potential lack of independence between samples that
were located at the same site. The PERMANOVA
results of the soil biotic community composition
among the various pairwise comparisons were considered significant, if p < 0.05.
A discriminant analysis using the Canonical Analysis
of Principal Coordinates (CAP) was used to visualize
the distinctiveness and how well the axes discriminate
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among the groups (Anderson and Willis 2003) of the
soil bacterial and fungal community composition across
the different groups based on an a priori allocation
success, using the PERMANOVA+ guidelines
(Anderson and Willis 2003; Anderson et al. 2008).
Strong differences between the groups are represented
by CAP axis squared canonical correlations greater than
or equal to 0.7 and moderate differences are represented
by axis squared canonical correlations greater than or
equal to 0.5–0.69 (Anderson and Willis 2003). Furthermore, 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). The Cohen’s d effect size statistics are considered
small if d = 0.2, medium if d = 0.5–0.7, and large if
d > 0.8.
To address question 3, a distance-based linear model
(DistLM) approach was used to identify which soil
environmental variables structure the multivariate patterns of the soil bacterial and fungal communities of the
different Pentaclethra comparisons. The DistLM was
performed using a ‘step-wise’ selection procedure and
an AICc (Akaike’s Information Criterion Corrected)
selection criterion with 9999 permutations (Akaike
1978; Sakamoto et al. 1986; Legendre and Anderson
1999; Legendre et al. 2005; Anderson et al. 2008). This
was based on the same biological 4th root transformed
and resemblance matrices and log (x + 1) transformed
(a)

Fig. 1 The Canonical Analysis of the Principal Coordinates
(CAP) showing the strength of the dissimilarity in the a soil
bacterial community composition and b the soil fungal community
composition across the large, medium, and small Pentaclethra
macroloba tree-soils and their respective habitat, in the MNWR.
For the soil bacterial community composition, the CAP was able
to correctly allocate 28 out of the 36 (77.78%) soil samples to their

environmental data (normalized). Distance-Based Linear Modeling marginal and sequential tests were considered significant, if p < 0.05. These DistLM results were
then visualized using a Distance-Based Redundancy
Analysis (dbRDA) in which the ordination is plotted
from the values of the given model that best explains the
greatest variation in the data cloud (Legendre and
Anderson 1999; Anderson et al. 2008).

Results
Differences in the soil bacterial & fungal community
composition
The most common soil bacterial taxa were
Acidobacteria Groups, Verrucomicrobia, Burkholderia,
and Nitrospira (Table S4) and the most common soil
fungal taxa were Mortierella, Trichosporon,
Myxocephala, Archaeorhizomyces, and Geotrichum
(Table S5). The CAP results for the soil bacterial community composition across tree size within each habitat
and between the habitat, was able to correctly allocate
28 out of the 36 (77.78%) soil samples to their original
group, for a misclassification error of 22.22% out of
9999 permutations (Pseudo-F = 2.97, p = 0.0001)
(Fig. 1a) (Table S6). The CAP results for the soil fungal
community composition across tree size within each
habitat and between the habitats, was able to correctly
allocate 31 out of 36 (86.11%) soil to their original
group, for a misclassification error of 13.89% out of
(b)

original group for a misclassification error of 22.22% out of 9999
permutations (Pseudo-F = 2.97, p = 0.0001) (Table S6). For the
soil fungal community composition, the CAP was able to correctly
allocate 31 out of the 36 (86.11%) soil samples to their original
group for a misclassification error of 13.89% out of 9999 permutations (Pseudo-F = 4.07, p = 0.0001) (Table S7)
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9999 permutations (Pseudo-F = 4.07, p = 0.0001) (Fig.
1b) (Table S7).
The soil bacterial and fungal community composition
was clustered by tree size within the primary forest, and
within the secondary forest (pairwise comparisons,
p < 0.05), except for the soil bacterial communities between the large tree-soils and the medium tree-soils in
the primary forest (p = 0.1317) (Table 1). Moreover, the
soil bacterial and fungal community composition per
tree size, between the primary forest and the secondary
forest, were significantly different (pairwise comparisons, p < 0.05) (Table 1), except for the soil bacterial
community composition of large tree-soils between the
primary and the secondary forest (p = 0.1059) (Table 2).
Differences in the soil bacterial and fungal genus richness and diversity for all comparisons can be found in
the supplementary material (Tables S8 and S9).
Determinants of the soil bacterial & fungal community
composition
Large, medium, and small Pentaclethra tree-soils:
within the primary forest and within the secondary
forest
In the primary forest across the three size classes of tree,
the DistLM sequential test for the soil bacterial community composition showed that this community was
shaped by % moisture and was the best predictor

