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ABSTRACT 
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University of Guelph, 2018                     Dr. Mehrdad Hajibabaei 
 
 
 
Tropical secondary forest developments have exhibited multiple successional trajectories resulting in different 

outcomes of forest restoration. However, the mechanisms involved in this are still not well known, particularly so 

for the soil bacterial and fungal communities that develop under these altered land-use conditions. Soil bacteria and 

fungi are recognized as important components of soil ecosystems, often driving changes and patterns in global 

biogeochemical cycling, yet there is still much to be explored of these soil biotic communities in tropical secondary 

forests. As such, the role various soil abiotic properties that may drive soil bacterial and fungal community 

composition across landscapes and across local-scales, warrants investigation. This thesis addresses some of the 

mechanisms of how and which soil abiotic factors may have a strong role in determining the soil bacterial and 

fungal community composition across secondary forest succession in the Maquenque National Wildlife Refuge 

(MNWR) of Costa Rica. In chapter one, I show that the differences in land-use and differences in soil nutrient 

factors has mostly affected the soil microbial community composition. Moreover, I show that the soil microbial 

biomass C and soil fungal community composition were driven by soil NO3
-. This chapter highlights the role that 

soil inorganic N may be playing for secondary forest regeneration. In chapter two, I demonstrate that two target tree 

species studied (Pentaclethra macroloba and Dipteryx panamensis) had unique soil-microbiomes and certain soil 

abiotic properties. This chapter also shows the soil microbial biomass C, and the soil microbial community 

composition were driven by soil NH4
+. The third chapter shows that as the P. macroloba tree grows and develops, its 

soil microbiome will also change, within a primary forest and within a 23-year-old secondary forest. This chapter 

also demonstrates that the soil bacterial microbiomes of P. macroloba trees can become similar even in when 

developed in contrasting past land-use histories, yet, it may take more time for the soil fungal community 

composition to become more similar under these conditions. Collectively, this dissertation research deepens our 



	

mechanistic understanding of some of the unexplained stochasticity across secondary succession in the Maquenque 

National Wildlife Refuge of Costa Rica. 
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GENERAL INTRODUCTION 

 

Tropical forests are considered one of the most critical biogeographic zones for global nutrient cycling.  This is, in 

part,  due to the rapid rate of nutrient turnover in these regions, and because the first three meters of their soil 

contains 20% of the planet’s carbon (C) (Jobbágy and Jackson, 2000) and exchanges more carbon dioxide (CO2) 

with the atmosphere than any other terrestrial ecosystem (Nottingham et al., 2015). These suites of characteristics 

makes these areas major drivers of terrestrial primary productivity (Beer et al., 2010). However, these ecosystems 

have been under significant threat from deforestation activities for decades, continuing today. These degrading land-

use practices have been implemented to clear acres of forested land for agricultural purposes, as well as for the 

production of cattle pasture (Asner et al., 2009; Gibbs et al., 2010). Indeed, agricultural development is the number 

one driver of forest-clearing of tropical ecosystems and has led to more than 30% of the global tropical terrestrial 

land area currently under cultivation (Gibbs et al., 2010). Moreover, more than 20% of existing tropical forests 

continually face logging extraction-based practices and is the second largest contributor to land-use change on the 

planet (Asner et al., 2009). These types, intensities, and frequencies of deforestation methods have observed impacts 

at the global scale, including the contribution to the atmospheric rise in greenhouse gas levels, negative impacts on 

nutrient cycles, and declines in flora and fauna (Brienen et al., 2015; Laurance, 2007; Nottingham et al., 2015; Peres 

et al., 2006). Despite the global importance of these ecosystems, much information remains to be studied on the 

consequences these activities have had on the soil biotic and abiotic ecological drivers in disturbed and regenerating 

tropical ecosystems. 

 

In Costa Rica, primary tropical forests initially covered 99% of the total land area of the country, but during the 

early 1900’s the main driver of forest clearing was to produce productive coffee crops in the volcanic regions of the 

country (Pfaff and Sánchez-Azofeifa, 2004). By the 1940’s, 33% of Costa Rican primary forests had been harvested 

(Sader and Joyce, 1988). However, the most intense and damaging deforestation activities occurred between 1977 

and 1983 as certain agricultural crops such as pineapple, banana, and sugar cane, became more valuable on the 

global commodities market. This ultimately led to an 83% total loss of primary forests in Costa Rica, and by 1983, 

only 17% of Costa Rica’s primary forests remained intact (Sader and Joyce, 1988). Indeed, many scientists concur 

that Costa Rica’s deforestation rate peaked in the 1970s, and that the country had the fifth greatest deforestation rate 



	 x	

in the world from 1976 to 1980 according to the United Nations Food and Agricultural Organization (Sánchez-

Azofeifa et al., 2001). The annual deforestation rate remained high between 1986 and 1991 as forests were cleared 

annually at a rate of 4.2% per year (Sanchez-Azofeifa et al., 2001). Collectively, these extraction-based land uses 

resulted in a 90% decrease of primary forests in the country, with approximately 46% of these original forests 

converted to cattle pasture (Leopold et al., 2001; Sánchez-Azofeifa et al., 2001). In light of this, deforestation has 

significantly slowed in the last two decades across the country, and has been coupled with conservation and 

reforestation efforts largely begun after 1979 (Butterfield, 1994; Chazdon, 2003). 

 

One such major remediation strategy has been the development of the San Juan-La Selva Biological Corridor 

(SJLSBC) that was established in 2001 with the support of the Costa Rican Ministry of Environment and Energy. 

The SJLSBC is a part of the much larger, multinational Mesoamerican Biological Corridor (MBC). The MBC was 

established in 1997 to connect protected or restored areas throughout Guatemala, Belize, El Salvador, Honduras, 

Nicaragua, Costa Rica, Panama, and five southern states in Mexico (Kaiser, 2001). The SJLSBC corridor links six 

protected areas into a single integrated biological unit totaling 1,204,812 ha. in the Northern Zone of Costa Rica. 

The core conservation unit of the SJLSBC is the Maquenque National Wildlife Refuge (MNWR), which was 

established in 2005 by executive decree and is situated immediately south of Indio Maíz Biological Reserve in 

Nicaragua. The MNWR forms the heart of the SJLSBC, and totals approximately 59,700 ha or 24% of the SJLSBC. 

The MNWR is essentially surrounded by the Río San Juan to the north, the Río Toro and Río Sarapiquí to the 

southeast, with the Río San Carlos flowing through the reserve, dividing it into two sections. This refuge conserves 

the portion of the SJLSBC with the highest percentage of forest cover (Chassot et al., 2005). The MNWR area is 

composed of a variety of habitat types, including old-growth or primary forests, selectively logged forests, 

secondary forests that are up to about 30 years old, open pasture used for grazing, monoculture tree plantations and 

other agricultural plantation types. Unfortunately, many areas of land in the region have been degraded to the point 

of being considered near useless for production or restoration, yet various remediation efforts have been 

implemented (described below).  

 

In addition to these corridors, some of the reforestation efforts have included the development of an extensive array 

of secondary forests not only in the Northern Zone of Costa Rica, but also globally (Chassot et al., 2005; 2010a; 
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2010b; Monge et al., 2002; Oelbermann et al., 2004; Schelhas and Sánchez-Azofeifa, 2006). It is now estimated that 

secondary forests constitute over 50% of the world’s remaining tropical forests and represent a larger proportion of 

forested land than primary forests. As such, secondary forests have been identified as prime candidates for 

biodiversity refuges, and for global carbon (C) capture and sequestration (Chazdon, 2016). While secondary forest 

reforestation efforts have become an important and expanding initiative, studies have shown that past land-use 

histories may interact in complex ways with biotic and abiotic components of tropical ecosystems that has often led 

to unpredictable, multiple pathways of forest successional trajectories and outcomes (Uriarte et al., 2009). For 

example, tropical soils from abandoned farms can experience successful recovery if the remaining soil is reasonably 

fertile, the remaining forest is close in proximity, the area of impacted land was relatively small, and the prior land-

use was of low intensity (Chazdon, 2003). In contrast, Costa Rican forests that were cleared and used as pasture 

have been degraded to the point where normal forest successional processes are hindered (Kuusipalo et al., 1995; 

Leopold et al., 2001). These were replaced by the influx of scrub growth and invasive grasses and ferns, rather than 

native trees (Kuusipalo et al., 1995; Leopold et al., 2001). It is presumed that this type of disturbed succession can 

result in a decreased efficiency of C utilization, and, ultimately, enhanced release of CO2 into the atmosphere (e.g., 

see Bradford and Crowther, 2013; Manzoni et al., 2012; Sinsabaugh et al., 2016).  

 

It has been accepted that even though these disturbed versions of soil succession provide some kind of pathways for 

soil ecosystem regeneration (Holl, 1999; Powers et al., 1997), the specific mechanisms of how the soil recovers, and 

the dynamics of the interactions between soil microbial groups (bacteria and fungi) and plants, and the associated C 

and N cycle activities are not well known. Soil microorganisms are critical components and key regulators of soil 

biogeochemical and nutrient cycling processes, and decomposition activities. These phenomena ultimately depend 

on the efficiencies of the metabolic capacities and environmental tolerances of the soil microbial organisms present 

in soils. However, forest-clearing and slash and burn techniques frequently used in the tropics, create changes not 

only in the vegetation characteristics (e.g., plant biomass, species composition, and canopy structure), but also exert 

substantial impacts on soil abiotic properties (e.g., soil C, N, P, pH, and moisture) (Zhou et al., 2017). As soil 

microorganisms are intimately linked to, and influenced by their surrounding environment, fluctuations in 

environmental conditions can significantly affect the soil microbial community compositions, and thus, affect the 

overall functional contribution these microbes play in important ecosystem processes. For example, the copiotrophic 
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bacteria (such as the Betaproteobacteria and Bacteriodetes) are important for the degradation of organic matter in 

soil, are selected for under conditions of enhanced soil organic C (SOC) (Koch, 2001), and are critical in organic N 

nutrient cycling and decomposition in managed soils, younger soils, or soils recovering from disturbance (e.g., 

Lovell et al., 1995; Moore and de Ruiter, 1991).  In contrast, soil fungi decompose complex organic substrates, such 

as lignin and cellulose, more efficiently than bacteria (Griffith and Bardgett, 2000; Holland and Coleman, 1987), 

leaving behind recalcitrant organic residues than bacteria, that can enhance the SOC (Guggenberger and Zech, 1999; 

Malik and Haider, 1982; Nakas and Klein, 1979), and are thought to be more important as soil decomposers in older 

or restored soils (Bailey et al., 2002; Bardgett and McAlister, 1999; Cambardella and Elliot, 1994; Stahl et al., 1999; 

Zeller et al., 2001). Although not definitive, these characteristics do suggest the potential to show how the different 

functional groups respond to ecosystem damage due to land management, and subsequent restoration (Sun et al., 

2017). Thus, the response of these soil microorganisms are important to the recovery of secondary forests following 

a disturbance. Despite this recognition, the study of how tropical soil microbial communities response and change 

across secondary forests has received far less attention compared to aboveground vegetation dynamics and 

mammalian species (Loreau, 2010).  

 

Furthermore, throughout succession, stochastic ecosystem factors can affect the composition and structure of soil 

microbial communities. These stochastic factors can have local site levels effects (Norden et al., 2015), can impact 

the history, order or rates of species colonization (Kardol et al., 2013), and can also limit the type and distance of 

dispersal that can occur (Hubbell, 2001). Such stochastic influences could include the type of land management (i.e., 

selective or clear-cut tree harvesting), length of disturbance (i.e., long-term cutting, long-term cattle grazing, long-

term cultivation of pineapple), or the presence of remnant trees, seed banks or other legacies. All these play roles in 

determining which species are able to colonize the damaged areas (Chazdon, 2003; Guariguata and Ostertag, 2001) 

and the order that soil biotic taxa or functional groups colonize a damaged area, which can most certainly can impact 

the future community structure (Fukami, 2004; Kardol et al., 2013). As well, if the dispersal of specific taxa or 

groups is limited, the biotic composition of the developing community is at risk, and the succession of that 

community can be altered, as, commonly, only those species or groups that are more abundant and in closer 

proximity to the damaged area will likely survive (Hubbell, 2001). Alternatively, deterministic ecosystem factors 

involve more niche-based, resource driven community assembly, in which specific taxa or functional groups 
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colonize an area based on their functional attributes (Weiher and Keddy, 1999), which results in communities made 

up of taxa or groups with the metabolic or behavioral characteristics that allows them to survive and grow under the 

given suite of environmental conditions. In these situations, the deterministic changes with respect to nutrients, and 

other abiotic conditions that occur during secondary succession will be the driver of species or functional group 

community composition (Weiher and Keddy, 1999).  

