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Abstract

Aims
This study was designed to determine if planting the leguminous tree Inga punctata in formerly cleared
former tropical premontane wet forests changed the Nitrogen (N)-fixer and Lignin Degrader community
compositions resulting in increased accumulation of soil carbon (C) and N components.

Methods
Soils were collected from old growth (> 50 years old), 4, 8 and 11-year-old I. punctata trees, and assessed
for differences in various soil C and N metrics, and the mean proportion of sequences (MPS, as “relative
abundance” via 16S rRNA V3, V4 sequencing), composition, stability and evenness of the community of
N-fixer and Lignin Degrader genera.

Results
The N-fixer MPS decreased, and Lignin Degraders increased, while evenness and stability of both
increased along the tree soil age gradient. The Lignin Degrader MPS were positively correlated with TN,
NO3

−, TOC, and Biomass C, and negatively correlated with N-fixer MPS and soil NH4
+. The N-fixer MPS

were negatively correlated with TN, NO3
−, TOC, Biomass C and Lignin Degrader MPS, and positively

correlated with NH4
+. Evenness, stability, and diversity increased for both groups along the tree soil age

gradient.

Conclusions
This is the first evidence that I. punctata facilitates changes the tree soil N-fixer and Lignin Degrader
communities over time by increasing the diversity, evenness and stability of both groups, and increases
the accumulation of tree soil C and N. This suggests I. punctata facilitates soil recovery such that it can
serve as C and N sinks, and support its future use in reforestation management strategy.

Introduction
Decades of deforestation have damaged more than 50% of all tropical (Gibbs et al. 2010; Jacobson et al.
2019). This deforestation and subsequent agricultural uses have depleted the soil N and C ( Amazonas et
al. 2011; Brienen et al. 2015; Groppo et al. 2015; Powers and Marín-Spiotta 2017) and presumably
damaged the soil microbial communities associated with these critical cycles impacted, thus reducing
the capacity of these tropical soils to serve as carbon sinks (Bardgett and van de Putten 2014; Mendes et
al. 2015; Eaton et al. 2019, 2021 a, b). Reforestation strategies are now more commonly being
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implemented to remediate the damage done to these forests and their soils (Aide et al. 2013; Locatelli et
al. 2015; Philipson et al. 2020; Poorter et al. 2021). Such strategies in Central and South America often
include planting leguminous trees, as the N-fixing bacteria within the tree root nodules have been
presumed to enhance recuperation of the soil N and C cycle dynamics and associated microbial
community compositions and activities required for the recovery of these forests (Batterman et al. 2013;
Chazdon et al. 2016; Lojka et al., 2005, 2010; Macedo et al., 2008; Poorter et al. 2016;).

It has been suggested that either these root nodule N-fixing bacterial activities (Chazdon et al., 2016;
Gehring et al., 2005; Pan et al., 2011) or those of the free-living N-fixing bacterial activities (Hedin et al.
2009; Reed et al. 2011; Schmidt et al. 2008 ) represent the principal pathway by the damaged tropical
lands recuperate the lost soil N and C. Regardless, both groups likely perform this function to some
extent, the levels to which are unclear, as is the. This is only one area of study concerning leguminous tree
soils that is needed to help understand the long-term beneficial effects of reforestation (Loreau 2010).
Another critical area centers around the knowledge that bacterial N-fixing activity rates are feedback-
regulated by the levels of inorganic N in the soils from N-fixation, and also from nitrification, or
decomposition (ammonification), but these rates may not necessarily be proportional to the abundance
or taxa of either the leguminous trees or N-fixing bacterial species (Barron et al. 2011; Gei et al. 2018).
This leads to critical community ecology questions concerning activity in leguminous tree soils, such as
what are the actual drivers for this up or down-regulation and what roles do the leguminous trees play?
How do conditions such as tree species, age of tree, seasonality, climate change, land management
history, etc. differentially influence the community composition, growth, and abundance of N-fixer
bacteria and their rates of functional activity? How might all these factors influence the N and C-cycle
dynamics in the tree soils?

More recently there have been questions posed as to whether tropical forest leguminous trees have some
level of positive or negative influence on the abundance and diversity of their neighbors in reforested
tropical areas? Some have said they have a positive influence, mostly associated with N cycle
components (Xu et al. 2019 and 2020), while others have suggested perhaps the opposite might be true,
at least at some point in time (Lai et al. 2018; Taylor et al. 2017). Still others suggest the answer is
probably not straight-forward as it could very well involve many multifactorial, co-varying biotic and
abiotic components (which are likely different between study sites) that might have influence forest
regeneration pathways for all trees (Arroyo-Rodríguez et al. 2017; Eaton et al. 2020b). Certainly this topic
is important to understanding how leguminous trees influence both the soil recovery and forest regrowth
patterns after reforestation, which would help to maximize the efficacy of tropical reforestation and
management plans ( Wagg et al. 2011; Mendes et al. 2018; Eaton et al. 2019 and 2020b).

Members of the genus Inga are leguminous trees commonly found throughout the tropical Americas,
thought to be ecologically important as forage resources, and proposed to enhance accumulation and
sequestration of soil N and C, and stimulate above ground biomass development (Oglesby and Fownes
1992; Lawrence et al. 1995; Leblanc et al. 2005, Lojka et al. 2005, 2008 and 2010). These proposed
characteristics, along with Inga’s ability to thrive in the high acid soils common in the tropical Americas



Page 4/37

have resulted in the use of Inga spp. in reforestation strategies in Central and South America tropical
lands (Lojka et al. 2005, 2008 and 2010). However, most of these C and N cycle proposed functions are
speculative, while it is also unknown how Inga trees affect the soil microbial communities and their
mechanisms that would be perform most of these functions. Yet, some preliminary work has been
conducted. Leblanc et al. (2005) found four strains of symbiotic bacteria closely related to
Bradyrhizobium japonicum and B. liaoningense associated with I. edulis root nodules in South America.
Eaton et al. (2020a) found that in a recovering secondary forest in Costa Rica, I. edulis had greater levels
of soil NH4

+, and a less rich but possibly more dominant bacterial community in its microbiome in
comparison to another leguminous tree, Pentaclethra macroloba, suggesting I. edulis soils may have
reached bacterial community equilibrium status quicker than in the P. macroloba soils. This coincides
with other studies that have shown that some species of Inga trees may be using more NH4

+ as a
preferred source of N that has enhanced growth and root nodule stimulation (Fisher 1995; Omena-Garcia
et al. 2015; Justino et al. 2017). However, there is little else in the literature concerning Inga trees
influences the soil ecosystems.

The goal of this current study was to determine if planting I. punctata in an abandoned pasture that
formerly was premontane wet forest 4, 8 and 11 years prior to this study enhanced the tree soil total
organic C (TOC), total Nitrogen (TN), nitrate (NO3

−), and ammonium (NH4
+) by facilitating changes in the

N-fixer and Lignin Degrader bacterial functional group communities along the planted tree age gradient
as compared to adjacent old growth I. punctata tree soils, thus suggesting that this tree species
recuperated the potential of the soil to serve as C and N sinks. It was envisioned that predictors of soil
ecosystem recovery would be identified that could infer the efficacy of this reforestation strategy that is
part of a larger restoration effort on the Pacific slope of Monteverde, Costa Rica by the Fundación
Conservacionista Costarricense (FCC) and Monteverde Institute (MVI) done with the objective restoring
abandoned agricultural land with native and diverse tree species that would align with natural forest
compositions

To address the project goal, the following questions were asked: (1) Do the soil C and N-cycle metrics,
and C biomass levels change, and in what direction, along a trend of increasing tree soil age? (2) Are
there differences in the community compositions of the N-fixer and Lignin Degrader bacterial
communities in the different age tree soils that follow any trends in the C, N and Biomass C levels? (3)
Does the stability of the tree soil bacterial functional group communities change along the tree soil age
gradient? (4) Do the levels of C, N, and/or Biomass C predict the changes in the soil microbial
communities, suggesting their use as indicators of a successful soil recovery strategy? (5) Do the results
support future use of similar types of reforestation practices in the region?