variable in structuring the soil bacterial community
composition (Pseudo-F = 3.0378, p = 0.0012, AICc =
97.22) (Table 3) and explained 15.96% of the total
variation observed in the soil bacterial community composition across the tree sizes in the primary forest (Fig.
S3). The soil fungal community composition was
shaped by pH but this was only marginally significant,
(Pseudo-F = 2.4506, p = 0.0578, AICc = 125.29) and
explained 13.28% of the total variation observed in the
soil fungal community composition across the tree sizes
in the primary forest (Table 3) (Fig. S4).
In the secondary forest, soil NH4+ and Cmic together
accounted for 40% of the total variation observed in the
soil bacterial community composition across the tree
sizes (Pseudo-F = 6.5439, p = 0.0027, AICc = 121.11
and Pseudo-F = 2.7334, p = 0.0337, AICc = 121.01, respectively) (Table 3) (Fig. 2a). Similarly, the DistLM
sequential tests for the soil fungal community found that
NO3− was the best variable (Pseudo-F = 4.0122, p =
0.0044, AICc = 127.18) (Table 3) and this explained
20.05% of the total variation observed in the soil fungal
community composition across large, medium, and
small tree sizes in the secondary forest (Fig. 2b).
Primary vs secondary forest: Pentaclethra large,
medium, and small tree-soils
For the soil bacterial and fungal community compositions of Pentaclethra large tree-soils between the

Table 1 Analysis of the dissimilarity in the soil bacterial and fungal community composition across Pentaclethra macroloba tree size
within the primary forest and within the secondary forest in the MNWR
Site

Soil Community

Tree Size Pairwise Comparison

Pseudo-F

p value

% Dissimilarity

Cohen’s d

Primary Forest

Bacteria

Large, Medium

1.2542

0.1317

17.6

0.5279

Fungi

Secondary Forest

Bacteria

Fungi

Medium, Small

3.9701

0.0023

23.1

0.9393

Large, Small

3.2278

0.002

22.9

0.8469

Large, Medium

1.9707

0.0159

31.5

0.6618

Medium, Small

5.2592

0.0035

51.6

1.0811

Large, Small

4.0485

0.0015

49.0

0.9485

Large, Medium

3.2642

0.0482

35.6

0.8517

Medium, Small

2.5367

0.035

43.7

0.7508

Large, Small

4.5250

0.012

49.2

1.0028

Large, Medium

2.1266

0.0412

40.8

0.6874

Medium, Small

3.9665

0.0067

53.7

0.9389

Large, Small

5.5937

0.0048

56.7

1.1149

The eDNA 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
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Table 2 Analysis of the dissimilarity in the soil bacterial and fungal community composition of each Pentaclethra macroloba tree size
classes between the primary forest and the secondary forest in the MNWR
Soil Community
Bacteria

Fungi

Tree Size

Site Pairwise Comparison

Pseudo-F

p value

% Dissimilarity

Cohen’s d

Large

Primary, Secondary

1.3361

0.1059

24.9

0.5449

Medium

Primary, Secondary

6.6039

0.0023

33.1

1.2114

Small

Primary, Secondary

5.5540

0.0157

48.4

1.111

Large

Primary, Secondary

1.6579

0.0019

34.9

0.607

Medium

Primary, Secondary

4.0618

0.0035

41.6

0.9501

Small

Primary, Secondary

3.9038

0.0022

60.2

0.9314

The eDNA 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

primary and secondary forest, no verified ‘best solution’
could be obtained from the DistLM sequential test

(Table 4). However, the soil C:N ratio was the best
predictor variable responsible for the soil bacterial

Table 3 The Distance-based linear modeling (DistLM) marginal
and sequential tests describing the relationship of the soil abiotic
variables and the patterns in the soil bacterial and fungal

community composition across large, medium, and small
Pentaclethra macroloba tree-soils, within the primary forest (left),
and within the secondary forest (right) in the MNWR

Primary Forest: Large vs Medium vs Small
Marginal:

SS(trace)

Pseudo-F

Secondary Forest: Large vs Medium vs Small
p value

Prop.