 

However, more recently, studies are suggesting that historical legacies and stochastic processes or events limit or 

change how the vegetation communities develop during succession, resulting in unexpected species composition of 

various communities (Chazdon et al., 2007; Dent et al., 2013; Vandermeer et al., 2004; but see, Lebrija-Trejos et al., 

2010a; 2010b). These types of variations in aboveground community assembly would have important impacts on the 

belowground ecosystem composition and characteristics. The simultaneous assessment of above and belowground 

biotic components are of particular interest, as individual tree species are likely to have a direct effect on the 

composition of the surrounding soil biotic community (Ayres et al., 2009; Kardol and Wardle, 2010; Mukhopadhyay 

and Joy, 2010; Wardle et al., 2004). Since it is now widely accepted that the majority of tropical landscapes are in 

transition from disturbance to recovery, tree species-generated microbial heterogeneity in soil might be an important 

factor in facilitating regeneration as these recovering ecosystems often contain tree community composition 

reflecting previous land-use legacies (Sandor and Chazdon, 2014; Thompson et al., 2002; Zimmerman et al., 1995). 

There is growing evidence that soil biotic communities contain imprints of previous land-use history (Allison and 

Martiny, 2008; Keiser et al., 2011). As soil communities have a shorter generation time and are more widely 

dispersed than plants (Jenkins et al., 2007; Martiny et al., 2006), these soil communities may respond and recover 

from disturbance at different rates than plants in the same ecosystem (Lin et al., 2011). There has been some work 

demonstrating individual tree species influence on soil community composition and nutrient cycling rates for 

temperate tree species (Alban, 1982; Hobbie et al., 2006), and less for tropical species (McGuire et al., 2010; Raich 

et al., 2007). However, in neither case was there an explicit focus on recovery from disturbance. Thus, to better 

understand the mechanisms associated with soil microbial community development during tropical forest recovery, 

studies need to be conducted linking the vegetation to differences in the soil C and N metrics, and microbial 

community composition. 

 



	 xiv	

Indeed, one such set of biotic factors presumed to be important in forest ecosystem development are the symbiotic 

N-fixing bacterial communities associated with the root nodules of N-fixing tree species. In a previous study by 

Young (1997), data have shown that land management strategies, such as N-fixing agroforestry, have not only 

increased biomass (20 t ha-1 year-1), but have also increased the availability of nutrients for soil biota, as biomass is 

often influenced by several factors including climate, access to resources, and fertility (Barrios et al., 2012; Wall et 

al., 2012). Plant species associated with N-fixing root nodule bacterial symbionts can help restore soil fertility by the 

stimulation of plant growth and soil biomass development through increases in soil inorganic N (Gehring et al., 

2005; Guariguata and Ostertag, 2001; Nichols and Carpenter, 2006). Increased levels of soil inorganic N stimulate 

rhizodeposition, and increased production of more labile root-derived carbohydrates used to enhance the bacterial 

community, although increases in inorganic N also inhibit fungi (Bittman et al., 2005; de Vries et al., 2007). Plant 

lignins and other more recalcitrant organic compounds select for Basidiomycota and other fungi that produce for 

example, laccases and cellulases, that degrade the lignin, cellulose, and other complex organic molecules 

(Sinsabaugh, 2010). Both of these types of microbial-directed processes enhance the soil organic matter complexity, 

stimulating complex microbial activities associated with decomposition, soil respiration, and mineralization of 

organic matter, followed by an increase in organic compounds and soil biomass (Bradford et al., 2008; de Boer et 

al., 2005; Guggenberger et al., 1994; Guggenberger and Zech, 1999; Guggenberger et al., 1995; Powlson et al., 

1987; Schwendenmann and Veldkamp, 2006; Zhang and Zak, 1995), a more efficient use of the soil organic matter, 

and more organic C and N available to the foodweb (Anderson, 2003; Anderson and Domsch, 1989; Brookes, 1995; 

He et al., 2003; Moscatelli et al., 2005). 

After tropical forests are cleared for human-use, plants with N-fixing root nodule symbionts are considered to be the 

principal pathway secondary forests recuperate N (Eaton et al., 2012; Shebitz and Eaton, 2013). Pentaclethra 

macroloba is a dominant fundamental early colonizing N-fixing tree in the Northern Zone of Costa Rica, whose root 

nodules appear to be associated with populations of Frankia (spp.) (Eaton et al., 2012). As such, P. macroloba is 

thought to be important in N and C cycle dynamics and biomass enhancement, and therefore, forest succession 

(Hartshorn and Hammel, 1994; Pons et al., 2007). As P. macroloba is considered an important successional tree, it 

has been suggested that this tree species could prove to be a good gateway plant species to help facilitate efficient 

successional patterns of recovering tropical forests. However, if past land-use history has had an influence on the 

soil microbial communities associated with P. macroloba, then this tree species may affect the assimilation of N 
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back to the soil biota. Even though these previous studies have shown that the integration of N-fixing trees in 

agroforestry systems may be beneficial, there has been no work done on how anthropogenic soil disturbances may 

affect the soil biotic communities associated with these plant functional types. Nevertheless, the idea that different 

plant functional types can have a substantial influence on soil biodiversity (Barrios et al., 2012; Hooper et al., 2005; 

Wall et al., 2012), rather than overall richness and diversity, warrants investigation to understand tree-soil biota 

facilitation and synergistic interaction in previously managed forested soil ecosystems.  

 

DNA metabarcoding of environmental DNA (eDNA) from bulk soil combines traditional marker gene surveys with 

high throughput sequencing (HTS) (Taberlet et al., 2012). The development of molecular markers and techniques 

(Horton and Bruns, 2001; Pace, 1997) to monitor soil microbes can help address ecological questions linked to 

environmental impact and biomonitoring, and to possibly understand the complexity of soil biotic communities in 

various ecosystems (Baird and Hajibabaei 2012; Gibson et al., 2014; Hajibabaei, 2012; Hajibabaei et al., 2012; 

Hajibabaei et al., 2011; Shokralla et al., 2012). By comparing obtained sequences to a growing standard reference 

library of known organisms, taxa present in an environmental sample such as soil can be identified with high 

confidence (Wang et al., 2007). These techniques have been successfully applied to soil biotic communities to 

measure environmental gradients and past land-use histories (Baird and Hajibabaei, 2012; Barberán et al., 2015; 

Fierer et al., 2012; Fierer et al., 2007; Ramirez et al., 2014; Treseder et al., 2014) 

 

Given the paucity of studies linking the aboveground components to the belowground components, there is a need to 

understand the mechanistic links between these two to understand how plant communities and soil biotic 

communities undergo successional patterns together during forest recovery (Kardol and Wardle, 2010; Wardle et al., 

2004; Wardle, 2002). Therefore, there is a growing interest in understanding the soil microbial community 

composition and structure, how they serve as drivers of the biogeochemical cycles, and how these communities 

operate to improve the efficacy of restoration strategies in regenerating secondary forest ecosystems, especially 

towards enhancing C-use efficiency (Chazdon et al., 2016). Thus, as deforestation of tropical regions continues to 

increase and as secondary forests are lost to agricultural development, managing these secondary forests becomes of 

critical importance. However, a key missing component is the understanding of how the microbial communities 

operate as drivers and their associated abiotic drivers, of different recovering forest successional trajectories. 
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Identifying how these microbial communities operate in recovering ecosystems is a key priority in understanding 

how past land-use history has affected local biota in these forests. The studies described here represent the first 

attempt to understand how land-use and subsequent recovery of forests in the MNWR of Costa Rica has impacted 

their below-ground ecosystems, and also to begin to suggest the mechanisms associated with the soil microbial 

communities in the successional trajectories of recovering secondary forests, at not only a broad scale, but also at a 

local scale. These perspectives and lack of information concerning the effects of land management on forests in the 

Northern Zone of Costa Rica, as well as the minimal information currently known about the presumed importance of 

P. macroloba, leads me to the following chapters to address these unknown components: 

 

In Chapter One, I demonstrate how soil bacterial and fungal community composition change in response to a 

primary forest, a 23-year-old secondary forest, and a 33-year-old secondary forest that all once originated from a 

single continuous tract of primary forest, in the Maquenque National Wildlife Refuge of Costa Rica. I also 

demonstrate how past land-use history may influence soil microbial biomass C, as well as other various soil abiotic 

properties. Moreover, I show which soil abiotic properties may be driving the soil bacterial and fungal community 

composition across these forests, that may be indicative of better carbon-use efficiency. This chapter highlights the 

role that soil inorganic N may be playing for secondary forest regeneration toward carbon-use efficiency. Chapter 1 

includes Dr. Bill Eaton, Dr. Shadi Shokralla, and Dr. Mehrdad Hajibabaei as co-authors, and has been published in 

the journal Microbial Ecology (June 2018).  

 

In Chapter Two, I demonstrate how two target tree species studied (Pentaclethra macroloba and Dipteryx 

panamensis) may be affecting their associated soil bacterial- and fungal-microbiomes, along with certain soil abiotic 

properties, and if these metrics were different from the primary forest soils in which these tree species occurred. 

Moreover, I determined which soil abiotic factors are best structuring the soil bacterial, fungal, and microbial 

biomass C across the tree species soils and primary forest soils, and the implications for CUE. Chapter 2 includes 

Dr. Bill Eaton, Dr. Teresita Porter, Dr. Shadi Shokralla, and Dr. Mehrdad Hajibabaei as co-authors and this chapter 

is currently under revision in the journal, Applied Soil Ecology. 
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In Chapter Three, I assess if Pentaclethra macroloba tree species-generated heterogeneity affects certain soil abiotic 

properties; the soil bacterial and fungal communities and how human disturbance may affect tree species-generated 

soil biotic communities; and the soil abiotic drivers associated with this. I determined how soil bacterial and fungal 

community composition changes across soil zones as distance from tree increases to assess the soil heterogeneity 

associated with large- and medium-sized P. macroloba trees, in a primary forest and in a 23-year-old secondary 

forest. I also determined how soil bacterial and fungal community composition changes across a tree developmental 

growth period by examining these metrics in large-, medium-, and small-sized P. macroloba trees, in a primary 

forest and in a 23-year-old secondary forest. Moreover, this chapter also determines how soil bacterial and fungal 

community composition changes for each of the size classes of P. macroloba trees in contrasting past land-use 

histories of soil. This chapter includes Dr. Bill Eaton, Dr. Teresita Porter, Dr. Shadi Shokralla, and Dr. Mehrdad 

Hajibabaei as co-authors and is currently in preparation as two separate manuscripts—one for the soil bacterial 

community composition, and one for the soil fungal community composition (journal TBD).  

 

The studies presented in this thesis were designed to begin to address some of these issues within the MNWR. All 

studies presented here were conducted within upland forest areas or areas that had previously been uplands forest 

within the MNWR. All sites used were part of about 500 hectares of uplands primary forest, with the same soil type 

(oxisol) and topography, but have been managed differently in the past ~40 years. These land-use types consist of a 

primary forest that has not been harvested in the known history of the land; a 33-year-old secondary forest that was 

allowed to regenerate immediately following deforestation (harvested 33 years ago); and a 23-year-old secondary 

forest that was cut 33 years ago, used for cattle pasture for ~10 years, and then allowed to regenerate into secondary-

growth. One of the great benefits of this project design is that the major variable that separates these different 

habitats is how they have been managed—thus, allowing a very rare example of an apples-to-apples comparison in a 

comparative ecological observational field study.  

 

Collectively, this dissertation research deepens our mechanistic understanding of some of the unexplained 

stochasticity across secondary succession in the Maquenque National Wildlife Refuge in the Northern Zone of Costa 

Rica. My research is among some of the few in this region, to assess how changes in soil bacterial and fungal 

community composition correspond with changes in along successional gradients; between an N-fixing and non-N-
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fixing tree species, and compared to primary forest soils; along a tree soil microbiome developmental growth period, 

and along tree soil microbiome developmental growth periods in contrasting past land-use histories of soil. The 

results of these studies provide important information for management strategies of natural regenerating tropical 

forests, and provide guidance for improving restoration techniques. While the doctoral research contained in this 

dissertation addresses broad ecological questions, it is my hope that this research may also assist the ongoing 

conservation efforts in the MNWR. 