Materials And Methods

Inga punctata Reforestation Site Description and Soil
Sample Collection
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Two organizations, the FCC and the MVI have been planting trees to restore abandoned pastures in the
Monteverde Cloud Forest Region of Costa Rica since 1998 and 2016, respectively. Three restoration sites
were planted on abandoned pasture lands in the Finca Rodríguez Ecological Reserve in 2008, 2011, and
2015, located in Monteverde, Costa Rica (10⁰ 18’ 55.3” N and 84⁰ 50’ 29.8”W; Supplemental Fig. 1), at an
elevation of between 1250-1280m asl, and included seedling I. punctata trees in their species selection
(Hamilton 2022). The land was previously used as dairy farming pasture, then converted to coffee and
sugar cane production, which had been discontinued between 2–3 years before planting. The planting
locations are within the Premontane Wet Life Zone (Holdridge and Poveda 1975), which is typified as
evergreen forest with few deciduous species and moderate epiphyte load (Haber 2000). The annual
precipitation of this life zone is stated as 2000–2500 mm, yet a private weather station has published an
average annual precipitation of up to 2883.6 mm (LaVal 2020). A pronounced dry season occurs from
February through April (< 100mm per month) and average temperatures range between 14 oC and 26 oC
(Clark et al. 2000). According to Clark et al. (2000), soils are classified as a type of Andisol, Udands, which
formed from volcanic parent material under wet, or udic, conditions. In August, 2019, 4 groups of I.
punctata trees were used for this study: trees planted 4, 8, and 11 years prior to the (hereafter referred to
as Inga 4, 8 and 11-year-old) and I. punctata older trees from an adjacent forest that had not been
managed in recent memory (> 50 years), hereafter referred to as Old Inga Forest trees. All planted trees
were located in specific plots within the managed land and were composed of only that age specific
group of trees (described above and Fig. 1) and were separated from any other group of planted trees.
The 4- and 8-year-old trees chosen for this study were > 50 m apart and > 400m distant form the 8-year-
old and the Old Inga Forest trees. Trees from the latter two categories separated by > 50 m.

Six trees from each of the 4 different tree groups were identified for use. The distance from each tree
base to the edge of each tree’s canopy “dripline” was determined, and 10% of that distance was
calculated. At each of the four cardinal directions (North, South, East, West) and within this 10% drip-line
distance, two soil cores (7.5 cm x 1.25 cm x 15 cm) were collected, and pooled, resulting in an 8-core soil
sample per tree from within the 10% drip-line region. This method was used to ensure there were no other
tree canopy driplines within this 10% drip-line distance, thus, minimizing the potential effect of any
adjacent trees on an individual I. punctata tree – soil sample. This process resulted in 6 replicate pooled
soil samples for, each tree age to be used for analysis. All soils were aseptically collected by disinfecting
all gloves and collection tools with 70% ethanol between trees. All soil samples were passed through
sterilized 5-mm sieve at field moist conditions prior to any analysis (see Supplementary Material 2 for a
list of methods used).

Nutrient Analyses:
Standing pools of soil C and N metrics were used in this study, rather than measurement of fluxes in C
and N metrics. Pools are considered better indicators of the long-term influence of “treatments”, such as
tree planting and time since planting, whereas fluxes tend to represent rapid turnover rates of nutrients
that are more associated with short-term changes in the soil biota (Davidson et al. 2004; Kuzyakov 2010;
Plante et al. 2010). About 200 g of field moist soil from each pooled soil sample were analyzed at the
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Center for Tropical Agriculture Research and Education (CATIÉ) Laboratories in Turrialba, Costa Rica for
determination of all C and N values. Total organic C (TOC) levels were analyzed by the dry combustion
method (Anderson and Ingram 1993), total nitrogen (TN) by the Kjeldahl method, NH4

+ and NO3
− were

measured from 2 M KCl extracts using the spectrophotometric methods of Alef and Nannipieri (1995),
and the soil Biomass C was determined by standard chloroform fumigation methods.

DNA Extraction, Sequencing, and Bioinformatics
Environmental microbial DNA was extracted from three 0.33g soil per each replicate soil sample, for a
total of 1g for each soil sample, using the MoBio PowerSoil DNA Isolation Kit (MO BIO Laboratories Inc.,
Carlsbad, CA, USA). A NanoDrop 1000 spectrophotometer (ThermoFisher Scientific, Waltham, MA) was
used to determine the concentration and purity (A260/A280 ratio) of extracted soil eDNA prior to
downstream. All the following methods are described in detail by McGee et al. (2019). Briefly, the different
eDNA extracts from the soil samples were used for a 2-step PCR amplification of eDNA targeting the v3
and v4 of 16S ribosomal RNA gene region for bacteria and archaea (Caporaso et al. 2011). All generated
soil amplicons were dual indexed and sequenced in MiSeq runs using a V3 MiSeq sequencing kit (600
cycles – 300 bp x 2; FC-131-1002 and MS-102-3003). The subsequent Illumina-generated sequences were
analyzed using a standard QIIME protocol (Caporaso et al. 2011) with in house Python data management
scripts. Input reads were processed through QIIME’s open reference clustering with standard parameters
and 97% similarity to the GreenGenes database. The open reference clustering performed all operational
taxonomic unit (OTU) groupings compared to the database as well as de novo OTU generation and
assigned known taxonomy where possible using the UCLUST algorithm. All generated sequencing data
were submitted to the NCBI-Gene Expression Omnibus (GEO) repository on August 1, 2019, (Submission:
SUB6145149, BioProject: PRJNA559202). This process identified about 790,113 taxonomically
identifiable bacterial DNA sequences in the 4 different tree soil microbiomes, which were then categorized
into 1476 successfully identified genera. The variable genera library sizes for each tree age soil samples
were normalized by converting the read number of each specific genus sequence to the mean proportion
of the sequences (MPS) per sample (Weiss et al. 2017), as the number of sequences from within each
soil sample, divided by the total number of sequences per that sample.

The focus of this project was to assess the possible influence that I. punctata, as a common leguminous
tree in the Monteverde region, had on the N-fixer and Lignin Degrader bacterial communities, as it is
believed these groups are critical for soil ecosystem health. As there are no complete lists of the microbes
within these groups currently available, we used a reference-based approach that makes associations
between certain microbial groups and functional genes, which has been used to connect functional genes
with specific microbial genera or species (Shim et al., 2017; Shin and Lee, 2017, 2015). Such efforts have
resulted in valuable databases that, while not exhaustive nor said to be 100% accurate, provides one of
the only means of linking a specific microbial genus identified by 16 S rDNA sequence only to a specific
function. Recently, this approach has been used for soil microbial studies in other Costa Rican forests to
approximate the community compositions of different bacterial and fungal functional groups, including
N-fixer and Lignin Degrader fungi (Eaton et al. 2019, 2020 a, b, 2021 a, b). The same approach was used
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for this project in which the databases www.genome.jp/kegg/, http://rdp.cme.msu.edu/hierarchy/, and
www.zoology.ubc.ca/louca/FAPROTAX/lib/php/index.php, and 37 literature sources (Supplementary
Material 3) were used to identify various genera of soil bacteria in the tree soils that have been previously
associated with the different functional groups of N-fixer and/or Lignin Degrading bacteria. In these
databases and articles, either the measured functional activity of bacteria in pure cultures or the presence
of genes for specific enzymes (such as the nifH gene complex for N-fixer, the different laccase or oxidase
genes associated with lignin degradation) have been published to identify the potential for the specific
functional activity to be associated with the different genera. Only genera that had been clearly
connected to the functional group were used, and hereafter for this study, these genera are being
identified as N-fixer and/or Lignin Degrader bacteria (see Supplemental Material 4 for the list of bacteria
in each functional group used in this study). This is grouping does not guarantee that any one specific
member of a genus identified in the study positively had the function of interest. However, it does provide
a valid suggestion that possible changes in the microbial communities within the tree age soils may be
associated with changes in genera often associated with these certain functional group.

Nutrient Comparisons
The mean and standard deviation were determined for the TOC, Biomass C, TN, NO3

− and NH4
+ from all

tree soil samples. Differences across the various age tree soils in the mean levels of the TOC and
Biomass C together, and the TN, NO3

− and NH4
+ together, and also for each of these metrics individually

were identified using the ANOSIM routine in the PRIMER-E package. The analyses were conducted on the
Euclidean Distance resemblance matrices of log (X + 1) transformed and normalized C and N metric data,
as recommended by Clarke and Gorley (2006), using 9,999 permutations.