Soil Bacterial Community Composition

Marginal:

SS(trace)

Pseudo-F

p value

Prop.

Soil Bacterial Community Composition

C

193.83

0.9007

0.5402

0.05329

C

538.01

0.5485

0.7287

0.03314

N

133.7

0.6106

0.9297

0.03676

N

450.86

0.45711

0.8219

0.02777

C:N ratio

432.76

2.161

0.0106

0.11899

C:N ratio

805.29

0.83521

0.475

0.04961

NH4+

137.72

0.6297

0.918

0.03786

NH4+

4711.7

6.5439

0.0024

0.29027

NO3−

188.42

0.8741

0.5853

0.05180

NO3−

1389.4

1.4978

0.1891

0.08559

Cmic

243.9

1.1501

0.2567

0.06706

Cmic

1650.8

1.8114

0.1174

0.1017

pH

571.2

2.981

0.0006

0.15705

pH

1590.4

1.738

0.1398

0.09798

Moisture

580.34

3.0378

0.0016

0.15957

Moisture

1297.4

1.39

0.2223

0.07992

Sequential:

AICc

Pseudo-F

p value

R2

Sequential:

AICc

Pseudo-F

p value

R2

Moisture

97.22

3.0378

0.0012

0.15957

NH4+

121.11

6.5439

0.0027

0.29027

Cmic

121.01

2.7334

0.0337

0.10939

Soil Fungal Community Composition

Soil Fungal Community Composition

C

1178.5

1.21

0.2559

0.0703

C

1407

1.1988

0.2569

0.06970

N

948.82

0.9600

0.3447

0.0566

N

1180.3

0.99355

0.3717

0.05846

C:N ratio

1150.8

1.1795

0.2618

0.0686

C:N ratio

1522.4

1.3051

0.2089

0.07541

3283.9

3.1085

0.0085

0.16268

4047.2

4.0122

0.0029

0.20049

NH4+
NO3−

566.05

0.5592

0.7408

0.0337

894.83

0.9023

0.3958

0.0533

NH4+
NO3−

Cmic

655.13

0.6507

0.6208

0.0390

Cmic

1507.7

1.2914

0.2134

0.07468

pH

2226.3

2.4506

0.0542

0.1328

pH

1590

1.368

0.1864

0.07876

Moisture

1401

1.4593

0.1648

0.0835

Moisture

1312.8

1.1129

0.2867

0.06503

R

Sequential:

AICc

Pseudo-F

p value

R2

0.13282

NO3−

127.18

4.0122

0.0044

0.20049

Sequential:
pH

AICc
125.29

Pseudo-F
2.4506

p value
0.0578

2

The DistLM was performed using stepwise sequential tests following AICc selection criterion. Significant results are indicated by p < 0.05
(Prop. var. = proportion of variation out of total variation)
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(a)

(b)

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 a soil bacterial and b
fungal community composition between large, medium, and small
Pentaclethra macroloba tree-soils within the secondary forest.
Soil NH4+ and Cmic were the best predictor variables out of the
model, and together, these soil abiotic variables explained 40% of
the total variation observed in the a soil bacterial community

patterns across the three P. macroloba tree sizes in the secondary
forest (NH4+: Pseudo-F = 6.54, p = 0.0027, AICc = 121.11, and
Cmic: Pseudo-F = 2.73, p = 0.034, AICc = 121.01) (Table 3). Soil
NO3− was the best predictor variable out of the model and explained 20% of the total variation observed in the b soil fungal
community patterns across the three P. macroloba tree sizes within
the secondary forest (Pseudo-F = 4.01, p = 0.0044, AICc =
127.18) (Table 3)