 

This thesis was supported by grants from the Government of Canada through Environment and � 

Climate Change Canada and NSERC to Dr. Mehrdad Hajibabaei, and a grant from the National Science Foundation 

(grant DBI-1262907) to Dr. Bill Eaton. This thesis was conducted with a Costa Rican Government Permit #063-

2008-SINAC. 
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CHAPTER 1: DETERMINANTS OF SOIL BACTERIAL AND FUNGAL COMMUNITY COMPOSITION 
TOWARD CARBON-USE EFFICIENCY ACROSS PRIMARY AND SECONDARY FORESTS IN A 

COSTA RICAN CONSERVATION AREA  
 

 
Abstract 
 

Tropical secondary forests currently represent over half of the world’s remaining tropical forests and are critical 

candidates for maintaining global biodiversity and enhancing potential carbon-use efficiency (CUE), and thus, 

carbon sequestration. However, these ecosystems can exhibit multiple successional pathways, which have hindered 

our understanding of the soil microbial drivers that facilitate improved CUE. To begin to address this, we examined 

soil %C, %N, C:N ratio, soil microbial biomass C (Cmic), NO3
-, NH4

+, pH, % moisture, % sand, silt, and clay, and 

elevation, along with soil bacterial and fungal community composition, and determined which soil abiotic properties 

structure the soil Cmic, and the soil bacterial and fungal communities across a primary forest, 33-year-old secondary 

forest, and 23-year-old young secondary in the Northern Zone of Costa Rica. We provide evidence that soil 

microbial communities were mostly distinct across the habitat types and that these habitats appear to have affected 

the soil ectomycorrhizal fungi and the soil microbial groups associated with the degradation of complex-carbon 

compounds. We found that soil Cmic levels increased along the management gradient from young, to old secondary, 

to primary forest. In addition, the changes in soil Cmic and soil fungal community structure were significantly related 

to levels of soil NO3
-. Our analyses showed that even after 33-years of natural forest regrowth, the clearing of 

tropical forests can have persistent effects on soil microbial communities, and that it may take a longer time than we 

realized for secondary forests to develop carbon-utilization efficiencies similar to that of a primary forest. Our 

results also indicated that forms of inorganic N may be an important factor in structuring soil Cmic and the soil 

microbial communities, leading to improved CUE in regenerating secondary forests. This study is the first in the 

region to highlight some of the factors which appear to be structuring the soil Cmic and soil microbial communities 

such that they are more conducive for enhanced CUE in secondary forests. 
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Introduction 

 

Tropical forests only comprise 7-10% of the Earth’s land surface, but contain 20% of the planet’s carbon (C) within 

the first three meters of their soil (Jobbágy and Jackson, 2000) and exchange more carbon dioxide (CO2) with the 

atmosphere than any other terrestrial ecosystem (Nottingham et al., 2015). As such, tropical forests are major drivers 

of terrestrial primary productivity and are considered one of the most critical biogeographic zones for global nutrient 

cycling (Beer et al., 2010). Yet, these important ecosystems are continually under significant threat from human 

driven land-use changes and perturbations, such as deforestation (Asner et al., 2009; Gibbs et al., 2010). The 

deleterious impacts of tropical deforestation include a rise in greenhouse gas levels, shifts in biodiversity, and 

ultimately, alter the efficiency of C and nitrogen (N) utilization and incorporation (Brienen et al., 2015; Nottingham 

et al., 2015). However, the recovery of these forests has become an important initiative in many tropical regions 

given the large potential that secondary forests have for maintaining biodiversity, and for C-sequestration. Soil 

microbial communities are critical in biogeochemical and nutrient cycling processes and thus, the composition of the 

soil microbial communities are critical to the recovery of tropical forests following disturbance (Rodrigues et al., 

2013). Despite this, soil microbial organisms have received far less attention compared to aboveground vegetation 

and mammalian species (Loreau, 2010). Various soil abiotic properties such as pH, moisture, texture, and C:N 

ratios, have strong relationships with soil bacteria and fungi that can affect the composition of these microbial 

communities (Fierer et al., 2009a; 2009b). Consequently, this can induce changes in the nutrient cycling processes 

of soil organisms, as well as the subsequent carbon-use efficiency (CUE) (Bradford and Crowther, 2013; Fierer et 

al., 2009a). How the composition of these soil bacterial and fungal communities will respond to environmental 

changes associated with these suites of characteristics in recovering tropical secondary forests is a critical research 

question for predicting future ecosystem function and climate feedbacks in tropical ecosystems. 

 

Since the 1970’s, legal and illegal extraction-based land management activities in the humid Atlantic lowland 

rainforests in the Northern Zone of Costa Rica have led to a 70% loss of its forests, as well as a significant 

fragmentation of the remaining primary and secondary forests (Chassot et al., 2010; Chassot and Monge, 2012; 

Chassot et al., 2005; Monge et al., 2002; Schelhas and Sánchez-Azofeifa, 2006). Although recent remediation 

strategies have included the development of an extensive array of secondary forests in the Northern Zone (Leopold 
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et al., 2001; Monge et al., 2002; Schelhas and Sánchez-Azofeifa, 2006), scientists are concerned these disturbed 

forests are not regenerating in a manner that is conducive for CUE (Arroyo-Rodríguez et al., 2017; Chassot et al., 

2010; Chazdon, 2003; Chazdon et al., 2016; 2007; Oelbermann et al., 2004). Past land-use histories interact in 

complex ways with the biotic and abiotic components of tropical ecosystems leading to trajectories of forest 

regeneration that can exhibit multiple successional pathways (Arroyo-Rodríguez et al., 2017; Uriarte et al., 2009). 

For example, it has been found in Costa Rica that cleared forests used as pasture have suffered such a degradation of 

soils that suppression of forest successional patterns is occurring. This is leading to the colonization of scrub growth 

and invasive grasses and ferns, rather than indigenous tree growth (Guariguata and Ostertag, 2001; Leopold et al., 

2001). While this is still succession, this type of regeneration pathway would presumably affect the CUE and the 

subsequent release of CO2 into the atmosphere (Bradford and Crowther, 2013). On the other hand, tropical soils 

from abandoned farmlands have successful and accelerated recovery rates if the area is relatively small, has fertile 

soil with remnant forests in close proximity, and prior land-use was of low intensity (Chazdon, 2003). However, the 

specific mechanisms of recovery in these various managed lands are not known. Even though these soil disturbances 

have been known as potential forces structuring regeneration pathways (Holl, 1999; Powers et al., 1997), there has 

not been much work done to examine the potential forces structuring the soil microbial community patterns and the 

processes they mediate in the tropics, particularly in secondary growth (Chazdon et al., 2016). 

 

The community composition and structure of these soil microbial organisms play a fundamental role in various 

important ecosystem and ecological process such as decomposition and nutrient cycling, that are associated with 

overall ecosystem functioning (i.e. the joint effects of all processes that sustain an ecosystem) (Allison et al., 2007; 

Bardgett and van der Putten, 2014; Kardol and Wardle, 2010; Reiss et al., 2009). Moreover, the soil microbial 

communities are intimately linked to and influence the vegetation community, while the plant community also 

affects the dynamics of the soil microbial community (Kardol and Wardle, 2010; Tedersoo et al., 2015; Wardle et 

al., 2004). For example, a biological consortium exists between vegetation-derived carbohydrates, lignin, soil 

inorganic N, increased soil complexity and microbial community development that affects the soil organic carbon 

(SOC) levels and complexity and the overall soil productivity (Anderson, 2003; Bradford et al., 2008; 2013; Fierer 

et al., 2009a; Guggenberger et al., 1994; Guggenberger and Zech, 1999; Guggenberger et al., 1995; Moscatelli et al., 

2005). An increase in soil inorganic N can stimulate an increased production of more labile root-derived 
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carbohydrates used by the soil bacteria, while plant lignin selects for basidiomycete fungi and certain groups of 

bacteria that degrade the lignin—both enhancing the SOC complexity and increasing belowground biomass (de Boer 

et al., 2005; Guggenberger et al., 1995; 1994; Guggenberger and Zech, 1999; van der Wal et al., 2006). Different 

types of soil microorganisms differ in their decomposition-based substrate specificity, and thus, microbial 

community structure may be modified with changing organic matter input due to changes in the diversity and 

quantity of plant litter (Fierer et al., 2009a; Guggenberger et al., 1994; Koch, 2001). For example, the copiotrophic 

bacteria (such as Betaproteobacteria and Bacteroidetes) are important for the degradation of organic matter in soil, 

and are selected for under conditions of enhanced SOC (Koch, 2001). In contrast, many soil fungi including 

saprotrophic fungi, are capable of decomposing complex organic substrates more efficiently than bacteria, leaving 

behind recalcitrant residues that enhances the organic carbon matter in soil (Luis et al., 2004; Sinsabaugh, 2010; 

Talbot et al., 2008). Furthermore, the symbiotic mycorrhizal fungi are especially abundant in the O and mineral (A) 

soil horizons, dynamically harvesting pools of organic C and N, transferring water and sugars to plants, and 

connecting the above ground plant community via hyphal networks (Smith and Read, 2008; Talbot et al., 2008). 

Together, these above and belowground communities drive decomposition and nutrient cycling in forest ecosystems.  

 

The changes in vegetation as a result of land-use practices and the subsequent secondary forest regeneration, would 

presumably affect the quality and quantity of organic matter and plant-derived SOC inputs entering the soil and also 

possibly lead to changes in soil abiotic properties (e.g. soil pH, moisture, and C:N ratios) (Banning et al., 2011; 

Fierer et al., 2009a; Jin et al., 2010). As a result, this may cause changes in the soil microbial community 

composition and structure which in turn, can affect the efficiency of the functional processes associated with these 

soil microorganisms (Allison et al., 2007; Fierer et al., 2009a; Jin et al., 2010). Soil abiotic factors such as pH, 

texture, moisture, and the quality and quantity of soil organic carbon (SOC) and inorganic N, are just some of the 

known drivers of soil microbial community composition and structure (Allison et al., 2010; Fierer et al., 2009b; 

2009a). For example, the mineralization of recalcitrant organic matter by soil microorganisms is greatly enhanced by 

the availability of labile-root derived carbohydrates. As such, this can lead to increased levels of soil microbial 

biomass C (Cmic), and thus, C-use efficiency. Soil Cmic can be an indication of C-use efficiency since during 

decomposition, soil C can be quickly mineralized and respired back to the atmosphere as CO2, or stored as microbial 

biomass in the soil (Anderson, 2003; Gougoulias et al., 2014; Moscatelli et al., 2005). However, changes in the 
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microbial community composition may lead to a shift in a functional response that is not conducive for CUE of 

these tropical secondary forests. What is unclear, is how the presumed plant community-induced abiotic changes in 

the soil can shape the soil microbial community compositional patterns toward improved CUE in regenerating 

secondary forests. 

 

It is now estimated that secondary forests make-up over half of the remaining tropical forests globally (FAO, 2010). 

Yet, our understanding of the main drivers of soil microbial communities along secondary forest regeneration in the 

tropics remains poorly understood, even though this is recognized to be of critical importance (Arroyo-Rodríguez et 

al., 2017; Chassot et al., 2010; 2005; Chassot and Monge, 2012; Chazdon et al., 2016). For this study, the overall 

aim was to characterize various soil abiotic properties, along with patterns of the soil bacterial and fungal 

community composition across a primary and secondary forest gradient in the Northern Zone of Costa Rica. The 

main objective was to determine which soil abiotic factors structure these soil bacterial and fungal communities 

across secondary forests to understand what may be a potential driver of these microbial communities in secondary 

forest succession that is conducive for carbon-use efficiency. To address this, four questions were asked: (i) How do 

various soil abiotic factors and soil microbial biomass C differ across a primary forest, a regenerating secondary 

forest previously used as pasture, and a secondary forest allowed to immediately regenerate following harvest? (ii) 

Are there certain soil abiotic factors that are associated with changes in the soil microbial biomass C patterns across 

these habitats (iii) How do soil bacterial and fungal community composition differ across these forests? (iv) Which 

soil abiotic factors best explain the soil bacterial and fungal community composition structure across these different 

forest types? These comparisons of soil abiotic factors, and soil bacterial and fungal community composition were 

examined from three different upland forest land-use types all originally part of a large single tract of primary forest, 

with the same soil type and topography but have been managed differently in the past ~40 years in Costa Rica. We 

predicted that past land-use history would affect the soil fungal community, and to a lesser extent the soil bacterial 

community given the more fastidious nature of fungal metabolism, such that there would be greater differences for 

soil fungi than bacteria across the habitats. We also predicted that particular soil nutrients, such as forms of 

inorganic N, would be strongly associated in shaping these soil microbial communities across primary and various 

ages of secondary forests. 
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Materials and Methods 

 

Study site  

 

The San Juan-La Selva Biological Corridor (SJLSBC) (Fig. 1.1a) (Cove et al., 2014) was established in 2001 by the 

Costa Rican Ministry of Environment and Energy to connect six protected areas into a single integrated biological 

unit of 1,204,812 ha. in the Northern Zone of Costa Rica to maintain habitat connectivity for biodiversity (Chassot et 

al., 2010; 2005; Monge et al., 2002). This biological corridor initiative is an integral part of a much larger biological 

corridor--the Mesoamerican Biological Corridor (MBC) (Chassot and Monge, 2012). The MBC is a stretch of 

internationally protected land ranging from southern Mexico to Panama to conserve biodiversity and link 

ecologically important habitats (Chassot and Monge, 2012). Due to legal and illegal extraction-based land 

management practices since the 1970’s in the Northern Zone, the SJLSBC was implemented to protect the Northern 

Zone ecosystems (Chassot et al., 2010; Chassot and Monge, 2012). Within the SJLSBC, the Maquenque National 

Wildlife Refuge (MNWR) (10o27’05.7’’N, 84o16’24.32’’W) (Fig. 1.1b) (Cove et al., 2014) was created in 2005 by 

executive decree of the Costa Rican government to protect over 50,000 ha. of humid Atlantic lowland primary and 

secondary tropical forests and other diverse ecosystems such as wetlands (Chassot et al., 2010). This region of the 

SJLSBC conserves the highest percentage of forest cover and contains the most valuable habitats for biodiversity 

(Chassot et al., 2005; Chassot and Monge, 2012), making the MNWR the core nucleus of the SJLSBC for 

biodiversity. The mean annual temperature is 27o C, the mean annual rainfall is 4300mm, and the dominant soil type 

are oxisols (Hartshorn and Hammel, 1994).  