Analysis of Microbial Community Structure
Several tests were conducted to observe for critical differences in the community structure of both the N-
fixer and Lignin Degrader bacterial communities along the tree soil age gradient. We examined the
bacterial community structures for differences in the total MPS levels of both functional groups of
bacteria, differences in the compositions of both functional groups of bacteria, the strength of any
compositional differences, differences in the percent similarity of the genera for each functional group
community and in the number and taxonomy of the genera most typifying each tree soil type (SIMPER
analyses), the levels of evenness of the communities, and the stability and complexity of the different soil
microbiome systems.

a) The MPS and Similarity of Taxonomic Diversity Comparisons: The MPS values and the standard
deviation of the total N-fixer and the Lignin Degrader bacteria were calculated and then visualized in bar
charts. Kruskal – Wallis non-parametric tests were conducted in SPSS (v. 26) on the average MPS value
raw data for these groups to determine if there were critical differences observed between tree soil age
types. The Kruskal – Wallis H statistic and p value for the comparisons are outcomes of these tests.

http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
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Older, more established habitats have vast amounts of coexisting but taxonomically distinct
microorganisms living in the same niche space that can perform the same metabolic functions, but the
taxonomic identity encoding these functions can be highly variable (likely due to lateral gene transfer and
ecological drift) with little to no effect on the function, indicating the extreme levels of functional
redundancy that occurs in microbial communities. This often results in samples from older or more
established habitats (such as an older forest soil) having greater overall taxonomic diversity, or lower
taxonomic similarity, within microbial functional groups as compared to those from younger or more
recently disturbed communities (Allison and Martiny 2008; Eaton et al. 2020a, 2021a; Louca and Doebeli
2016; Louca et al 2016, 2018; Morrissey et al 2016; Wohl et al 2004). For the current work, the focus was
to use the multivariate SIMPER routine (PRIMER-E v.6) to assess the overall level of similarity of the
diversity of the microbial taxa that are the most important community-level contributors to the
composition of the N-fixer and Lignin Degrader communities to show either a decline or increase in
overall taxonomic similarity (Clarke 1993; Clarke and Gorley 2006; Magierowski and Johnson 2006;
Anderson et al. 2008). The multivariate SIMPER routine in PRIMER-E was applied to the different 4th root
transformed MPS data converted into a Bray – Curtis similarity matrix (Clarke 1993; Clarke and Gorley
2006; Anderson et al. 2008) to assess the a priori assumption that greater community level taxonomic
diversity would be represented by lower SIMPER similarity values, which would be expected in an older
more stable and soil community.

b) The Compositional Comparisons: All bacterial group MPS values were then transformed using a 4th
root transformation to account for dominant and rare taxa, as recommended by Anderson et al. (2008),
and these data were converted into Bray-Curtis similarity matrices in PRIMER-E (v6) to quantify the
similarity between all pairs of samples (Clarke and Warwick 2001). Differences in the compositions of the
two functional group communities were compared between each tree soil age group using the
multivariate ANOSIM (Analysis of Similarities) routine (Clarke 1993; Anderson et al. 2008). These were
conducted on the Bray-Curtis resemblance matrices of the 4th root transformed MPS data in the PRIMER-
E package. The number of permutations for the ANOSIM analyses was set to 9,999 (Clarke 1993; Clarke
and Gorley 2006), with the R statistic (from 0 to 1, with 0 being most similar) and p value as the outputs
from this test to measure degree of separation of bacterial communities. The ANOSIM procedure
included Global R and p values as the “main” test results, and the pairwise R and p values for
comparisons between different soil groups (Clarke and Warwick 2001).

c) The Strength of the Compositional Differences: The strength of any compositional differences was
determined between tree age soil types using the multivariate Canonical Analysis of Principal
Coordinates (CAP) ordination method (Clarke and Gorley 2006; Clarke and Warwick 2001) in the PRIMER-
E package with the add-on PERMANOVA+. This analysis was applied to the same Bray-Curtis similarity
matrices of the 4th root transformed MPS data mentioned above. The number of permutations for the
CAP analyses was set to 9,999, and the program was allowed to select the number of PCO axes (m) that
would provide the best separation between groups, while maximizing correct allocations of the groups to
the different tree age soil habitats. The distances between the centroids were calculated in PCO space for
any resemblance matrix between each tree soil group. The distances between centroids and the CAP axis
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squared canonical correlation (R2) values provided an approximation of the strength of any differences
observed between tree soil age groups. Strong differences in the bacterial community compositions
between the different soil groups were indicated by CAP axis R2 values > 0.7, moderate differences are
indicated by R2 > 0.5 to 0.69, and weak differences represented by R2 values < 0.5 (Anderson and Willis
2003).

d) Microbiome Community Evenness and Stability (Constancy) Comparisons: Increases in community
evenness have been associated with increases in community stability (Grimm and Wissel 1997;
Hillebrand et al 2008; Isbell et al. 2009; Tilman et al. 2006; van Rujiven and Berendse 2007; Wittebolle et
al. 2009; De Roy et al. 2013). This has also been referred to as “constancy” of an ecological metric, which
refers to the tendency for that metric to remain essentially unchanged after a disturbance or other system
modification (Grimm and Wissel 1997; Shade (et al. 2012). Shade et al. (2012) and Griffths and Philipott
(2013) provide reviews of stability related to microbial communities and provide indicators previously
used to measure microbial community stability. However, these indicators didn’t assess the variations
that may occur in mean microbial community taxonomic metrics over time along successional gradients.
Our interest was in finding an indicator to use along with evenness to measure changing stability or
constancy that may be occurring within tree soil functional group microbial communities over
successional time, as it would imply the development more successionally advanced microbial
communities. Tilman et al (2006) and van Rujiven and Berendse (2007) used the index “S” to measure
the stability of a variety of plant components, including species abundance, productivity, root biomass,
etc., measured over time, and used these to suggest overall temporal stability of different ecosystem
components. The calculation involves the concept that the less deviation there is from a mean value of
some metric, the more stable the metric appears to be. From this, as an ecological metric S value (defined
as mean metric value/standard deviation) increases in community A compared to community B, it
implies that the values of this specific ecological metric are more stable in community A than in
community B.

Based on this information from the literature, it appears that two reasonable indicators that could be used
to demonstrate the development of more stable microbial communities were Pielou’s evenness index and
the S index. Pielou’s evenness values were calculated using the 4th root transformed MPS data for the N-
fixer and Lignin Degrader functional groups using the PRIMER-E package, while the S index was
calculated dividing the mean values of the 4th root transformed MPS data for the N-fixer and Lignin
Degrader functional groups for each tree age soil set by the standard deviation of the means. The
resulting S values were labelled as Sab (for “abundance). Critical differences in the Pielou’s evenness and
Sab values between tree age soils were assessed using the Kruskal – Wallis procedure in SPSS (v26).

Relationships Between the C and N Metrics and
Composition of the Functional Group Communities
To determine the strength and directions of the associations between metrics used in this study, the non-
parametric Spearman’s correlation method was performed (SPSS, v.26) between the MPS values of the
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both bacterial functional group community compositions and the TN, NO3
−, NH4

+, TOC, and Biomass C
data from the tree soils across the age gradient. The Distance-Based Linear Model (DistLM) permutation
tests and distance-based redundancy analyses (dbRDA) were also implemented to explore how much of
the patterns of the C and N metrics influenced the composition of the two different bacterial functional
groups within the different tree age soil samples. The DistLM and dbRDA analyses were conducted using
the 4th root transformed MPS data as the response variables and the Log (X + 1) transformed and
normalized C and N metrics as the predictor variables in the DistLM and dbRDA routines in the PRIMER-E
and PERMANOVA + packages.