community composition variation between primary forest medium tree-soils and the secondary forest medium
tree-soils (Pseudo-F = 3.4166, p = 0.0185, AICc =
73.985) and explained 25.47% of the total variation
observed in the soil bacterial community composition
(Table 4) (Fig. S5). Whereas, the soil bacterial DistLM
sequential tests found that NH4+ and NO3− together best
explained the soil bacterial community composition of
the small tree-soils between the primary forest and the
secondary forest (Pseudo-F = 6.7427, p = 0.0035,
AICc = 81.536 and Pseudo-F = 4.8125, p = 0.0061,
AICc = 80.062, respectively) (Table 4) and these two
variables accounted for 61.08% of the total variation in
these soil bacterial communities (Fig. 3a). Similarly, the
soil fungal community composition, soil NO3− was the
best predictor variable from the results of the DistLM
sequential test (Pseudo-F = 3.8259, p = 0.0017, AICc =
88.716) (Table 4) and this explained 27.67% of the total

variation observed in the soil fungal community composition of the small tree-soils between the primary and
secondary forest (Fig. 3b).

Discussion
In this study, we assessed the soil bacterial and fungal
community composition and their determinants associated with large- (> 30 cm DBH), medium(5 cm < DBH < 10 cm), and small- (< 1 cm DBH) sized
Pentaclethra trees in both a primary forest and a 23year-old secondary forest of the same soil texture and
topography, but managed differently in the past 23 years.
Given the large amount of comparisons and results
presented, here, we focus our discussion on the main
findings of this study. The results of this study provides
evidence that as Pentaclethra gets larger in size (or gets

0.3496

0.79838

345.83

125.16

273.96

309.78

377.67

586.78

AICc

72.056

71.192

Cmic

pH

Moisture

Sequential:

+Moisture

-Moisture

0.97664

586.29

597.55

585.09

670.73

AICc

79.69

78.075

Cmic

pH

Moisture

Sequential:

+C

-C

***No best solution***

0.99951

404.1

NO3−

1.1613

1.1613

Pseudo-F

1.1358

0.97884

0.65474

0.241

0.2455

p value

0.28

0.441

0.4298

0.4805

0.9246

0.2704

0.10404

-C:N ratio

+C:N ratio

Sequential:

R2
0.10404

Moisture

pH

Cmic

NO3−

NH4+

C:N ratio

0.10200

0.08897

0.09086

0.08915

0.06145

0.10248

N

NH4+

1.1418

1.0168

0.09229

673.87

0.4245

606.93

597.2

80.811

80.872

AICc

868.63

1090

1064.1

781.4

735.04

1758.2

2.7042

2.7042

Pseudo-F

1.1752

1.5203

1.4788

1.0449

0.97682

2.7042

0.77937

0.73101

C/N

562.67

N

0.10404

3.4166

Pseudo-F

1.6398

2.1171

1.3662

1.2829

0.69106

3.4166

C

1.1613

0.2422

73.985

AICc

692.28

858.57

590.63

558.72

317.63

1251.3

684.19

C:N ratio

Sequential:

Moisture

pH

Cmic

NH4+
NO3−

C:N ratio

C

0.15836

0.15836

R

2

0.15836

0.10193

0.08360

0.07393

0.03377

0.09333

0.75057

Soil Fungal Community Composition

0.0924

0.0855

p value

0.0845

0.2486

0.4357

0.5062

0.9818

0.4239

343.07

Soil Fungal Community Composition

1.8816

1.8816

Pseudo-F

1.8816

1.1349

0.91231

1.0294

N

NH4+
NO3−

0.06996

C:N ratio

0.75225

0.5607

259.24

0.59123

N

274.31

C

0.08285

Soil Bacterial Community Composition

0.903

0.4944

Pseudo-F

307.01

SS(trace)

Soil Bacterial Community Composition

Prop.