 

Field and soil sampling 

 

This study was conducted in the humid Atlantic lowland rainforests of the MNWR in three distinct upland habitat 

types that were at one point in time all a part of a single tract of primary forest, with the same soil type (oxisol) and 

topography, but have been managed differently in the past ~40 years (total area 500 ha; personal communication). 

The resulting habitats consist of a primary forest that has not been harvested in the known history of the land; a 33-

year-old secondary forest that was allowed to regenerate immediately following deforestation (harvested 33 years 
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ago); and a 23-year-old secondary forest that was cut 33 years ago, used for cattle pasture for ~10 years, and then 

allowed to regenerate into secondary-growth. In July 2014, 6 replicate plots (40 m x 25 m) were established in each 

of the three habitats and distance between these 1,000 m2 plots ranged from 25 m to 200 m. In each 1,000 m2 plot, 9 

soil profile cores (7.5 cm x 15 cm x 1.25 cm) were collected in a grid fashion (Fig. S1.1) from each plot and bulked 

to provide one composite soil sample for each replicate plot (6 plots x 3 habitats = 18 bulked samples). The soil core 

and collection gloves were sterilized with 70% ethanol between each 1,000 m2 replicate plot. This approach to soil 

sampling was to reduce microsite variability given the heterogeneous properties in tropical soils (van der Gast et al., 

2010). Soil pH and percent moisture of these 18 plots were measured at each soil profiler core sample location in 

each of the plots in triplicate readings (3 readings x 9 soil core locations = 27 readings per plot) (Fig. S1.1) with a 

Kelway Soil pH and Moisture meter (Kel Instruments Co., Inc., Wyckoff, NJ, USA). The soil pH and percent 

moisture readings were recorded during the same time of soil sample collection. Elevation of these plots were 

measured with a Garmin Rino 650 (Garmin International, Olathe, KS, USA) GPS. Distance between forest sites are 

as followed: primary forest (10°40'46.21"N, 84°10'42.10"W) and young secondary forest (10°41'7.92"N, 84° 

9'57.30"W) is ~ 1.5 km, primary forest and old secondary forest (10°41'12.56"N, 84°10'15.65"W) is ~1.1 km, old 

and young secondary forest is ~0.55 km. For homogenization, all soil samples were mixed and passed through a 4-

mm sieve at field moist conditions while sterilizing the sieve with 70% ethanol between each of the 18 composite 

soil samples, prior to all downstream analyses. The resulting 18 homogenized composite soil samples were analyzed 

for soil bacterial and fungal community composition and for soil pH, % moisture, C, N, C:N ratio, NH4
+, NO3

-, Cmic, 

and % sand, silt, and clay. 

 

eDNA extraction, PCR amplification, and eDNA sequencing 

 

Environmental microbial DNA (eDNA) was extracted from each of the 18 composite soil samples following 

manufacturer’s protocol from three 0.33g replicate sub-samples for a total of 1g for each soil sample using the 

MoBio PowerSoil DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA). The concentration and 

purity (A260/A280 ratio) of extracted soil eDNA were determined prior to downstream analyses using a NanoDrop 

1000 spectrophotometer (ThermoFisher Scientific, Waltham, MA). All eDNA was stored at -80°C. 
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PCR amplification of eDNA was performed targeting the v3 and v4 of 16S ribosomal RNA gene region for bacteria 

and archaea (Caporaso et al., 2011) and the nuclear ribosomal internal transcribed spacer (ITS) region for fungi 

(Gardes and Bruns, 1993). One fragment of the 16S gene region was amplified by PCR targeting two non-

overlapping variable gene regions v3 (~197 bp) and v4 (~288 bp) using one primer set 16Sv3F (5'-

ACTCCTACGGGAGCAGCAG-3') and 16Sv4R (5'-GGACTACARGGTATCTAAT-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'-CTTGGTCATTTAGAGGAAGTAA-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. Successful amplification 

of the PCR products were visualized on 1.5% agarose gels 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 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).  

 

The 16S Illumina generated sequences were paired-end according to the size of the amplicons using SEQPREP 

software (https://github.com/jstjohn/SeqPrep) requiring a minimum overlap of 25 bp and no mismatches and quality 

filtered and primers trimmed using PRINSEQ v0.20.4 (Schmieder and Edwards, 2011) with a minimum Phred score 

of 20 (99% base call accuracy), a window size of 10 bp, and a step size of 5 bp. The quality filtered sequences were 

denoised by clustering at 99% sequence similarity and chimeric sequences removed from each sample using the ‘de-

novo’ method in USEARCH v7.0.1090 (Edgar, 2010). Subsequent 16S sequence clusters were taxonomically 
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identified using the Ribosomal Database Project (RDP) classifier (accessed on Dec 9th 2014) (Q. Wang et al., 2007) 

with a cutoff value of 95% sequence similarity, resulting in operational taxonomic units (OTUs). Soil bacterial 

OTUs were summarized at the order rank and converted to relative percent proportion of sequences. The relative 

percent proportions were determined by calculating the total number of sequences from each order within that 

subsample, and dividing by the total number of sequences per subsample. Illumina generated forward and reverse 

fragments of ITS sequences were analyzed separately. Forward and reverse ITS sequences were quality filtered and 

primers trimmed using PRINSEQ v0.20.4 (Schmieder and Edwards, 2011) with a minimum Phred score of 10, a 

window size of 10 bp, and a step of 5 bp. The quality filtered sequences were denoised with USEARCH v7.0.1090 

(Edgar, 2010) as described above. Subsequent 99% ITS clustered OTUs were identified using the MEGA-BLAST 

algorithm (Zhang et al., 2000) against a reference library of all ITS sequences downloaded from the GenBank 

Database (downloaded on Jan 15th 2015) with a minimum percent identity of 90, minimum word size of 28, and a 

minimum E-value of 1e-20. Identified soil fungal OTUs were summarized at the family rank and converted to mean 

relative percent proportion of sequences. The relative percent proportions were determined by calculating the total 

number of sequences from each family within that subsample, and dividing by the total number of sequences per 

subsample. All generated sequencing data were submitted to DRYAD (deposited Nov 24th, 2015; 

doi:10.5061/dryad.972tr).  

 

Soil abiotic properties  

 

The soil abiotic properties examined in this study for each of the three habitats included soil pH, % moisture, C, N, 

C:N ratio, NH4
+, NO3

-, Cmic, and % sand, silt, and clay. As aforementioned, soil pH and % moisture were measured 

from each of the 18 plots during the period of soil sample collection. To estimate ToC, TN, NH4
+, and NO3

-, 200 g 

of soil from each of the 18 sieved composite soil samples were delivered to the Center for Tropical Agriculture 

Research and Education (CATIÉ) Laboratories in Turrialba, Costa Rica. At CATIÉ, ToC levels were analyzed via 

dry combustion analysis (Anderson and Ingram, 1993), total nitrogen by the Kjeldahl method and, NH4
+, and NO3

-, 

were measured from 2M KCl extracts using the spectrophotometric methods of Alef and Nannapieri (1995). To 

estimate levels of soil microbial biomass C (Cmic) for the 18 composite soil samples, SIR was used following the 

methods of Höper (Höper, 2006). Substrate-induced respiration for measuring Cmic was preferred as it measures the 
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amount of living microbial biomass C. Soil texture of the soils (% sand, silt, and clay) from each habitat were 

determined using standard methods described in Alef and Nannapieri (1995). All nutrient and microbial activity data 

presented were adjusted for dry weight and bulk density of the soil. 

 

Statistical and multivariate analyses 

 

Prior to analyses, a Shapiro-Wilk test was performed to determine normality of all the data in SPSS (v.25, Armonk, 

NY, USA); all data were p > 0.05, suggesting normality. To determine if measureable differences were occurring 

between mean values of the soil abiotic factors measured across land-use types (i.e. %C, %N, C:N ratio, NH4
+, NO3

-

, Cmic, pH, %moisture, %sand, silt, clay, and elevation), values were compared by analysis of variance (ANOVA) 

followed by post-hoc analyses in SPSS (v.25, Armonk, NY, USA). Levene’s Tests for Homogeneity of Variance 

were performed prior to ANOVA and post-hoc analyses to determine which post-hoc analysis was appropriate for 

each soil abiotic variable of equal and unequal variances assumed. Tukey’s Honestly Significant Difference (HSD) 

post-hoc analysis was used for C, N, C:N, pH, moisture, elevation, and % sand, silt, and clay, whereas the Dunnett’s 

T3 post-hoc analysis was used for NH4
+, NO3

-, and Cmic due to unequal variances. Tukey’s HSD post-hoc analysis 

was used when equal variances assumed and Dunnett’s T3 post-hoc analysis was used when unequal variances 

assumed.  

 

All multivariate analyses were performed in PRIMER-E 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 transformed using the log (x + 1) transformation to correct for skewness and then the data 

were standardized using the ‘normalize’ parameter in PRIMER-E (Anderson et al., 2008; Clarke and Gorley 2006). 

Soil bacterial and fungal community composition patterns were analyzed separately. The strength of the association 

between the data set results and the hypothesis that the soil bacterial and fungal communities are unique between the 

three habitats (the significance of taxonomic group clustering within the habitats) were determined using a 1-way 

(with habitat as the factor) permutational multivariate analysis of variance (PERMANOVA) with main and pair-

wise tests based on unrestricted permutations (9,999 permutations). This was performed on the fourth root 
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transformed soil bacterial and soil fungal community Bray-Curtis dissimilarity resemblance matrices (Clarke, 1993). 

The PERMANOVA results of the soil bacteria and soil fungal community composition among land-use types were 

considered significant, if p < 0.05. A Canonical Analysis of Principal Coordinates (CAP) was used to visualize the 

distinctness of the soil bacterial and fungal community composition across the three habitats using the 

PERMANOVA+ guidelines (Anderson et al., 2008; Anderson and Willis, 2003). The CAP performs like a 

generalized discriminant analysis but can be performed on any distance measure of choice (Anderson et al., 2008; 

Anderson and Willis, 2003). The CAP utilizes a cross-validation procedure to allocate the samples according to the a 

priori groups, about how distinct the groups are and how well the axes discriminate among the groups (Anderson et 

al., 2008; Anderson and Willis, 2003). For example, an allocation success of 100% (i.e. 0% misclassification error) 

means the CAP was able to correctly allocate (discriminate) all samples to their appropriate groups, suggesting the 

groups are very distinct. Strong differences in the soil bacterial and fungal community composition between the 

habitat groups are represented by CAP axis 1 and CAP axis 2 squared canonical correlations greater than or equal to 

0.7 and moderate differences are represented by squared canonical correlations greater than or equal to 0.5-0.69 

(Anderson et al., 2008; Anderson and Willis, 2003). 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). 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.  

  

A distance-based linear model (DistLM) approach was used to identify which soil abiotic variables predict the 

multivariate patterns of soil bacterial and fungal communities across the land-use types (Anderson et al., 2008; 

Clarke and Gorley, 2006). The DistLM is a distance-based multivariate multiple regression that performs a series of 

partitionings to test hypotheses and build models by conducting marginal and sequential tests. The marginal tests are 

used to identify how much each predictor variable explains when taken alone, ignoring all other variables and does 

not include any corrections for multiple testing. The DistLM sequential tests are conditional tests of individual 

predictor variables done in the order specified and each test examines whether adding that particular variable 

contributes significantly to the explained variation to take into account the covariance between the predictor 

variables.  
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The DistLMs were performed separately for both the soil bacterial and fungal community using a step-wise 

selection procedure and an AICc (Akaike’s Information Criterion Corrected) selection criterion with 9,999 

permutations (Akaike, 1978). The step-wise procedure begins with a null model, then seeks to add a variable that 

will improve the selection criterion, until the model attempts to improve the criterion by removing a variable. 