Results

Nutrient Analyses
There were several clear patterns observed in the levels of the soil N metrics that were associated with the
soils from the different tree age groups (Fig. 1a, Table 1). The TN levels were about the same in the Inga 4
and 8-year-old soils (p = 0.335) but were greater in the Inga 11-year-old soils (R = 0.850, p = 0.002, and R = 
0.809, p = 0.002, respectively), and greatest in the Old Inga Forest tree soils (R > 0.933, all p values = 
0.002). The NH4

+ levels increased from that in the Inga 4-year-old soils to the greater levels found in the
Inga 8 and Inga 11-year-old tree soils (R = 0.365, p = 0.024, and R = 0.535, p 0.006, respectively), the two of
which were similar (p = 0.524). However, the Old Inga Forest trees had the least amount of NH4

+ in their
tree soils (R = 0.528, p = 0.006, R = 0.943, p = 0.002, and R = 0.996, p = 0.002, respectively).The pattern of
NO3

− levels in the tree soils was similar to that of the TN, with the Inga 4 and 8-year-old soils having
about the same amount (p = 0.543), which was less than in either the Inga 11-year-old soils or the Old
Inga Forest tree soils (R = 0.494 to 0.996, p = 0.002 to 0.015). Similar to the TN results, the NO3

− levels
were also greater in the Old Inga Forest tree soils (R = 0.470, p = 0.009).

There were also clear patterns in the levels of the soil C metrics that were associated with the age of the
tree soils (Fig. 1b, Table 1). The TOC levels increased with each age of tree soil from the Inga 4-year-old to
the Old Inga Forest soils (R = 0.272 to 0.998, p = 0.002 to 0.026). The pattern in the Biomass C levels
between the tree soils was similar to that of the Biomass C levels were about the same in the Inga 4 and
Inga 8-year-old soils (R = 0.596, p = 0.442), and then increased sequentially in the Inga 11-year-old tree
soils (R = 0.596, p = 0.004, and R = 0.407, p = 0.006, respectively), and again in the Old Inga Forest tree
soils (R = 0.985, p = 0.002, and R = 0.831, p = 0.002). As well, the Biomass C levels in the Old Inga Forest
tree soils were greater than those in the Inga 11-year-old tree soils (p = 0.002).

Microbial Community Structure
a) Differences in MPS and Similarity of Taxonomic Diversity: There were 51 N-fixer bacterial genera (40
strictly free-living and 12 with both free-living and nodular N-fixer capabilities) and 155 genera of Lignin



Page 11/37

Degrader bacterial genera identified in the tree soil eDNA samples. Differences were observed in the MPS
levels of the communities of genera within the different functional groups (Fig. 2, Table 2a). Analysis of
the differences in the MPS levels of the different genera using the Kruskal–Wallis procedure showed clear
differences in the levels of these functional groups in the microbiomes of the different age tree soils. The
MPS levels of the N-fixer bacteria were less in the Old Inga Forest tree soils than in the Inga 4, 8 or 11-
year-old tree soils (H = 2.619, 2.386, 2.223, and p = 0.009, 0.017, 0.035, respectively), less in the Inga 11-
year-old tree soils than found in either the Inga 4 or Inga 8-year-old tree soils (H = 2.101 and 1.904, p = 
0.059 and 0.060, respectively), and were about the same in the Inga 4 and Inga 8-year-old tree soils. The
patterns observed for the MPS of the Lignin Degrader bacterial communities across the different tree
soils were opposite to that observed for the N-fixer bacteria (Fig. 2, Table 2a). Specifically, the MPS levels
of the Lignin Degrader genera were greater in the Old Inga Forest tree soils than in any of the other three
tree soils (H = 4.83 to 7.58, p = 0. 001 to 0.0001), greater in the Inga 11-year-old tree soils than either the
Inga 4 or Inga 8-year-old tree soils (H = 3.73 to 4.72, p = 0.001 to 0.004), and, as with the N-fixers, not
different between the Inga 4 and Inga 8-year-old tree soils.

For the SIMPER analyses, the maximum cumulative percentage cut-off criterion was set at 70% for both
the N-fixer and Lignin Degrader bacterial communities in the different tree soil types. The SIMPER results
showed (Table 2b) the average taxonomic similarity in the N-fixer bacterial community composition was
71.17% for the Inga 4-year-old tree soil samples, 70.66% for the Inga 8-year-old tree soil samples, 72.26%
Inga 11-year-old tree soil samples, and only 52.69% for the Old Inga Forest tree soil samples, indicating
that the diversity of this functional group is likely lower in the planted tree soils and increases in the older
more established tree soils. Similarly, The SIMPER results for the analysis of the Lignin Degrader bacterial
community composition was 71.95% for the Inga 4-year-old tree soil samples, 69.30% for the Inga 8-year-
old tree soil samples, 66.32% for the Inga 11-year-old tree soil samples, and 56.74% for the Old Inga
Forest tree soil samples. As above, this large decrease in % similarity suggests the diversity of this
functional group is likely lower in the planted tree soils and increases with tree soil age along the
gradient.

b) Microbial Community Compositional Differences: There were differences in the overall composition of
the N-fixer bacterial genera communities between the different tree soil microbiomes (Table 3a; Global R 
= 0.175; p = 0.008). The differences in genera composition of this group were greatest between the Old
Inga Forest tree and Inga 4, 8 and 11-year-old tree soils (R = 0.256, 0.181, 0.194, p = 0.037, 0.052, 0.043,
respectively). There were no differences in the community composition of this community between the
Inga 8 and 11-year-old tree soils or between the Inga 4 and 8-year-old tree soils, but there was a difference
in this community composition between the Inga 4 and 11-year-old tree soils (R = 0.168, p = 0.056), again
providing evidence that changes in community composition are occurring along the age gradient of the
tree soil microbiomes, at least in the two older tree soils.

There were also differences in the community composition of the Lignin Degrader genera across the
different tree soil microbiomes (Table 3a; Global R = 0.235, p = 0.0003). Similar to the N-fixer bacteria, the
composition of the Lignin Degrader community was most different between the Old Inga Forest tree soils
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and Inga 4, then the 8 and then the 11-year-old tree soils (R = 0.464, 0.207, and 0.191, p = 0.002, 0.024,
and 0.035, respectively). As well, the Inga 4 and Inga 11-year-old tree soil Lignin Degrader community
compositions were also quite different (R = 0.445, p = 0.002). However, there were no definitive differences
found in the Lignin Degrader community structures between the Inga 4 and 8-year-old tree soils or those
of between the Inga 8 and 11-year-old tree soils. As with the N-fixer bacterial data, these results provide
evidence that the Lignin Degrader community composition changes with tree soil age.

These differences in tree soil community composition were further supported by the CAP assessments.
The CAP model (p = 0.004) showed that the differences in the N-fixer community compositions (Fig. 3a,
Table 3b) between the Old Inga Forest and the other tree soil types were strong (R2 = 0.857), those
between the Inga-4 and 8-year-old and 4 and 11-year-old tree soils were moderate (R2 = 0.682), and those
between the Inga 8-year-old and 11-year-old tree soils were weak (R2 = 0.446). The CAP model (p = 
0.0025) also showed there were differences in the community compositions of the Lignin Degrader
bacterial genera along the tree soil age gradient (Fig. 3b, Table 3b). There were strong differences in
Lignin Degrader community composition between the Old Inga Forest and Inga 4-year-old tree soils (R2 = 
0.809), moderate differences in composition between the Old Inga Forest and Inga 8 and Inga 11-year-old
tree soils (R2 = 0.583), and between the Inga 4 and Inga 11-year-old tree soils (R2 = 0.583). However, the
differences in community composition were very weak (R2 = 0.086) between the Inga-4-year-old and 8-
year-old tree soils and between the Inga 8 and 11-year-old tree soils.

c) Differences in Microbiome Community Evenness and Stability: The Kruskal – Wallis analyses of the
evenness data (Table 4a) showed a clear trend of increasing evenness of both the N-fixer and Lignin
Degrader bacterial communities along the tree soil age gradient. The evenness values of the Old Inga
Forest tree soils were greater than in the Inga 11, 8, and 4-year-old tree soils (H = 2.0235, 2.289, 4.139, p = 
0.042, 0.022, < 0 0.0001, respectively). The evenness values were also greater in the 8 and 11-year-old
Inga Forest soils were greater than in the 4-year-old soils (H = 2.035, 2.289, p = 0.042, 0.022, respectively),
but were not different from each other.