C

p value

0.0128

0.015

p value

0.2606

0.122

0.1448

0.3401

0.4021

0.0135

0.6469

0.6924

0.0185

p value

0.1575

0.077

0.2412

0.2439

0.6257

0.019

0.5609

0.7125

p value

0.21286

0.21286

R2

0.10516

0.13197

0.12883

0.094603

0.08899

0.21286

0.072302

0.068122

0.25465

R

2

0.14088

0.17472

0.1202

0.1137

0.06463

0.25465

0.06981

0.05582

Prop.

Marginal:

Pseudo-F

Marginal:

SS(trace)

Medium Trees: Primary Forest vs Secondary Forest
SS(trace)

Pseudo-F

1254.7

81.536

1.2241

4.8125

6.7427

Pseudo-F

1.9547

3.4172

1.3588

5.2189

6.7427

0.98223

1.1114

AICc
88.716

NO3−

1838.4

2679.4

2017.7

4782.4

2612.2

1870.2

2173.1

2231.7

Sequential:

Moisture

pH

Cmic

NO3−

NH4+

C:N ratio

N

C

3.8259

Pseudo-F

1.1903

1.8349

1.3218

3.8259

1.7806

1.2134

1.4382

1.4828

Soil Fungal Community Composition

80.062

AICc
NH4+
NO3−

1881.1

2930

1376.3

3945.1

4633.2

1028.9

1150.7

Sequential:

Moisture

pH

Cmic

NH4+
NO3−

C:N ratio

N

C

Soil Bacterial Community Composition

Marginal:

0.0017

p value

0.3083

0.104

0.2435

0.0019

0.1133

0.3015

0.2082

0.1977

0.0061

0.0035

p value

0.125

0.026

0.2315

0.0039

0.0032

0.3882

0.3235

0.2804

p value

Small Trees: Primary Forest vs Secondary Forest

0.27672

R2

0.10637

0.15504

0.11675

0.27672

0.15115

0.10821

0.12574

0.12913

0.2081

0.40273

R2

0.16351

0.25469

0.11963

0.34292

0.40273

0.08943

0.10002

0.10906

Prop.

criterion. Significant results are indicated by p < 0.05 (Prop. var. = proportion of variation
out of total variation). There were no significant DistLM results observed between the large
P. macroloba tree-soils in the primary forest and large P. macroloba tree-soils in the
secondary forest.

Large Trees: Primary Forest vs Secondary Forest

Table 4 The Distance-based linear modeling (DistLM) marginal and sequential tests
describing the relationship of the soil abiotic variables and the patterns in the soil bacterial
and fungal community composition of medium (left) and small (right) Pentaclethra
macroloba tree-soils between the primary forest and the secondary forest in the MNWR.
The DistLM was performed using stepwise sequential tests following AICc selection
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Fig. 3 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 a soil bacterial and
b fungal community of
Pentaclethra macroloba small
tree soils between the primary
forest and the secondary forest.
Soil NH4+ and NO3− were the
best predictor variable out of the
model, and together, explained
61.08% of the total variation observed in the a soil bacterial
community patterns between the
primary forest P. macroloba
small tree-soils and the secondary
forest P. macroloba small treesoils (NH4+: Pseudo-F = 6.74,
p = 0.0035, AICc = 81.54, and
NO3−: Pseudo-F = 4.01, p =
0.0061, AICc = 80.06) (Table 4).
Soil NO3− was the best predictor
variable out of the model and explained 27.7% of the total variation observed in the b soil fungal
community patterns between the
primary forest P. macroloba
small tree-soils and the secondary
forest P. macroloba small treesoils (Pseudo-F = 3.83, p =
0.0017, AICc = 88.72) (Table 4)

(a)