Similarly, the ‘forward’ selection procedure also starts with a null model; however, the model will add one variable 

at a time then chooses the variable at each step that results in the greatest improvement of the model. In contrast, the 

‘backward’ selection procedure will start with the full model and will eliminate one variable at a time and then 

chooses the variable that results in the greatest improvement of the model. Moreover, as suggested by Anderson et 

al. (2008), if the number of samples (N) is small relative to the number of predictor variables (v) (small is 

considered: N/v < 40) (Burnham and Anderson 2002) , as in this study (18 samples/9 predictor variables = 2), the 

AICc selection criterion is recommended. The AIC (An Information Criterion) selection criterion was found to 

perform poorly in scenarios of a low N/v ratio (Hurvich and Tsai, 1989; Sakamoto et al., 1986; Sugiura, 1978). The 

R2 selection criterion was avoided as the major drawback to this approach is that as the number of variables 

increases, the R2 value will also increase; whereas the AICc selection criterion does not improve with an increased 

number of predictor variables in the model and will add a penalty for increases in the number of predictor variables 

(Anderson et al., 2008).   

 

The DistLM marginal tests were performed individually for all soil environmental variables in a stepwise procedure 

to test for potential relationships between these and biological multivariate data, where the model will add a variable 

to improve the selection criterion, followed by removing a variable in order to also, improve the criterion. Sequential 

tests were then conducted to find the best combination of environmental variables that account for the variation seen 

in the biological multivariate data cloud and is identified as the overall best solution. This was based on the same 

soil bacterial and fungal biological fourth root transformed and resemblance matrices and log (x + 1) transformed 

environmental data (normalized). Distance-Based Linear Modeling marginal and sequential tests were considered 

significant, if p < 0.05. These DistLM sequential test 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 explains 

the greatest variation in the data cloud (Anderson et al., 2008; Legendre et al., 1999).  
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Furthermore, a Principal Coordinate (PCO) Analysis was used to examine the overall patterns of the soil Cmic data 

across the habitats. Pearson correlations were then performed of the individual soil abiotic variables with PCO axes 

to explore potential soil abiotic properties associated with the soil Cmic patterns. To further test these relationships, a 

DistLM was performed (using the same procedures as aforementioned) to determine the relationship between the 

changes in soil Cmic structure with the individual soil abiotic variables across the primary forest, young secondary, 

and old secondary forest. This was then visualized using a distance-based redundancy analysis (dbRDA). Prior to 

these analyses, the soil Cmic data were square-root transformed and then transformed into a Euclidean distance 

resemblance matrix.   

  

Results 

 

Soil abiotic properties 

 

For all three habitats, significant differences were only present for NH4
+ and Cmic (p < 0.05) (Table 1.1). Levels of 

NH4
+ differed across land-use types (F2,15 = 11.74, p = 0.001) and were greatest in the young secondary forest (14.7 

µgN/g ± 1.2), intermediate in the primary forest (11.9 µgN/g ± 0.69), and least in the old secondary forest (9.1 

µgN/g ± 0.47) (Table 1.1). The greatest differences of NH4
+ concentrations were between the old secondary and 

young secondary forest soils (p = 0.009), followed by the primary forest and old secondary forest soils (p = 0.026) 

(Table S1.1). There were no significant differences in NH4
+ concentrations between primary forest and young 

secondary forest soils (p = 0.168) (Table S1.1). Microbial biomass C (Cmic) differences were significant across land-

use types (F2,15 = 7.8, p = 0.005) with the primary forest having the greatest concentration (851.92 µgC/g ± 94.05), 

intermediate in the old secondary forest (614.09 µgC/g ± 19.22), and least in the young secondary forest (532.24 

µgC/g ± 36.84) (Table 1.1). The greatest differences observed in Cmic levels, occurred between the primary and 

young secondary forest soils (p = 0.047), however, Cmic levels did not differ between primary forest and old 

secondary forest soils, and between old and young secondary forest soils (p > 0.05) (Table S1.1). No significant 

differences were detected for soil C, N, C:N, NO3
-, pH, moisture, and elevation, as determined by ANOVA (all p > 

0.05) (Table 1.1) followed by post-hoc analyses (all p > 0.05) (Table S1.1). Furthermore, land management in this 
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area appears to have not disrupted the soil texture properties as percent sand, silt, and clay were not significantly 

different among the three forest types (p > 0.05) (Table 1.1). 

 

The Pearson correlations with the PCO axes (Fig. 1.2) showed that soil NO3
- was positively moderately correlated 

with soil Cmic (|r| = 0.50) across the primary, old, and young secondary forest soils, whereas soil C, N, C:N ratio, 

NH4
+, pH, moisture, and elevation were positively weakly correlated with soil Cmic (|r| < 0.35) across the forest types 

(Table S1.2). The DistLM marginal tests were significant for NO3
- and this was also the best predictor soil variable 

significantly related to the soil Cmic (Pseudo-F = 5.3721 p = 0.0331, AICc = 45.013) patterns across the forest types 

(Table 1.2a). Soil NO3
- accounted for 25.14% of the total variation observed in these soil Cmic patterns across the 

primary, young secondary, and old secondary forests (Fig. 1.3).  

 

Soil bacterial community composition 

 

A total of 1,179,336 bacterial sequences were generated across all samples representing 113,341 bacterial OTUs that 

were then organized taxonomically at the order level to produce 331 taxonomically assigned OTUs. The results of 

the PERMANOVA showed the differences in the soil bacterial community composition by habitat were somewhat 

small but mostly significant and biologically important (Table 1.3a). The dissimilarity in soil bacterial community 

composition between the primary and old secondary was 13.1% (Pseudo-F = 1.317, p = 0.0057, d = 0.541) (Table 

1.3a). The soil bacterial community composition of the primary forest and young secondary forest was the least 

dissimilar in composition at 5.04% and were not significantly different in soil bacterial community composition 

(Pseudo-F = 1.0535, p = 0.38, d = 0.4839) (Table 1.3a). The young and old secondary forest soil bacterial 

communities were the most dissimilar at 13.21% (Pseudo-F = 1.3644, p = 0.005, d = 0.5506) (Table 1.3a). The 

results of the CAP analysis indicated that the soil bacterial community composition of the three habitats are mostly 

different from one another (Fig. 1.4). The CAP axis 1 squared canonical correlation was 0.8607, indicating a very 

strong difference in the soil bacterial community composition between the old secondary forest soil and primary 

forest soil, and between the old secondary forest soil and young secondary forest soil. The CAP axis 2 coordinate 

correlation was 0.479, indicating a slightly less than moderate difference in the soil bacterial community 

composition between the primary forest soils and young secondary forest soils (Fig. 1.4). The Distance-Based 
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Linear Modeling marginal tests were not significant for any of the soil abiotic properties (Table 1.2b). The DistLM 

sequential tests indicated NH4
+ could be a potential variable, but the DistLM sequential tests confirmed there was no 

verified best solution as including or excluding NH4
+ did not improve the results of the overall model, was not 

significant (including NH4
+: Pseudo-F = 1.3992, p = 0.3159, AICc = 89.22; excluding NH4

+: Pseudo-F = 1.3992, p = 

0.33, AICc = 88.18) (Table 1.2b), and accounted for only 8% of the total variation observed in the soil bacterial 

community composition (Fig. S1.2).  

 

The top five bacterial orders represented across land-use types were Acidobacteria Grp 1, Grp 3, Rhizobiales, 

Spartobacteria, and Acidobacteriales (Table 1.4). The largest differences in the relative percent proportion (RPP) of 

the soil bacterial orders between habitats were found in the representatives from Sphingomonadales (13.3% RPP in 

the older secondary forest vs. about 0.2% RPP in the other two habitats). In contrast, the RPP of Acidobacteria 

(consisting of Grp 1, Grp 2, Grp 3, Grp 5, and Acidobacteriales) were most abundant in the primary and young 

secondary, and least abundant in the old secondary forest soils. The RPP of Burkholderiales were most abundant in 

the primary forest, then young secondary forest, then the old secondary forest (5.10%, 2.36%, 3.93%), while that of 

Verrucomicrobia (consisting of the orders, Spartobacteria and Subdivision 3) were most abundant old secondary 

forest soils (11.72% and 5.27%, respectively) and least in primary and young secondary forest soils (Table 1.4). In 

addition, Rhizobiales and Planctomycetales had the greatest RPP in the old secondary forest soil (13.01% and 

2.87%, respectively) followed by that in the primary forest and young secondary forest (7.24% and 7.45%, and 

0.92% and 0.84%) (Table 1.4). 

 

Soil fungal community composition 

 

A total of 2,411,927 fungal sequences were generated across all samples representing 39,504 fungal OTUs that were 

then organized taxonomically at the family level to produce 425 taxonomically assigned OTUs. The results of the 

PERMANOVA showed the differences in the composition of the soil fungal community composition across the 

habitats were significant and biologically important (Table 1.3b). The dissimilarity in fungal community 

composition between the primary and old secondary was 27.34% (Pseudo-F = 3.2285, p = 0.0018, d = 0.847) (Table 

1.3b). The soil fungal communities of the primary and young secondary were the least dissimilar in composition at 
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24.68% and this was not statistically significant, however, given the Cohen’s d value of ~0.64, this could still 

suggest a moderate biologically important difference (Pseudo-F = 1.8139, p = 0.0665, d = 0.6349) (Table 1.3b). The 

young and old secondary forest soil fungal communities were the most dissimilar at 28.60% (Pseudo-F = 4.1181, p 

= 0.0034, d = 0.9566) (Table 1.3b). The results of the CAP analysis indicate that the fungal communities of the three 

habitats are clearly distinguishable from one another (Fig. 1.5). The canonical correlations are very strong, 

indicating the strength of the relationship, supports the hypothesis that land management has an effect on the soil 

fungal community composition. The CAP axis 1 squared canonical correlation was 0.9371, indicating a very strong 

difference in the soil fungal community composition between the primary forest soils and young secondary forest 

soils, and between the old secondary forest soils and young secondary forest soils (Fig. 1.5). The CAP axis 2 

squared canonical correlation was 0.8775, also indicating a very strong difference in the soil fungal community 

composition between the primary forest soils and the old secondary forest soils (Fig. 1.5). The soil fungal 

community composition DistLM marginal tests were significant for N, NH4
+, and NO3

- (Table 1.2c) but the DistLM 

sequential tests found that NO3
- best explained the soil fungal community composition patterns across the three 

land-use types (Pseudo-F = 3.95, p = 0.0001, AICc = 104.89) (Table 1.2c) and NO3
- accounted for 19.8% of the total 

variation observed in the soil fungal community as visualized by a distance-based redundancy analysis (Fig. 1.6). 

 

The top five fungal families represented across habitats were Mortierellaceae, Nectriaceae, Hypocreaceae, 

Gomphaceae, and Xylariaceae (Table 1.5). The largest differences in the soil fungal groups between habitats were 

found in the RPP of Mortierellaceae and Xylariaceae. The RPP of Mortierellaceae were greatest in the primary 

(36.01%), followed by the young secondary forest (27.66%) and least in the old secondary forest soils (18.31%) 

(Table 1.5). Similarly, Xylariaceae had the greatest RPP in the primary (9.87%), and least in the old and young 

secondary forest soils (0.54% and 0.26%, respectively) (Table 1.5). The young secondary forest soils had the 

greatest RPP of Nectriaceae (38.17%) and Hygrophoraceae (8.79%), whereas the old secondary forest soils had the 

least RPP of Nectriaceae (4.45%) and levels of Hygrophoraceae sequences (2.08%) to that found in the primary 

forest soils (2.95%) (Table 1.5). In contrast, the RPP of sequences from Hypocreaceae, Hygrophoraceae, 

Gomphaceae, Glomeraceae, Metschnikowiaceae, Aspergillaceae, Kickxellaceae, Annulatascaceae, 

Rhizophydiaceae, and Baeomycetaceae were greatest in the old secondary forest soils (Table 1.5).   
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Discussion 

 

The idea that land-use change will bring about changes in plant community composition and therefore substrates 

entering the soil, and thus altering the soil microbial communities, is not necessarily new. However, which abiotic 

factors appear to structure soil microbial communities across secondary forests and how this is related to soil Cmic 

and thus C-use efficiency, has not been extensively explored in the tropics. Here we provide evidence that, indeed, 

various stages of secondary forests and a primary forest have different soil bacterial and fungal community 

composition and these communities appeared to be driven by inorganic N levels across forest types. We also provide 

evidence that shows enhancement of carbon-use efficiency (i.e. soil Cmic) and the increasing capacity for the soil to 

serve as a C-sink in regenerating tropical forest soils may take longer than we realized. Furthermore, the inorganic N 

could be a potential factor in structuring soil Cmic and the C-use efficiency. This study only surveyed one area of the 

MNWR, and therefore, a greater number of sites will need to be surveyed in order to generalize these findings across 

all similar land-use types in the Northern Zone of Costa Rica. Nonetheless, this study supports the idea that these 

secondary forests have great potential to recuperate the soil C-use efficiency, as linked to the changes within the soil 

microbial communities and abiotic factors. The implications of these findings reveal that soil inorganic N may be 

important for soil microbial community composition in facilitating improved soil C-use efficiency in tropical 

lowland secondary forests. However, the complex interactions occurring in the above and belowground communities 

in this region and their potential for enhancing C-use efficiency along a successional gradient still warrants much 

more investigation. 