Similarly, the stability (S) values showed a trend of increasing community stability along the tree soil age
gradient (Table 4b). The Sab for the N-fixer bacterial community was about the same in the Old Inga
Forest and Inga11-year-old tree soils, however, both were greater than that in the Inga 8-year-old (H = 5.86
and 5.44, p = 0.0002 and 0.0003, respectively) and 4-year-old (H = 6.70 and 6.32, p = 0.0001 and 0.0001,
respectively) soils. The Sab levels for the Lignin Degraders also increased along the same gradient, as the
values were greater in the Old Inga Forest and Inga 11-year-old tree soils than in either the Inga 4 or Inga
8-year-old tree soils (H range = 2.45 to 5.47, p range = 0.0003 to 0.034), with both latter groups having
about the same Sab levels. These collective results point towards a trend of increasing stability in the soil
microbial communities along the tree age gradient. The differences in these S values along with the
differences in Pielou’s Evenness and increase diversity of the functional group genera point towards a
trend of increasing stability (constancy) in the tree soils with age.
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Relationships Between the C and N Metrics and
Composition of the Functional Group Communities:
The Spearman’s Correlation analyses (Table 5) showed that the MPS levels of the Lignin Degrader
bacterial genera and N-fixer bacterial genera were negatively correlated (Coefficient = -0.448, p = 0.032). In
addition, the MPS values of the Lignin Degrader bacteria were positively correlated with the levels of the
TN, NO3

−, TOC, and Biomass C (Coefficient range = 0.682 to 0.815, all p values = < 0.001), and negatively

correlated with the levels of NH4
+ (Coefficient = -0.475, p = 0.022). The MPS levels of the N-fixer bacterial

group were negatively correlated with the TN, NO3-, TOC and Biomass C data (Coefficient range = -0.539
to -0.623, p values = 0.002 to 0.023), and positively correlated with the NH4

+ levels (Coefficient = 0.473, p 
= 0.023). The DistLM and dbRDA analyses (Fig. 4) showed that the variations in the TN levels explained
8.8% of the variation in the N-fixer bacterial community composition (a) Pseudo-F = 2.02, p = 0.053), and
the TOC levels explained 14.19% of the variation in the Lignin Degrader bacterial community composition
(b), Pseudo-F = 3.47, p = 0.004). The TN explained 12.17% of the variation in the Lignin Degrader
community across the tree soils (c), Pseudo-F = 2.91, p = 0.015). No other C or N metrics validly explained
any of the variation in these communities, as all their p values were > 0.07.

Discussion
Overview

Both the goals and questions of this project stated earlier were successfully addressed, in that the results
showed that Inga punctata appears to be important in increasing the N cycle activity in soils early in the
growth of the tree, specifically through the first decade, by enhancing the activity of the N-fixer bacteria in
the tree soil microbiomes. It also appears that because of this enhanced N-cycle activity, the trees are
associated with increases in the organic C components in the tree soil microbiomes through enhancing
the Lignin Degrader bacterial community, especially after a decade. This, in part, is likely a result of the
increased inorganic N that bacteria need to produce the enzymes for this complex organic C
decomposition. This project provides some of the first evidence that I. punctata is facilitating long-term
TN and TOC accumulation in these soils through its influence on the two specific functional groups of
bacteria studied.

Members of the genus Inga are important leguminous trees common in the forests of Central and South
America, including the Monteverde Cloud Forests of Costa Rica (Holdridge and Poveda 1976; Hartshorn et
al. 1994; Lojka et al. 2005 and 2010; Orwa et al. 2009). As they are thought to help recuperate C and N
components in soils damaged by deforestation and pasture grazing, they are being used as part of
various reforestation strategies (Oglesby and Fownes 1992; Leblanc et al. 2005, Lojka et al. 2005, 2008
and 2010). However, little is known of the specifics of how members of this genus influence the below
ground biotic and abiotic components of the soil ecosystems. Understanding such information
concerning Inga sp. could help in development of the most efficacious tropical reforestation and recovery
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plans following deforestation of some tropical forests, followed by grazing use ( Eaton et al. 2019 and
2020a; McGee et al. 2019; Mendes et al. 2018; Wagg et al. 2011). It has been presumed that Inga, and
other leguminous trees, influence the soil N cycle dynamics through production of NH4

+, as it is the
outcome of N-fixation. This has also been shown to be the preferred form of inorganic N for Inga root
nodule development and production (Fisher 1995; Omena-Garcia et al. 2015; Justino et al. 2017). In
addition, it would be expected that the NH4

+ produced from N-fixation associated with Inga root nodules

would stimulate the production of NO3
− and NO2

−, as it serves as the needed substrate for the oxidation

of NH4
+ by groups of nitrifying bacteria. For these reasons, the abundance and composition of the N-fixer

community was examined in this project as an indicator of the influence of I. punctata on the reforested
tree soil microbiomes over time.

There is also an important connection between the inorganic N produced in these ways and the organic C
components in soils. Not only are these different forms of inorganic N needed by soil microbiota to
produce the nitrogenase enzyme systems for N-fixation, they are also critical for the production of the
suite of enzymes needed for all the various kinds of organic C compound decomposition, which regulates
the decomposition process rates associated with the oxidation of both the simple, more labile forms (i.e.,
carbohydrates, cellulose, etc.) and more complex and recalcitrant forms (i.e., lignin, hemicelluloses, etc.)
of organic C ( Burns et al. 2013; Henry 2013; Wallenstein and Burns 2011; Xu et al. 2021). Enhancing
decomposition of the more recalcitrant forms of organic C produces more long-lasting forms of TOC in
the soils, and can provide more material for biomass development, while oxidation of the more labile
forms of organic C are generally thought of as a source of energy for maintenance. Both, however, are
critical to forest soil and overall ecosystem health. As lignin is considered the most recalcitrant of the
complex organic C compounds and requires bacteria and fungi that have special enzymes for
degradation of this compound (Datta et al. 2017; Janusz et al. 2017), the abundance and composition of
the Lignin Degrader bacteria were also considered as an indicator of the influence that I. punctata has on
ecosystem recovery in the reforested tree soil microbiomes over time in this current project.

The probable roles of Inga spp. in the recuperation of both N and C in damaged soils, and in facilitating
long-term N accumulation and C sequestration in soils, are the likely reasons it is being used in some
restoration strategies. Thus, enhancing our understanding of how different Inga spp. might influence both
the N-fixer and Lignin-Degrading groups of bacteria, along with levels of various C and N components in
soils could provide some insight into the potential roles of this important leguminous tree in both natural
forests and reforested areas, which would be valuable for developing intact and damaged tropical forest
management plans. This current study focused on how different ages of I. punctata planted as part of
the FFC/MVI reforestation program ((https://monteverde-institute.org/reforestation-program.html) might
be influencing the tree soil microbiomes and ecosystems over time. In particular, the focus was on how I.
punctata might influence the tree soil C and N cycle components, and the associated soil N-fixer and
Lignin Degrader bacterial community compositions. This work is the first, to our knowledge, that provides
clear evidence of the significant impact that I. punctata has on the tree soil ecosystems, which changes
along a gradient of time since tree planting (i.e., tree age). More specifically, it provides evidence to
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support the idea that an Inga species is influencing the soil microbiomes over time such that it is
enhances long-term accumulation of N in soils, and the soil TOC, as proposed by Oglesby and Fownes
(1992), Leblanc et al. (2005) and Lojka et al. (2008).

Nitrogen and the Microbiomes

The results in this study strongly linked the N cycle metrics to the N-fixer bacterial functional group
composition in the tree soils. Specifically, the TN levels were the best predictor of the N-fixer community
composition, and greater levels of TN and NO3

− and lower levels of NH4
+ were positively correlated with

greater MPS levels of the N-fixer functional group genera. It was also found that MPS levels of the N-fixer
bacterial community and NH4

+ levels were generally greater in the Inga 4 and Inga 8-year-old soils than in
the Inga 11-year-old and the Old Inga Forest soils. This suggests that the younger I. punctata trees might
require greater levels of NH4

+ in their early growth stages, which appears to be provided by the greater
levels of the N-fixer bacterial community, but that both these levels of diminish over time. These patterns
are consistent with the theory that low levels of NH4

+ serve to feedback up-regulate the levels of N-
fixation in soils, which would likely result in a greater abundance of N-fixers (Barron et al. 2010; Gei et al.
2018), as would occur in soils early in recovery. Moreover, the N-fixer functional group genera developed
into a more stable community with greater evenness of distribution of the functional group taxa (i.e.,
greater S and Pielou’s evenness indices) along the tree age gradient, which would be expected following
successional theory in soil microbial communities.