(b)

older in age) this may influence its affiliated soil
microbiome, and that even if an early community is
initially very dissimilar in contrasting land-use histories
(i.e. primary forest or secondary forest) can become
increasingly similar over a tree developmental stage
(Fig. 4). In other words, soil legacy effects from landuse history may be mediated in plant-soil microbiomes
through tree size (or age) of a plant species. Therefore, a
plant-species may be able to mediate soil microbial
succession through plant ‘Zinke’ effects and their affiliated soil microbial biome if they are capable of creating
similarity in soil microbial community composition
over a plant developmental period, even in contrasting

land-use histories. Moreover, we provide evidence the
important role that the initial or early starting conditions
of soil, pertaining to soil N, may play a relatively large
role in which soil microbial groups come together to
form the early plant-soil microbial community affiliated
with Pentaclethra that could have overall implications
for structuring soil microbial communities in contrasting
land-use histories.
For the most part, the soil bacterial and fungal community composition was different across Pentaclethra
tree size within the primary forest, and within the secondary forest. Indeed, many biological processes have
been shown to change in rate, as organisms grow and

Plant Soil
Fig. 4 Schematic of the
decreasing dissimilarity of the soil
bacterial and fungal community
composition affiliated with the
three Pentaclethra tree-sizes between a primary and secondary
forest

age (e.g. Haldane 1926; Schmidt-Nielsen 1975)
—almost all organisms on earth are multicellular and
exhibit ontogenetic growth from birth to death (Wilbur
1980). As tree size increases, there are associated increases in the biomechanical loading of not only stem
tissues (Thomas and Winner 2002), but also carbon
costs that have been used to predict maximal tree height
(Givnish 1988). As trees of different sizes and heights
have varying access to light through canopy gaps and
vertical stratification, this would potentially influence
the amount of fixed C entering the soil through root
exudates that is available to the surrounding soil. Therefore, as Pentaclethra increases in size (or ages), its
resource requirement would presumably change as well,
or that canopy gap dynamics could have potential consequences of the amount of photosynthate entering the
adjacent soil environment.
Our findings suggest that as trees develop from the
smaller size stages to the medium size trees, there is a
significant change in the bacterial community composition, and as the trees age from small, medium, to large,
there is a consistent shift in the fungal community
structure. This may be reflecting the size of the tree, or
some change in root exudate that occurs with tree-age.
Interestingly, over a tree developmental period, it is
clear that the soil bacterial communities can become
more similar in primary forest soil conditions. This
may be due to the simpler metabolism and shorter
generation time of bacteria as compared to fungi, the
greater ability of bacteria to share metabolic genes

horizontally in concert with the greater functional redundancy typically found in the bacterial population
(Allison et al. 2008; Allison and Martiny 2008). In
contrast, fungal populations commonly take more time
to develop, as they are more resource and niche based
with a more fastidious metabolism than soil bacteria,
and are more dependent on changes in the environment
during soil succession. All of these could result in the
soil bacterial populations becoming more similar over a
shorter duration, than the soil fungal community does in
the primary forest. Therefore, during early development
of a tree soil microbiome in the primary forest, the
microbial communities are in a state of high species
turnover as they establish dominance, resulting in more
taxonomic fluctuations occurring in soil microbiome
community structure, which appears to become more
stable over time (Brussaard 1997; Griffiths et al. 2000;
Brussaard et al. 2007). Moreover, soil conditions may
also influence the soil microbiome associated with different tree sizes. For example, the soil bacterial community composition across tree-size in the primary forest,
was structured by % moisture (~16%). Whereas in the
secondary forest, soil NH4+ and Cmic was responsible
for 40% of the total variation observed in the soil bacterial community composition across tree-size.
Previous evidence has shown that rhizosphere bacterial and fungal communities to change according to a
plant developmental gradient (Chaparro et al. 2012),
and a more recent study has shown that microbial communities to be distinct at the seedling stage from other
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plant developmental time periods (Chaparro et al. 2014).
However, the rhizosphere is a very distinct ecotype that
is different than the overall bulk-soil ecosystem adjacent
to the tree. In addition, many of these studies whether
rhizosphere changes over plant development or ‘Zinke’
effects, neither have examined these processes in contrasting land-use histories, to understand how microbial
communities may change or become more similar, even
when developed in different starting soil conditions. It
has been suggested that legacy effects of plant-soil
microbiomes can be mediated by ontogenetic niche
shifts of a plant (Wurst and Ohgushi 2015), yet, it is
currently not fully understood the details of community
consequences of individual-level ontogenetic processes
(Nakazawa 2014).
The percent dissimilarity of the bacterial community
across tree size between primary and secondary forest
decreased (i.e., community composition becoming more
similar) moving from small to large trees, such that there
was no significant difference in bacterial composition of
large trees between the primary forest and secondary
forest. This indicates that even if the starting soil
microbiome is initially very dissimilar between contrasting land-use histories, certain tree species could lead to
soil microbial community composition becoming similar (as indicated by a decreasing trend in percent dissimilarity difference in the soil bacterial community composition across tree size between the primary forest and
the secondary forest). Therefore, these soil bacterial
communities can become more similar over tree-size
or as a tree ages even in contrasting land-use histories.
This indicates legacy effects may be mediated by tree
size and age or ontogenetic niche shifts, as has been
described elsewhere (Wurst and Ohgushi 2015). Ontogenetic niche shifts by Pentaclethra may mediate plant
‘Zinke’ effects on the soil microbial community structure and dynamics (Nakazawa 2010, 2014) and different
soil conditions, indicating importance for legacy effects.
Thus, both the fungal and bacterial communities show a
trend towards decreased dissimilarity over tree developmental life stages, even in contrasting land-use histories
of soil (e.g. Fig. 4).
However, the soil fungal community composition
was significantly different between primary and secondary forest large-tree-soils. Given this, it may be that the
soil fungal community composition will require more
time to become more homogenized. This suggests that
smaller trees may have more ecosystem heterogeneity
associated with their soils, as they are still in a highly