 

Differences in soil inorganic N and soil Cmic across the forests 

 

Even though we did not find any significant differences in the mean values in most of the soil abiotic factors 

measured, we did find that soil NH4
+ and soil Cmic levels were significantly different across our habitats. This 

suggests that the standing pools of soil nutrients and various site factors (e.g. soil pH, moisture, etc.) do not change 

much, but rather the more transient soil nutrient pools are affected. As these soils were of the same type prior to 

clearing, and the managed lands are under-going secondary succession, not primary succession, it is not a surprise 

that there were few differences in most of the soil edaphic characteristics between sites. During secondary 
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succession, if the damage done does not remove the top soil layers (i.e., O, A, and B), the basic edaphic 

characteristics of soils will often remain similar. Since most of the microbial-based activity occurs in these soil 

layers, most of the soil abiotic fluctuations are associated with continuous changes in the labile, transient nutrient 

pools, as opposed to the basic soil edaphic properties.  Although maintaining the top soil layers is a common 

strategy used during tree harvesting in the region, the logging roads created for the trucks to remove the trees does 

remove the top layers from soil resulting in primary soil succession. This would, presumably, have a greater impact 

on the edaphic characteristics of the soil of recent logging roads to those of adjacent, intact forest. Thus, unless there 

are major, severe disturbances, such as the removal of top soil, various soil properties and standing pools of nutrients 

do not change much. We observed that during later stages of forest succession (i.e. the old secondary forest soils) 

soil NO3
- was typically high and soil NH4

+ was low. The opposite of this pattern occurs during the early stages of 

forest regeneration. Thus, in these habitats soil NH4
+ levels tend to decrease while soil NO3

- concentrations, and are 

possibly related to increases or decreases in leguminous vegetation along the forest regeneration site (Booth et al., 

2005; Feldpausch et al., 2004; Gehring et al., 2005). One could speculate that there was an increased amount/activity 

of N-fixing bacteria and a decreased amount/activity of nitrifying bacteria in the young secondary forest, since those 

soils had the greatest amount of ammonium and least amount of nitrate. In contrast to the young secondary soils, the 

old secondary soils had the least amount of ammonium and greatest amount of nitrate, which could argue for 

increased amounts/activity of nitrifying bacteria. However, given that we only measured the standing pools of soil 

NH4
+ and NO3

-, it is difficult to discern whether these differences in soil NO3
- and NH4

+ levels are the result of an 

increase or decrease in N-fixation and nitrifying activities. Therefore, it would be of interest to measure rates of N-

fixation and ammonium-oxidation in the future to confirm this.  

 

The soil Cmic levels followed an increasing trend moving from young, to old secondary forest, to the primary forest.  

This trend shows that even after 33-years of forest regrowth, secondary forests do not accrue as much soil Cmic as a 

primary forest, but also that soil Cmic does have the potential to increase toward an enhanced C-use efficiency. Yet, 

this may take longer than we realized. The soil Cmic pattern here is consistent with other observations that the soil 

microbial biomass C tends to increase with forest succession as the degradation of complex carbon and recalcitrant 

molecules also increases (Bossio et al., 2005; Carney et al., 2004; Jia et al., 2005). Increases in these complex 

decomposition activities typically occurs when forest understory vegetation and soil biota increase in abundance and 
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diversity during succession, resulting in an increased accumulation and complexity of organic debris on the forest 

floor (Eaton, 2011; Eaton et al., 2010; Feldpausch et al., 2004; Jia et al., 2005; Schwendenmann and Veldkamp, 

2006). However, the amount of stored soil Cmic is often determined by the amount of plant litter diversity and 

complexity. Recalcitrant residues such as lignin and cellulose, come from woody plant debris, are more difficult to 

break down, and typically contribute to and enhance the soil Cmic; whereas, the degradation of more labile forms of 

C are mineralized and respired back as CO2. Indeed, the soil Cmic is also likely related to certain groups of soil 

microbes (discussed later). As such, it is quite possible the secondary forests in this study may not have as much 

woody plant biomass as the primary forest. Thus, even though a forest may look like a forest, this does not 

necessarily mean that a young secondary forest is effectively removing CO2 and storing C in its soils as efficiently 

as primary forest soils. This could also indicate that a young secondary forest is no better at storing soil C in 

comparison to a cleared forest site converted to pasture and highlights the need to not equate aboveground biomass 

to belowground biomass with respect to CUE. Therefore, it would be of great value in the future to measure the 

qCO2 and rates of biomass development (Anderson, 2003) to corroborate this finding. 

   

Differences in the soil bacterial and fungal community composition  

 

Our results demonstrated that the soil bacterial and fungal community composition were mostly significant across 

our land-use types, and this is consistent with similar studies in the tropics (da Jesus et al., 2009; Lee-Cruz et al., 

2013; McGuire et al., 2015; Rampelotto et al., 2013; Rodrigues et al., 2013; Tripathi et al., 2012) and subtropics 

(Cong et al., 2015; Wu et al., 2013). However, two interesting distinctions in this study are that, (1) the soil bacterial 

communities of the primary and young secondary forest soils were clustered together, while that of the old 

secondary were more unique, and (2) the greatest percent dissimilarity between forest sites in soil bacterial 

community composition was only 13.2%, while for fungi the greatest percent dissimilarity between forest sites was 

28.6%. This indicates that the soil bacterial community studied here, may not be as sensitive to changes in secondary 

forest soil development as the soil fungal community. Soil bacterial populations have been shown to be more stable 

than fungi, unless there are dramatic environmental perturbations or changes. There are certainly long standing, 

logical theories as to why soil bacterial community structure may be more stable than fungal communities. For 

example, bacteria can quite often change expression of different genes for different metabolic pathways, depending 
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on what is available for use in the environment (Malik et al., 2017). Thus, unless there is a very dramatic disturbance 

in a forest system, the soil bacteria are less likely to be affected by intermediate level disturbance. In contrast, soil 

fungi are more dependent on specific substrate types and quality for biomass development (de Boer et al., 2005; 

Sinsabaugh, 2010; van der Wal et al., 2006). Land-use change can lead to changes in the plant community, which 

would then lead to changes in plant litter quality and associated substrate composition (Banning et al., 2011). For 

example, it has been known for some time that many fungi need the various recalcitrant residues such as lignins and 

celluloses to build more biomass (de Boer et al., 2005; Guggenberger et al., 1995; Sinsabaugh, 2010; van der Wal et 

al., 2006). Therefore, this could be why there was less of a difference in the soil bacterial community composition 

than the soil fungal community composition across the primary forest and two secondary forests. Overall, our results 

support the finding that even after 33-years of forest regeneration this can lead to the development of different soil 

bacterial and fungal community composition across primary and secondary forests that is most likely associated with 

changes in the vegetation community.  

 

The current study showed similar results to others (Lee-Cruz et al., 2013; Rampelotto et al., 2013) in that certain 

groups of bacterial taxa appeared to be affected by land-use change.  In our case, this included the soil bacteria 

involved in the degradation of recalcitrant residues (e.g. lignin, hemicellulose, and cellulose), and those associated 

with N cycle activity. For example, representatives from both the Sphingomonadales and Actinomycetales found in 

this study have been associated with lignocellulose and exopolysaccharide decomposition (Asina et al., 2016; de 

Gonzalo et al., 2016; Wang et al., 2016), and Actinomycetales have also been linked to forest humus formation 

(Smith et al., 2014; Wohl and McArthur, 1998; Zimmermann, 1990), and both groups had the greatest relative 

proportion of sequences in the old secondary forest soils. It has been known that as forest soils develop during 

succession, recalcitrant residues and humus formation tends to increase, and this may be why there were greater 

abundances of these two groups in the older secondary forest soils than the younger secondary and primary forest 

soils. In addition, Rhizobiales were twice as abundant in the old secondary forest than the primary forest and young 

secondary forest. Many groups of Rhizobiales are N-fixers, either free-living or symbiotic. It is presumed that N-

fixing symbionts are more efficient at N-fixation than free-living N-fixers. This could explain why there was less 

NH4
+ but more Rhizobiales in the old secondary forest soils. However, the reason for this could be a compensatory 
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affect. Free-living Rhizobiales (or other free-living N-fixers) could be compensating for the lack of a dominant N-

fixing plant species, P. macroloba, in the old secondary forest (McNulty and Barry, 2009; Quirós-Brenes, 2002).  

 

The different forest types appear to have also affected soil ECM and fungal complex-carbon decomposers. The old 

secondary forest had the greatest cumulative proportion of soil ECM (Gomphaceae, Hygrophoraceae, and 

Tricholomataceae) (Dokmai et al., 2015; Seitzman et al., 2017; Smith et al., 2011), but had the least cumulative 

proportion of complex carbon decomposing fungi (Annulatascaceae, Arachnomycetaceae, Kickxellaceae, 

Marasmiaceae, Mortierellaceae, Rhizophydiaceae, and Xylariaceae) (Cannon and Kirk, 2007; Lavelle and Spain, 

2005; Liers et al., 2011; O'Donnell, 1979; Tang et al., 2009) (Fig. S1.3). In contrast, the primary forest had the 

greatest cumulative proportion of complex-carbon decomposing fungi (Annulatascaceae, Arachnomycetaceae, 

Kickxellaceae, Marasmiaceae, Mortierellaceae, Rhizophydiaceae, and Xylariaceae), followed by the young 

secondary forest, and had similar abundance of soil ECM to that of the young secondary forest soils (Fig. S1.3). This 

suggests that in the later stages of secondary forest development, soil ECM increase in abundance, and the complex 

C degrading fungal group abundances decreases. In addition, as the forests change along a trajectory toward 

developing the homeostasis between soil microbial groups that would exist in the more established primary forest, 

the complex C degrading fungal groups increase and soil ECM abundances decreases, which has been previously 

observed in other forests (Berg, 2000; Twieg et al., 2007). These findings could be explained by the levels of soil 

NO3
- and the soil litter quality and quantity in the different habitats. Quite often, forms of inorganic N can stimulate 

the development of ECM fungi, while inhibiting lignaceous degradation by soil microbial groups (de Vries et al., 

2007; DeForest et al., 2004; Hobbie, 2008; Knorr et al., 2005; Sinsabaugh, 2010). Consistent with this pattern, in 

this study, as nitrate increases during secondary forest soil development, there is also an increase in the ECM fungi, 

and a decrease in the complex carbon decomposer fungal groups. If soil NO3
- is, in fact, effecting particular groups 

within the fungal community, this could be a direct result of changes in the composition of the leguminous 

vegetation community that occurs along a successional gradient and should be examined in the future.   

 

Given the results of the changes in the different soil bacterial and fungal taxa and changes in soil Cmic, it is quite 

possible that what was observed in this study was the result of the fungal complex carbon decomposers becoming 

more dominant than the bacterial groups as succession occurs in the soils over time, as has been demonstrated to 
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occur elsewhere for some time (de Boer et al., 2005; Guggenberger et al., 1995; 1994; Guggenberger and Zech, 

1999; van der Wal et al., 2006; Wu et al., 2013). The old secondary forest soils had greater amounts of soil bacterial 

groups known to breakdown aromatic compounds (22.1%) than either of the other habitats, and the primary forest 

soils had less abundance of complex C bacterial decomposers (13.6%), but more fungal complex C decomposers 

(53.6%) known to be more efficient in the decomposition of lignin and cellulose than bacteria. Consistent with an 

earlier stage of soil succession associated with plant succession, the young secondary forest soils had the least 

amount of bacterial (11.5%) and fungal (40.8%) complex C decomposers, and far less combined levels of bacterial 

and fungal groups associated with complex carbon decomposition than in the old secondary and primary forest soils 

(52.3% vs. 67.2% and 63.0%) (Fig S1.3). This suggests changes in the soil biota occur from less, to more diverse, to 

more efficient complex C decomposers in the soils across the forest successional gradient studied. The current study 

showed that there were greater proportions of DNA sequences, collectively, from the combined bacterial and fungal 

microbes that degrade complex carbon compounds, and greater Cmic occurring along the land management gradient 

in a trajectory towards the characteristics found in primary forest. The soil Cmic concentration patterns observed in 

this study (an increasing level going from young secondary, to old secondary, to primary forest, as forest soil 

succession occurs), for the most part, paralleled the composition of the complex organic C decomposer communities 

in the soils. Given this overall pattern, these data suggest there is a relationship between the complex carbon 

degrading bacteria and fungi and Cmic that may be occurring along the land-use gradient studied as a result of the 

land management practices. These results suggest an increasing capacity for secondary forests to accumulate more 

soil microbial biomass, and thus, possibly developing efficient carbon-utilization in soil, over time. 