Interestingly, it also was found that the taxonomic diversity of the N-fixer community increased with the
age of tree soils (as suggested by SIMPER results). Although this may seem counterintuitive considering
above ground macroecological theory, it is consistent with soil microbial ecological theory. Specifically,
this pattern of greater diversity of microbial functional groups in older, established habitats has been
reviewed by Louca et al (2016). These authors point out that in these more established habitats, such as
older forest soils, the composition of taxa of microbial functional groups becomes more diverse due to
advanced stages of functional redundancy resulting from the evolutionary adaptation of microbes to
respond to environmental changes through horizontal transfer of metabolic activity genes, which when
combined with very rapid generation times results in taxonomic and ecological drift, thus, providing a
high degree of flexibility and stability within these functional groups in older habitats (Allison and Martiny
2008; Eaton et al. 2020a, 2021a; Louca and Doebeli 2016; Louca et al 2016, 2018; Morrissey et al 2016;
Wohl et al 2004 ). Thus, the results of the current project give strong indication that the impact of planting
I. punctata on the N-fixer community occurs rapidly, within the first 4–8 years, and begins to decrease
sometime after that, resulting in development of a more stable and diverse functional group community.

The relationship between N-fixer and nitrifier bacteria is a critical one for soil N recovery in tropical forests
(Pajares and Bohannan 2016). The current results suggest the presence of the high levels of NO3

− and

low levels of NH4
+ occurring along with the low MPS levels of N-fixers could indicate a point along the

successional tree age gradient at which the nitrification process becomes more dominant than N-fixation
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in these tree soils (Pajares and Bohannan 2016). The specific cause of this functional shift is unclear as
there are several factors at play here associated with the changing levels of NH4

+. The previously

mentioned known feedback regulation of N-fixation by NH4
+ levels (Barron et al. 2011; Gei et al. 2018) will

play an important role in up or down-regulating the levels of N-fixation activity, and, thus, indirectly the
nitrification process. It is also known that in the presence of excess NH4

+, N-fixer bacteria will use this

inorganic N rather than expend the energy needed to fix new N2 into NH4
+ (Barron et al. 2011; Cusack et

al. 2009; Reed et al. 2011). Additionally, older Inga trees have been found to use more NH4
+ as a preferred

source of N for growth and root nodule stimulation (Fisher 1995; Omena-Garcia et al. 2015; Justino et al.
2017), which represents an interesting example of a plant-microbiome interaction in which the tree may
be stimulating development of a specific microbiome that influences the success of nodulation and tree
growth. Consequently, it is unclear what specifically is causing the increased levels of NO3- with the
decreased levels of NH4 + and N-fixer MPS, as it is likely most of these factors are somehow involved.
These relationships deserve much more student in the future.

It is unclear the relative importance of free-living N-fixer bacteria as compared to the root nodule-
associated ones. In the current study 40 of the 52 N-fixer bacterial genera identified have been listed as
being free-living N-fixer bacteria and 12 listed as both nodular and free-living N-fixers according to Weir
(2016) and ICSP (2020). Thus, both groups appear to be important in the N cycle within the I. punctata
tree soil microbiome. Some have suggested that the nodular N-fixation associated with leguminous trees
is the principal pathway for N regeneration in damaged tropical soils ( Chazdon et al., 2016; Gehring et al.,
2005; Pan et al., 2011; Powers and Marín-Spiotta 2017), yet it has also been suggested by that free-living
N-fixer bacteria may be more important in older tropical forests than the nodular N-fixers (Hedin et al.
2009; Reed et al. 2011). Still others suggest that free-living N-fixer soil bacteria are more active than
nodular N-fixers in tropical soils under conditions of high N-demands, such as after large amounts of leaf
litter deposition in older forests, or in earlier stages of recovery of damaged soils (Hedin et al. 2009; Reed
et al. 2011; Schmidt et al. 2008). Clearly more work is needed on this topic. None the less, it is likely that
the enhancement of N-fixation by both free-living and nodular bacteria associated with leguminous trees
are both part of the primary pathways for recovery of tropical soil inorganic N that is needed to enhance
enzyme production for organic C decomposition, biomass development activities, and growth of all cells
(Burns et al. 2013; Cenciani et al. 2009; Gehring et al. 2005; Hedin et al. 2009; Henry 2013; Janusz et al.
2017; Pan et al. 2011; Reed et al. 2011; Rodrigues et al. 2013; Wallenstein et al. 2011; Xu et al. 2021).
Clearly more work is needed concerning these two groups of N-fixers.

Carbon and the Microbiomes

The above-mentioned increases in TN and NO3
−, the decreases in NH4

+ and levels of the MPS of the N-
fixer community in the tree soils were positively correlated with increases in the MPS levels of the Lignin
Degrader bacterial community, the TOC, and the Biomass C. The TOC and Biomass C levels were
observed to increase sequentially in the soils from the different tree age soil groups from the Inga 4-year-
old to the Old Inga Forest soils, and the MPS of the Lignin Degrader group increased from the Inga 4 and
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8-year-old soils to the Inga 11-year-old soils and then to the Old Inga Forest soils. Further, the levels of
TOC and Biomass C were the best predictors of the Lignin Degrader community composition. Consistent
with the observations associated with the N-fixer community, the Lignin Degrader community diversity
(see the SIMPER results), stability, and evenness increased along the tree age gradient. These are
predictable outcomes based on previous soil microbial ecological results and theories showing that
microbial functional group diversity increases with successional time (reviewed by Louca et al. 2016),
and also the recognition that increases in evenness and the stability suggest development of greater
constancy, resilience, and resistance over time, in general (Grimm and Wissel 1997; Tilman et al. 2006;
van Rujiven and Berendse 2007; Isbell et al. 2009; Wittebolle et al. 2009; Shade et al 2012; De Roy et al.
2013), and more specifically within microbial communities (Shade et al. 2012; Griffths and Philipott
2013). These observations collectively suggest that I. punctata up-regulates the Lignin Degrader
community in the tree soils over time, which develops into a more stable and diverse community that is
enhances the soil TOC and Biomass C accumulation. These processes are likely a result of I. punctata
facilitating the microbial-based development of inorganic N for microbial enzyme development, in
particular for the use by the Lignin Degrader bacterial community (and likely other critical complex
organic C degrader groups), ultimately resulting in the accumulation of greater levels of TOC in the soils.

Previous studies have shown that different species of Inga trees are important sources of inorganic N
(Lojka et al. 2010; Eaton et al. 2020b) that enhance the quantity and quality of the soil organic C (Leblanc
et al. 2005; Lojka et al. 2005, 2010), the development of complex organic C and Lignin Degrading
communities (Eaton et al. 2020b), stimulate greater biomass development than other non-Inga tree
species in their habitats (Lawrence et al. 1995; Lojka et al. 2005), and are thought to stimulate C
sequestration and long-term N accumulation (Oglesby and Fownes 1992; Leblanc et al. 2005). The Lignin
Degrader bacterial community in the current study are subsets of the larger microbial functional groups
that degrade complex organic C, including lignin. As such, enhancing this community likely represents
one of the important contributions by I. punctata as it is facilitating the tree soil microbiome to increase
development of soil organic C and biomass-C, ultimately increasing the soil TOC stabilization and
storage, and providing forms of organic C that are more usable for biomass development, all of which are
necessary for soil ecosystem recovery after disturbance (Herpin et al. 2002; Hafich et al. 2012; Kivlin et al.
2016). This project has provided some of the first evidence that the planting of I. punctata enhances the
tree soil TOC and Lignin Degrader microbiome community, resulting in enhancement of soil ecosystem
recovery within the first 4 to 8 years after tree planting, and which becomes more beneficial after 11 years
post-planting, following a trajectory towards tree soil ecosystems of Old Growth I. punctata in the region.