variable stage of development, and these soil microbial
communities may be more susceptible to stochastic
processes. This suggests that the younger tree soils or
more recently damaged soil habitats have an increase in
microbial heterogeneity.
Bacteria were shaped by NH4+ and NO3−, which
explained 61.1% of the total variation, suggesting some
strong evidence that forms of inorganic N are important
for early development of the bacterial community. Fungal community structure was also shaped by NO3−,
which explained 27.7% of the total variation. The greater level of NH4+ in secondary-small tree soils than in the
primary forest, but greater levels of NO3− in primarysmall tree soils than in the secondary forests follows a
typical forest successional pattern associated with a
likely greater level of ammonium-oxidation occurring
in the primary forest soils. Soil NH4+ and NO3− explained 61% of the variation in the soil bacterial community composition associated with primary small trees
and secondary small trees. Thus, this points that either
the previous land use activity has created overall changes in the soil abiotic conditions that is then mediated
through plant growth, or that the plant produces different substrates in the soil based on prior land use history.
Moreover, even if NH4+ and NO3− are responsible for
61% of the variation observed between small primary
and small secondary, the Pentaclethra plant itself may
help to lead to community similarity over a plant developmental period.
From the overall results of this study, it is clear that
not only does the developmental stage of this N-fixing
plant species have an influence on its soil microbiome,
but also, previous land-use history of soil can have an
influence as well, as a result of possible changes in light
and soil conditions. As this plant species develops over
time in habitats with contrasting soil histories, the soil
bacterial community composition can become more
similar, as was observed in this study, however, the
fungal community may take more time, but still follow
the increasing similarity pattern. The results of the current study support the concept that as Pentaclethra ages
and develops in soils of contrasting past land-use histories, the soil microbiome community composition can
become similar over time. Yet, even though the small
trees in this study have initially colonized in soils with
contrasting land-use histories, and had different initial
soil bacterial and fungal community compositions between the primary forest and the secondary forest, there
is evidence to suggest, that over a developmental time
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period, these communities can become more similar,
even though these different developmental stages of
trees have different starting soil abiotic conditions. In
addition, it is clear that as a tree develops in its respective area, its associated soil microbiome will also shift,
suggesting that these two components go through succession or developmental stages together. What is unclear is which comes first, and what this means (meaning is there a lag response in the soil microbial community development, as they catch up with the ecophysiological and metabolic needs of the plant as it
ages/develops). This could have important implications
for understanding changes or shifts in soil microbial
community dynamics as a result of plant tree-size/developmental stage that can help guide forest restoration
and warrants more investigation in this region.
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