Determinants of soil Cmic and soil microbial community composition  

 

Our finding that soil NO3
- is a potential driver of the soil Cmic patterns suggests that the NO3

- is a critical component 

for enhancement of C-use efficiency in these tropical lowland secondary forest soils, which is likely due to the 

importance of inorganic N in the growth and development of all microbial and plant cells. Variations in plant 

diversity have been associated with changes in levels of soil carbohydrates, lignin, and inorganic N, which, 

collectively effect the soil microbial community composition and, thus, the soil organic C (SOC) levels and 

productivity (Anderson, 2003; Bradford et al., 2013; Guggenberger et al., 1995; 1994; Guggenberger and Zech, 

1999; Moscatelli et al., 2005). The soil inorganic N stimulates increased production of more labile root-derived 
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carbohydrates by plants, which is used by the bacterial community for catabolic and anabolic metabolism, and also 

enhances the synthesis of the enzymes (such as laccase) needed by the soil fungi (and some bacteria) to degrade 

lignin (de Boer et al., 2005; Guggenberger et al., 1995; Sinsabaugh, 2010; Sinsabaugh et al., 2002; 2004). Thus, the 

current results strongly suggest that the implications of how land management effects the levels of NO3
- , soil Cmic 

and CUE in recovering tropical forests are important and deserve much more attention.  

 

We did not find a significant relationship with any of the individual soil variables in structuring soil bacterial 

community composition. Although ammonium was selected from the DistLM sequential tests as the best predictor 

variable in structuring the soil bacterial community composition, this was not significant (p > 0.05) and only 

accounted for 8% of the total variation observed in the soil bacterial community. Our results contradict many studies 

in that, soil pH was not a determinant of the soil bacterial composition (Castro et al., 2010; Fierer et al., 2009b; 

Freedman and Zak, 2015; Högberg et al., 2006; Lauber et al., 2008; Lee-Cruz et al., 2013; Sait et al., 2006; Tripathi 

et al., 2012). However, it is quite possible that there is a soil variable strongly related to the soil bacteria that we 

have not measured, or that soil bacteria can be more resilient to environmental changes than fungi (as 

aforementioned). In contrast to the soil bacteria, the soil fungal community composition was structured by soil NO3
-. 

Even though soil NO3
- only accounted for 25% of the total variation seen in the fungal community patterns, NO3

- 

still appears to be an important factor in shaping soil fungal community composition toward enhanced soil CUE 

over time (as indicated by the associated increasing trend of soil Cmic. The results found in the current study, could 

be explained by the differences in the N-fixing plant community (though not directly tested for), that would then 

lead to changes in the potential inputs of inorganic N via root exudation and rhizodeposition, and also from 

specialized ammonium-oxidizing and N-fixing microbes (both free-living and root nodule symbionts). The different 

forms of inorganic N are important for amino acid build-up and protein synthesis of enzymes that can break down 

recalcitrant substrates, such as the laccase and peroxidase enzymes that are used for lignin-degradation, which 

results in more complex decomposition activities and enhancement of biomass. Consequently, a decrease in the 

levels of soil NO3
-could result in a decrease in the amount or activity of enzymes used for degrading recalcitrant 

compounds, thus, leading to a reduction in biomass. Thus, soil NO3
- may be important in structuring soil fungal 

community composition such that this may facilitate (or conversely, not facilitate) more Cmic and thus C-use 

efficiency, along secondary forest succession in this area of Costa Rica.  
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There is certainly other supporting evidence for biogeochemical factors structuring soil fungal communities (Cline 

and Zak, 2015; 2013; Lauber et al., 2008), but there is mixed evidence of which specific soil abiotic factor shapes 

these communities. For example, in a study that replicated land-use type (hardwood and pine forests, and cultivated 

and livestock pasture land) found that extractable P concentrations and soil C:N ratios strongly correlated with soil 

fungal community composition (Lauber et al., 2008). Similarly, another study across a glacier chronosequence in 

Michigan found support for soil pH, ambient N deposition, and litter biochemistry to structure soil fungal 

communities (Cline and Zak, 2013). Thus, the roles of specific soil abiotic factors in shaping soil fungal community 

structure appears to be different across different types of landscapes.  

 

There were two interesting observations of the vegetation communities within the young and old secondary and 

primary forests (and the DistLM results here) which may suggest that plant functional type may have a greater effect 

on the soil microbial community structure than plant diversity. In a previous study by Shebitz and Eaton (Shebitz 

and Eaton, 2013), a plant community survey was conducted in the same primary and young secondary forest sites as 

used in the current study, and it was found that the primary forest had greater plant diversity than the young 

secondary forest. Thus, if just increased plant diversity were a more critical driver of soil bacterial and fungal 

communities, then the plant diversity work of Shebitz and Eaton (Shebitz and Eaton, 2013) would suggest that, the 

soil bacterial and fungal community composition should be different between these two forest soils examined in the 

current study. This was not the case, as the soil bacterial communities were similar in the two soils, and the soil 

fungal community was only marginally different. This opens the consideration that important plant functional 

groups may be more critical than simply plant diversity for driving the soil microbial community structure and soil 

Cmic. Two separate studies conducted in all three forest sites used in the current study observed that the primary and 

young secondary forests contain similar amounts of a dominant native N-fixing tree, Pentaclethra macroloba, 

however, the old secondary forest did not contain any representatives of this tree (McNulty and Barry, 2009; Quirós-

Brenes, 2002). It could be, then, that this important plant functional type is more important in structuring the soil 

microbial communities across forest regeneration in these sites. However, it is certainly probable that other soil 

biotic and abiotic factors that we did not measure, may also be having an influence on the soil microbial 

communities across forest types.  
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Conclusions 

 

It is noteworthy to mention that soils in all forest sites were classified as oxisols, had the same topography, had no 

significant differences in soil texture and most of the standing pools of soil nutrients measured, and at one time were 

all part of a single large region of upland primary forest (according to regional natural resource managers). This 

experimental design did not eliminate, but did minimize, confounding factors that can exist when comparing habitats 

of different origins or soil make-up due to the common origin of all habitats studied. Thus, this minimizes the 

possibility of the differences observed in soil microbial community compositions being due to differences in soil 

type or other confounding variables. Similar studies have not been able to minimize potential confounding variables 

such as pH, percent moisture, and percent sand, silt, and clay. This makes it difficult to parse out potential drivers, as 

both land-use change and differences in soil edaphic characteristics between sites, can cause changes in the soil 

biotic communities. It is certainly possible, for example, that large differences in pH, or extreme levels of pH (i.e., < 

4.5), may provide the environmental envelope or range of pH levels within which certain groups of microbes might 

be able to survive, but that more narrow pH ranges, such as found in this study between pH 5.2-5.8, may not be a 

driver of soil microbial differences.  

 

The role of soil conditions in structuring community composition during forest succession such that it is conducive 

for improved C-use efficiency has rarely been explicitly assessed in these ecosystem types in the tropics. Changes in 

the plant communities (as a result of land-use modifications) have been known as a driving force in shaping 

microbial communities. The compositional differences in the soil bacterial and fungal communities in this study 

demonstrate the persistent effects of land management even after 33-years of natural forest regrowth. It is clear that 

secondary forest regrowth is associated with compositional changes in soil microbial communities associated with 

different functional responses, which in this case, improved C-use efficiency. However, it has taken more than 30 

years of natural forest regeneration to reach levels somewhat similar to that of a primary forest. Given that inorganic 

N was structuring the soil microbial communities and soil Cmic (and that soil Cmic does appear to be heading toward 

similar levels to that of a primary forest), inorganic N could be important in early stages of development of 

secondary forests, having a crucial role in structuring soil microbial community and Cmic, which facilitates improved 

CUE in these tropical secondary forests. This is consistent with other notions of N being important in lowland 
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tropical secondary forests. With this in mind, it may be worth exploring the use of N-fixing legumes as a 

remediation strategy in this area. 

 

As loss of tropical biodiversity continues to increase, managing tropical secondary forests is of current importance, 

as these mosaics of forest regrowth are prime candidates to serve as biological refuges for maintaining tropical 

biodiversity and for C-sequestration. Thus, the need to understand the soil microbial drivers of successional 

trajectories is a key priority in understanding how past land-use history has affected local biota in these forests, 

especially if we are to understand, and possibly predict, climate feedbacks from global atmospheric change. This 

study is a first step in understanding these types of mechanisms in this region. However, subsequent studies should 

include the assessment of soil invertebrates (especially those that are directly interacting with bacteria and fungi) 

along with bacteria and fungi, as different trophic levels may or may not be responding in a parallel manner to that 

of soil microbial communities. 
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Tables and Figures 
 
Table 1.1 Mean values and standard errors of the soil abiotic properties across a primary forest, an old (33-year-old) 
secondary forest, and a young (23-year-old) secondary forest, and the one-way ANOVA results evaluating the 
different soil abiotic properties across these three habitats in the Northern Zone of Costa Rica. Different 
superscripted letters denote significant pairwise comparisons (p < 0.05) based on post-hoc analyses. 
 
 

Soil Abiotic Property Primary Old Secondary Young Secondary ANOVA 
d.f. F stat p-value 

C (%) 5.83 ± 0.21 6.16 ± 0.35 5.69 ± 0.18 2,15 0.867 0.440 
N (%) 0.47 ± 0.02 0.48 ± 0.02 0.45 ± 0.01 2,15 1.893 0.185 
C:N ratio 12.45 ± 0.16 12.44 ± 0.55 12.60 ± 0.11 2,15 0.066 0.936 
NO3

- (µgN/g) 31.55 ± 8.07 34.51 ± 2.87 23.20 ± 4.88 2,15 1.061 0.371 
NH4

+ (µgN/g) 11.86 ± 0.69a 9.10 ± 0.47b 14.74 ± 1.16ac 2,15 11.751 0.001 
Cmic (µgC/g) 851.92 ± 94.05a 614.09 ± 19.22ab 532.24 ± 36.84bc 2,15 7.825 0.005 
pH 5.70 ± 0.03 5.89 ± 0.05 5.82 ± 0.08 2,15 3.135 0.073 
Moisture (%) 56.72 ± 1.16 59.72 ± 1.95 53.97 ± 3.37 2,15 1.451 0.265 
Elevation (m) 58.75 ± 0.59 58.93 ± 0.41 59.92 ± 1.72 2,15 0.343 0.715 
Sand (%) 55.56 ± 0.62 54.92 ± 1.41 57.03 ± 1.03 2,12 1.023 0.389 
Silt (%) 5.91 ± 0.88 6.10 ± 0.69 6.89 ± 0.69 2,12 0.469 0.636 
Clay (%) 41.50 ± 1.27 40.0 ± 0.67 39.56 ± 2.37 2,12 0.404 0.676 
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Table 1.2. Distance-based linear modeling (DistLM) marginal and sequential tests describing the association of soil 
abiotic variables and the patterns in (a) soil microbial biomass C, (b) soil bacterial, and (c) soil fungal community 
composition across the three different habitat types in the MNWR, using stepwise sequential tests following AICc 
selection criterion. Significant results are indicated by p < 0.05 in bold (Prop. var. = proportion of variation out of 
total variation). 
 

(a) Soil Microbial Biomass C 
Marginal Test: SS(trace) Pseudo-F p-value Prop. Var. 
C 0.0016217 0.0001155 0.9924 0.0000072 
N 0.012492  0.000890 0.9795 0.0000556 
C:N ratio     1.016 0.072735 0.7672 0.0045254 
NH4

+    25.556    2.0551 0.1671   0.11383 
NO3

-    56.435    5.3721  0.037   0.25136 
pH    11.413   0.85693 0.3664 0.050836 
Moisture    4.5082   0.32786  0.571  0.02008 
Elevation    12.448   0.93916 0.3361 0.055443 
Sequential Test: AICc Pseudo-F p-value Prop. Var. 
NO3

- 45.01 5.3721 0.033 0.2514 
(b) Soil Bacterial Community Composition     
Marginal Test: SS(trace) Pseudo-F p-value Prop. Var. 
C 49.459 0.38021 0.6252 0.023211 
N 90.619 0.71068 0.4902 0.042528 
C:N ratio 10.858 0.081948 0.9359 0.005095 
NH4

+ 171.36 1.3992 0.3248 0.08042 
NO3

- 84.268 0.65882 0.4522 0.039548 
Cmic 13.591 0.10271 0.933 0.0063783 
pH 62.95 0.48708 0.6016 0.029543 
Moisture 22.617 0.17165 0.7309 0.010614 
Elevation 27.231 0.20712 0.748 0.01278 
Sequential Test: AICc Pseudo-F p-value Prop. Var. 
Including NH4

+ 89.22 1.3992 0.32 0.08042 
Excluding NH4

+ 88.18 1.3992 0.33 0.08042 
(c) Soil Fungal Community Composition     
Marginal Test: SS(trace) Pseudo-F p-value Prop. Var. 
C 442.76 1.314 0.1735 0.075891 
N 621.18 1.9065 0.0381 0.10647 
C:N ratio 344.46 1.004 0.4122 0.059043 
NH4

+ 647.86 1.9987 0.032 0.11105 
NO3

- 1155.1 3.95 0.0001 0.198 
Cmic 455.72 1.3557 0.1521 0.078113 
pH 353.52 1.032 0.3753 0.060594 
Moisture 437.39 1.2968 0.187 0.074971 
Elevation 267.04 0.76748 0.7083 0.045772 
Sequential Test: AICc Pseudo-F p-value Prop. Var. 
NO3

- 104.89 3.95 0.0001 0.198 
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Table 1.3. Analysis of the dissimilarity in the overall soil (a) bacterial and (b) fungal community structure between 
3 habitats in lowland forests of Costa Rica: primary forest, old secondary forest, and young secondary forest. The 
relative DNA sequence 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. 
 