Conclusions
The results of this project provide the first evidence that I. punctata facilitates changes in the amount and
composition of both the N-fixer and Lignin Degrader bacterial communities over time, both of which also
increase in stability and complexity in the tree soils. This occurs in association with the negative
correlation between the MPS levels of the N-fixers and Lignin Degrader communities, the positive
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correlations between the MPS of the Lignin Degraders and TN, NO3
-, TOC, and Biomass C, the negative

correlations between the MPS of the Lignin Degraders and the NH4
+ levels, and the opposite directions of

correlations between these C and N metrics and the MPS of the N-fixer communities. This suggests the
strong relationship and critical interplay between the N-fixer and Lignin Degrader communities, and the
successional changes that occur among the two groups, resulting in changes in the various C and N cycle
metrics observed along the tree soil gradient (over time), as these interactions enhanced the
accumulation of TN and TOC in the I. punctata tree soils as the trees age. These interactions represent a
classic example of how leguminous trees can facilitate the levels of N and associated soil microbiomes,
preparing the soils to support conditions in which specific groups of decomposers can utilize the more
complex forms of organic C, ultimately increasing the soil C and N (Paul 2015).

The results of this project provide some of the first evidence that fully supports the ideas that Inga sp.
may enhance long-term TN and TOC deposition and sequestration (Oglesby and Fownes 1992; Lojka et
al. 2005, 2008), which is likely due to the changing tree soil microbiomes. Given this, it seems probable
that the I. punctata - tree soil microbiome relationships are facilitating the soil recovery of the C and N
cycle processes in these former pasture lands and enhancing the potential for these soils to serve in the
future as more efficacious C and N sinks (Gehring et al. 2005; Pan et al. 2011; Poorter et al. 2016;
Chazdon et al. 2016). Thus, this reforestation strategy used by the MVI is effective at soil ecosystem
improvement and should be continued. The results of this work also suggest that increases in TN, NO3

-,

TOC, Biomass C, and Lignin Degrader bacterial MPS, and decreases in NH4
+and N-fixer bacterial MPS,

along with increased complexity and stability of both functional groups of bacteria can serve as good
indicators of recovery in these soil ecosystems and should be monitored for efficacy evaluations. What is
not clear is at what point between 8 and 11-years post-planting do the tree soil microbial communities
begin shifting towards greater variation and more stability, with increased accumulation of TN and TOC.
This warrants further investigation, as it would be valuable to know for the purposes of planning forestry
management strategies and reforestation assessment plans. In addition, studies are underway to
determine how I. punctata influences the nitrifying bacteria and nitrification dynamics in their tree soils
over time.
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Tables
Table 1. ANOSIM analysis results of the differences in mean values of Total Nitrogen (TN), Ammonium
(NH4

+), Nitrate (NO3
-), Total Organic Carbon (TOC), and Biomass C measured in the tree soils of Inga

punctata trees planted 4, 8, and 11 years prior to the study (Inga 4, 8 and 11-year-old trees) and Old
Growth I. punctata trees (Old Forest Inga). The ANOSIM Global R and p values and pairwise R and p
values are presented for each analysis.
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TN ANOSIM
Results

    NH4
+ ANOSIM

Results
    NO3-

ANOSIM 
   

Global R:
0.754, p =
0.001

    Global R:
0.553, p =
0.001

    Global R: 0.616,
p = 0.001

 

Pairwise Tests R
value

p
value

Pairwise Tests R
value

p
value

Pairwise
Tests

R
value

p
value

Inga 4, Inga 8 0.019 0.335 Inga 4, Inga 8 0.365 0.024 Inga 4,
Inga 8

-0.03 0.543

Inga 4, Inga 11 0.85 0.002 Inga 4, Inga
11

0.535 0.006 Inga 4,
Inga 11

0.494 0.015

Inga 4, Inga
Forest

0.985 0.002 Inga 4, Inga
Forest

0.528 0.006 Inga 4,
Inga
Forest

0.983 0.002

Inga 8, Inga 11 0.809 0.002 Inga 8, Inga
11

-0.026 0.524 Inga 8,
Inga 11

0.58 0.009

Inga 8, Inga
Forest

0.993 0.002 Inga 8, Inga
Forest

0.943 0.002 Inga 8,
Inga
Forest

0.996 0.002

Inga 11, Inga
Forest

0.933 0.002 Inga 11, Inga
Forest

0.996 0.002 Inga 11,
Inga
Forest

0.47 0.009

                 

TOC ANOSIM
Results

    Biomass C ANOSIM
Results

       

Global R:
0.710, p =
0.001

    Global R: 0.543, p =
0.001

       

Pairwise Tests R
value

p
value

Pairwise Tests R
value

p
value

     

Inga 4, Inga 8 0.469 0.002 Inga 4, Inga 8 -0.019 0.442      

Inga 4, Inga 11 0.722 0.002 Inga 4, Inga
11

0.596 0.004      

Inga 4, Inga
Forest

0.998 0.002 Inga 4, Inga
Forest

0.985 0.002      

Inga 8, Inga 11 0.272 0.026 Inga 8, Inga
11

0.407 0.006      

Inga 8, Inga
Forest

0.959 0.002 Inga 8, Inga
Forest

0.831 0.002      

Inga 11, Inga 0.698 0.002 Inga 11, Inga 0.535 0.009      
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Forest Forest

 

Table 2. Differences in the MPS and taxonomic similarity among the tree soil groups. a) Kruskal – Wallis
analysis results of the differences in mean proportion of sequences (MPS) of the Nitrogen-fixing (N-fixer)
genera and Lignin Degrading (Lignin Degrader) genera in the soils of Inga punctata trees planted 4, 8, and
11 years prior to the study (Inga 4, 8 and 11) and Old Inga Forest I. punctata trees (Old Inga). The Kruskal
– Wallis H and p values are presented for both the Main and Pairwise Tests. b) Results of the assessment
of the percent similarity in taxonomic diversity (as determined by the SIMPER routine) of the mean
proportion of sequences (MPS) of the N-fixer and Lignin Degrader functional group genera identified in
the tree soils of Inga punctata trees planted 4, 8, and 11 years prior to the study (Inga 4, 8 and 11) and Old
Growth I. punctata trees (Old Forest Inga).

2a.

Kruskal-Wallis Main Test N-Fixer MPS Kruskal-Wallis Main Test Lignin Degrader MPS

H value 8.483   H value 15.65  

p value 0.037   p value 0.0001  

           

Kruskal - Wallis Pairwise Tests Kruskal - Wallis Pairwise Tests

Comparisons H value p value Comparisons H value p value

Old Inga to Inga 4 2.619 0.009 Old Inga to Inga 4 6.55 0.0001

Old Inga to Inga 8 2.386 0.017 Old Inga to Inga 8 7.58 0.0001

Old Inga to Inga 11 2.223 0.035 Old Inga to Inga 11 4.83 0.001

Inga 11 to Inga 4 2.101 0.059 Inga 11 to Inga 4 3.73 0.004

Inga 4 to Inga 8 0.603 0.561 Inga 4 to Inga 8 1.09 0.302

Inga 8 to Inga 11 1.904 0.06 Inga 8 to Inga 11 4.72 0.001

2b.
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  Inga 4 Inga 8  Inga 11 Old Inga 

  Average Similarity of Taxonomic Diversity Among Each Tree Soil Group (%)
 

N-Fixer Genera 71.17 70.66 72.26 52.69

Lignin Degrader
Genera

71.95 69.31 66.32 56.74

 

Table 3. Multivariate-level differences in the composition of the N-fixer and Lignin Degrader communities
in the 4 groups of Inga punctata trees: those planted 4, 8, and 11 years prior to the study (Inga 4, 8 and
11) and Old Inga Forest I. punctata trees (Inga Forest). a) ANOSIM analysis of the results of the
differences in the mean proportion of sequences (MPS) of the Nitrogen-fixing (N-fixers) genera and Lignin
Degrading (Lignin Degraders) genera. The ANOSIM Global R and p values and pairwise R and p values
are presented for each set of analyses. B) Canonical Analysis of Principal Coordinates (CAP) results
demonstrating the strength of the differences in the community composition of the N-fixing bacterial and
Lignin Degrading bacterial genera. Model p values and Canonical Correlation Squared (R2) values
presented for the comparisons. R2 values > 0.7 = Strong differences, 0.50 to 0.69 = Medium differences, <
0.49 = Weak differences.

3a)

ANOSIM Results of N-Fixer Bacteria ANOSIM Results of Lignin Degrading Bacteria

Global R: 0.175, p = 0.008 Global R: 0.235, p = 0.0003

Pairwise Tests R value p value Pairwise Tests R value p value

Inga 4, Inga 8 0.132 0.105 Inga 4, Inga 8 0.445 0.002

Inga 4, Inga 11 0.168 0.056 Inga 4, Inga 11 0.141 0.169

Inga 4, Old Inga 0.256 0.037 Inga 4, Old Inga 0.464 0.002

Inga 8, Inga 11 0.011 0.422 Inga 8, Inga 11 0.057 0.245

Inga 8, Old Inga  0.181 0.052 Inga 8, Old Inga 0.207 0.024

Inga 11, Old Inga  0.194 0.043 Inga 11, Old Inga 0.191 0.035

3b)
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CANONICAL ANALYSIS RESULTS    

  N-Fixing Bacteria  Lignin Degrading Bacteria

Model p value  0.004 0.0025

  CAP R2 Strength CAP R2 Strength

Inga 4, Inga 8 0.682 Medium 0.086 Weak

Inga 4, Inga 11 0.682 Medium 0.583 Medium

Inga 4, Old Inga  0.858 Strong 0.809 Strong

Inga 8, Inga 11 0.446 Weak 0.086 Weak

Inga 8, Old Inga 0.858 Strong 0.583 Medium

Inga 11, Old Inga  0.858 Strong 0.583 Medium

 

Table 4. Evenness (a) and stability (b) levels of the Nitrogen-fixing (N-fixers) genera and Lignin Degrading
(Lignin Degraders) bacterial communities in the tree soils of Inga punctata trees planted 4, 8, and 11
years prior to the study (Inga 4, 8 and 11) and Old Inga Forest trees (Old Inga) I. punctata trees. Pielou’s
Evenness mean j values and stability mean Sab values, with their standard deviations are presented.
Kruskal-Wallis Pairwise tests were conducted to determine the levels of differences in evenness (j values)
of the different functional group communities between the different age tree soils. The Kruskal-Wallis H
and p values are presented for each set of analyses.

4a)
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  Evenness of N-Fixers   Evenness of Lignin Degraders

   j value Std. Dev.    j value Std. Dev.

Inga 4 0.704 0.057 Inga 4 0.776 0.052

Inga 8 0.847 0.042 Inga 8 0.885 0.046

Inga 11 0.865 0.055 Inga 11 0.879 0.035

Old Inga 0.989 0.042 Old Inga 0.980 0.039

  Kruskal-Wallis Test   Kruskal-Wallis Test

Pairwise Test H value p value Pairwise Test H value p value

Inga 4 to Inga 8  2.035 0.042 Inga 4 to Inga 8  3.699 0.005

Inga 4 to Inga 11  2.289 0.022 Inga 4 to Inga 11 3.938 0.003

Inga 4 to Old Inga 4.139 <0.0001 Inga 4 to Old Inga 7.49 < 0.0001

Inga 8 to Inga 11 0.267 0.791 Inga 8 to Inga 11 0.255 0.802

Inga 8 to Old Inga 2.289 0.022 Inga 8 to Old Inga 3.88 0.003

Inga 11 to Old Inga 2.035 0.042 Inga 11 to Old Inga 4.742 0.001

4b)
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      Sab value of N-Fixers Sab value of Lignin Degraders

 

 

 Sab value Std. Dev.   Sab value Std. Dev.

Inga 4 2.31 2.13 Inga 4 8.86 2.88

Inga 8 4.14 1.62 Inga 8 8.11 2.85

Inga 11 10.03 2.1 Inga 11 13 2.98

Old Inga 10.17 1.93 Old Inga 16.36 2.35

  Kruskal-Wallis Test   Kruskal-Wallis Test

Pairwise Tests H value p value Pairwise Tests H value p value

Inga 4 to Inga 8  2.77 0.021 Inga 4 to Inga 8  0.453 0.66

Inga 4 to Inga 11 6.32 0.0001 Inga 4 to Inga 11 2.45 0.034

Inga 4 to Old Inga 6.7 0.0001 Inga 4 to Old Inga 4.92 0.001

Inga 8 to Inga 11 5.44 0.0003 Inga 8 to Inga 11 2.95 0.016

Inga 8 to Old Inga 5.86 0.0002 Inga 8 to Old Inga 5.47 0.0003

Inga 11 to Old Inga 0.12 0.907 Inga 11 to Old Inga 2.17 0.055

 

Table 5. Spearman’s non parametric Correlation analysis of the Lignin Degrader (Lig.Deg.) and Nitrogen-
Fixing (N-Fix) mean percent sequence (MPS) values, and the levels of Total Nitrogen (TN), Total Organic
Carbon (TOC), ammonium (NH4

+), Nitrate (NO3
-), and Biomass Carbon (Biomass C) from the tree soils of

Inga punctata trees planted 4, 8, and 11 years prior to the study (Inga 4, 8 and 11) and Old Growth I.
punctata trees (Old Forest Inga). Spearman’s rho value and p values are presented (* = significant at p <
0.05, ** = p < 0.01).



Page 33/37

  Lig.Deg. N-Fix TN TOC NH4
+ NO3

- Biomass C

Lig.Deg.    -.448* .797** .815** -.475* .682** .783**

    0.032 < 0.001 < 0.001 0.022 < 0.001 < 0.001

N-Fix -.448*   -.623** -.605** .473* -.539** -.620**

  0.032   0.002 0.002 0.023 0.008 0.002

TN  .797** -.623**   .979** -.424* .845** .880**

  < 0.001 0.002   < 0.001 0.044 < 0.001 < 0.001

 TOC .815** -.605** .979**   -0.387 .800** .844**

  < 0.001 0.002 < 0.001   0.068 < 0.001 < 0.001

     NH4
+  -.475* .473* -.424* -0.387   -.568** -0.384

  0.022 0.023 0.044 0.068   0.005 0.07

NO3
- .682** -.539** .845** .800** -.568**   .745**

  < 0.001 0.008 < 0.001 < 0.001 0.005   < 0.001

Biomass C .783** -.620** .880** .844** -0.384 .745**  

  < 0.001 0.002 < 0.001 < 0.001 0.07 < 0.001  

Figures
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Figure 1

Differences in the mean levels of Nitrogen (1a) and Carbon (1b) metrics measured in the tree soils of Inga
punctata trees planted 4, 8, and 11 years prior to the study (Inga 4, 8 and 11-year-old trees) and Old
Growth I. punctata trees (Old Forest Inga). Mean levels of Total Nitrogen (TN), Ammonium (NH4

+), Nitrate

(NO3
-), Total Organic Carbon (TOC), and Biomass C, along with standard deviations are presented.
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Figure 2

Differences in the mean proportion of sequences (MPS) of the Nitrogen-fixing (N-fixer) genera and Lignin
Degrading (Lignin Degrader) genera in the soils of Inga punctata trees planted 4, 8, and 11 years prior to
the study (Inga 4, 8 and 11) and Old Growth I. punctata trees (Old Forest Inga). The MPS values and
standard deviations are presented. The MPS values are considered not different if the Kruskal- Wallis p
values > 0.06. Those with no difference in MPS values have the same letter a, b, c, d, e, or f.
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Figure 3

Visualization of the Canonical Analysis of Principal Coordinates (CAP) analyses demonstrating the
differences in the community composition of the N-fixing bacterial genera (3a) and Lignin Degrading
bacterial genera (Figure 3b) in the tree soils of Inga punctata trees planted 4, 8, and 11 years prior to the
study (Inga 4, 8 and 11) and Old Growth I. punctata trees (Old Forest Inga).
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Figure 4

Results of Distance base linear models (DistLM) and dbRDA analyses determining the influence that the
total nitrogen levels (TN) had on the Nitrogen-fixer (N-fixer) and Lignin Degrader bacterial community
compositions (a and c), and the influence that the total organic carbon (TOC) had on the lignin degrading
bacterial community (b) from tree soils of Inga punctata trees planted 4, 8, and 11 years prior to the study
and Old Growth I. punctata trees.
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