 

 Habitat Pairwise Groups Pseudo-F p value % Dissimilarity Cohen’s d 
 Primary, Old Secondary 1.3170 0.0057 13.098 0.541 
(a) Bacteria Primary, Young Secondary 1.0535 0.38 5.039 0.4839 
 Old Secondary, Young Secondary 1.3644 0.005 13.211 0.5506 
 Primary, Old Secondary 3.2285 0.0018 27.34 0.847 
(b) Fungi Primary, Young Secondary 1.8139 0.0665 24.68 0.6349 
 Old Secondary, Young Secondary 4.1181 0.0034 28.60 0.9566 

 
 
 
 
 
Table 1.4. Top soil bacterial orders greater than 1% relative percent proportion of DNA sequences across the 
primary forest, old secondary forest, and young secondary forest in the MNWR. 
 

Bacterial Order Primary Old Secondary Young Secondary 
Group1 21.25 14.76 22.23 
Group3 16.75 8.90 17.65 
Rhizobiales 7.24 13.01 7.45 
Spartobacteria 7.14 11.72 6.75 
Acidobacteriales 6.96 5.02 7.89 
Subdivision3 4.90 5.27 4.87 
Sphingomonadales 0.20 13.27 0.19 
Group2 5.36 3.48 5.32 
Burkholderiales 5.10 2.36 3.93 
Rhodospirillales 3.98 3.46 3.57 
Solibacterales 3.02 1.88 3.90 
Ktedonobacterales 2.38 1.17 3.30 
Group5 2.33 1.72 2.11 
Sphingobacteriales 2.98 1.50 1.43 
Syntrophobacterales 1.79 2.23 1.65 
Xanthomonadales 1.94 1.75 1.55 
Planctomycetales 0.92 2.87 0.84 
Chromatiales 1.55 1.35 1.46 
Myxococcales 1.47 1.08 1.37 
Actinomycetales 0.40 1.28 0.48 
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Table 1.5. Top soil fungal families greater than 1% relative percent proportion of DNA sequences across the 
primary forest, old secondary forest, and young secondary forest in the MNWR.  
 

Family Primary Old Secondary Young Secondary 
Mortierellaceae 36.01 18.31 27.66 
Hypocreaceae 19.55 38.55 18.47 
Nectriaceae 21.14 4.45 38.17 
Hygrophoraceae 2.95 2.08 8.79 
Gomphaceae 0.88 11.40 0.49 
Xylariaceae 9.87 0.54 0.26 
Glomeraceae 1.04 7.15 0.98 
Metschnikowiaceae 0.26 4.71 0.06 
Aspergillaceae 0.94 2.80 0.98 
Tricholomataceae 1.71 2.09 0.16 
Marasmiaceae 1.43 0.74 0.90 
Kickxellaceae 0.35 1.83 0.68 
Annulatascaceae 0.04 2.51 0.04 
Dipodascaceae 1.89 0.02 0.13 
Trichosporonaceae 1.57 0.26 0.13 
Rhizophydiaceae 0.38 1.35 0.14 
Arachnomycetaceae 0.00 0.01 1.66 
Baeomycetaceae 0.00 1.19 0.30 
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Fig. 1.1 Map of the (a) San Juan La-Selva Biological Corridor (shaded in black) and the (b) Maquenque National 
Wildlife Refuge (MNWR in green outlined in black) (Cove et al., 2014).  
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Fig. 1.2 The Principal Coordinate (PCO) Analysis of the soil Cmic structure and the individual soil abiotic variables 
across the primary, old secondary, and young secondary forest in the MNWR. The vectors represent the Pearson 
correlations of the 8 soil variables examined (%C, %N, C:N, NO3

-, NH4
+, pH, %moisture, and elevation). Soil NO3

- 
was positively moderately correlated to soil Cmic (|r| = 0.50) (Table S1.2). 
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Fig. 1.3 The distance-based redundancy analysis (dbRDA) ordination plot of the DistLM sequential test results 
based on the individual soil abiotic variables fitted to the variation in the soil Cmic. Soil NO3

- was the best predictor 
variable out of the model and explained 25.14% of the total variation observed in the soil Cmic patterns across the 
primary forest, old secondary forest, and young secondary forest soils (Pseudo-F = 5.3721, p = 0.033, AICc = 
45.01). 
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Fig. 1.4 The Canonical Analysis of Principal Coordinates (CAP) showing the strength of the dissimilarity based on 
the misclassification error (i.e. allocation success) of the overall soil bacterial community structure across the three 
habitat types in the lowland forests of Costa Rica. The CAP axis 1 squared canonical correlation was 0.8607, 
indicating a strong difference in the soil bacterial community composition between the old secondary forest soils 
and primary forest soils, and between the old secondary forest soils and young secondary forest soils. The CAP axis 
2 squared canonical correlation was 0.479, indicating a slightly less than moderate difference in the soil bacterial 
community composition between the primary forest soils and the young secondary forest soils.  
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Fig. 1.5 The Canonical Analysis of Principal Coordinates (CAP) showing the strength of the dissimilarity based on 
the misclassification error (i.e. allocation success) of the overall soil fungal community structure across the three 
habitat types in the lowland forests of Costa Rica. The CAP axis 1 squared canonical correlation was 0.9371, 
indicating a strong difference in the soil fungal community composition between the primary forest soils and young 
secondary forest soils, and between the old secondary forest soils and young secondary forest soils. The CAP axis 2 
squared canonical correlation was 0.8775, indicating a strong difference in the soil fungal community composition 
between the primary forest soils and the old secondary forest soils. 
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Fig. 1.6 Distance-based redundancy analysis (dbRDA) ordination plot of the DistLM sequential test results based on 
the soil abiotic variables fitted to the variation in the soil fungal community composition. Soil NO3

- was the best 
predictor variable out of the model and explained 19.8% of the total variation observed in the soil fungal community 
patterns across the primary forest, old secondary forest, and young secondary forest soils (Pseudo-F = 3.95, p = 
0.0001, AICc = 104.89). 
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Supplementary Material 
 
Table S1.1. The one-way ANOVA with Tukey’s HSD and Dunnet’s T3 post-hoc results for the different soil abiotic 
properties across a primary forest, and an old (33-years-old) and young (23-years-old) regenerating secondary forest 
in the Northern Zone of Costa Rica. (Habitats: Primary = primary forest; Old = old secondary forest; Young = young 
secondary forest).  
 

Soil Abiotic Property Habitat p value 
95% Confidence Interval 

Lower Bound Upper Bound 

NH4
+ (µgN/g) 

Primary Old 0.026 .3536 5.1798 
Young 0.168 -6.8346 1.0879 

Old Primary 0.026 -5.1798 -.3536 
Young 0.009 -9.5113 -1.7687 

Young Primary 0.168 -1.0879 6.8346 
Old 0.009 1.7687 9.5113 

Cmic (µgC/g) 

Primary Old 0.132 -79.1219 554.77548 
Young 0.047 4.7356 634.6162 

Old Primary 0.132 -554.7754 79.1219 
Young 0.219 -42.7777 206.4761 

Young Primary 0.047 -634.61627 -4.73565 
Old 0.219 -206.4761 42.7777 

Tukey’s HSD post-hoc analyses were implemented for soil C, N, C:N, pH, % moisture, elevation, % sand, silt, and 
clay, whereas the Dunnett’s T3 post-hoc analysis was used for NH4

+, NO3
-, and Cmic due to unequal variances.   

 
 
 
Table S1.2. Pearson correlations of the soil Cmic and the individual soil abiotic variables across the primary forest, 
old secondary forest, and young secondary forest in the Maquenque National Wildlife Refuge of Costa Rica.  
 

 C N C:N ratio NH4
+ NO3

- pH Moisture Elevation 
Pearson 0.00268 0.0075 0.06727 -0.3374 0.50136 -0.22546 -0.1417 -0.2355 
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Fig. S1.1 Soil core sampling design schematic for the 1,000 m2 replicate plots in each habitat type within the 
MNWR. Nine soil cores (green rectangles) were collected and bulked in one bag for one composite soil sample for 
each plot. In each soil core location triplicate soil pH and percent moisture readings were taken. 
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Fig. S1.2 Distance-based redundancy analysis (dbRDA) ordination plot of the DistLM sequential test results based 
on the soil abiotic variables fitted to the variation in the soil bacterial community. Soil NH4

+ was the best predictor 
variable out of the model and explained 8% of the total variation observed in soil bacterial community composition 
patterns across the primary forest, old secondary forest, and young secondary forest soils. However, there was no 
verified ‘best’ solution as per the DistLM sequential test results (including NH4

+: Pseudo-F = 1.3992, p = 0.32, AICc 
= 89.22; excluding NH4

+: Pseudo-F = 1.3992, p = 0.33, AICc = 88.18). 
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Fig. S1.3 The cumulative percent proportion of sequences associated with the soil bacterial and fungal complex 
carbon decomposers and ectomycorrhizae (ECM) per the three forested habitats in the MNWR  (Figure legend: 
Bacterial Complex Carbon Decomposers = Bacterial CC Decomp; Fungal Complex Carbon Decomposers = Fungal 
CC Decomp; Ectomycorrhizae = ECM). The bacterial complex carbon decomposers consisted of the bacterial orders 
taken from Table 3: Actinomycetales, Burkholderiales, Solibacterales, Sphingobacteriales, Sphingomonadales, and 
Xanthomonadales. The fungal complex carbon decomposers consisted of the fungal families taken from Table 5: 
Annulatascaceae, Arachnomycetaceae, Kickxellaceae, Marasmiaceae, Mortierellaceae, Rhizophydiaceae, and 
Xylariaceae. The ECM fungal groups consisted of the fungal families taken from Table 5: Gomphaceae, 
Hygrophoraceae, and Tricholomataceae. 
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CHAPTER 2: SOIL MICROBIOMES AND C AND N METRICS ASSOCIATED WITH TWO DOMINANT 
COSTA RICAN TREE SPECIES, AND IMPLICATIONS FOR REMEDIATION:  

A CASE STUDY FROM A COSTA RICAN CONSERVATION AREA 
 

Abstract 
 
 
It is now widely accepted that the majority of tropical landscapes are in transition from disturbance to recovery. 

Remediation efforts are occurring in Central and South America, attempting to recuperate the soils, often using 

indigenous Nitrogen-fixing tree species. Although some work has identified these efforts may enhance the soil 

carbon (C), there has been few studies conducted on how these trees are affecting the below-ground soil biological 

dynamics in these regions. Tree species-generated soil microbial heterogeneity might be important in facilitating 

regeneration of forest vegetation growth. Conversely, the trees might also influence the biota in the soil ecosystems 

in which they occur, possibly resulting in better C-use efficiency (CUE) and C-sequestration. Here, we explored 

how and to what extent tree species identity (and associated functional type) has affected the below-ground soil C 

and N metrics and soil bacterial and fungal community composition, and if, one of the trees, Pentaclethra 

macroloba, shows potential for the recuperation of soil ecosystems in the Northern Zone of Costa Rica. To begin to 

address this, we examined if there were differences in various soil abiotic factors (%C, %N, C:N ratio, Cmic, NH4
+, 

NO3
-, pH, and %moisture) and in the soil bacterial and fungal community composition between Dipteryx 

panamensis-soils and Pentaclethra macroloba-soils, and in comparison to the primary forest bulk soil in which 

these tree species occur. We found differences in soil NH4
+, NO3

-, and Cmic with primary forest-soils having the 

greatest amounts of soil NH4
+ and Cmic, followed by P. macroloba-soils. Dipteryx panamensis-soils had the least 

amount of soil Cmic and NH4
+, but the greatest amounts of soil NO3

-. There were no differences in the %C, %N, C:N 

ratio, pH, and %moisture across the D. panamensis-, P. macroloba-, and primary forest-soils. The soil bacterial and 

fungal community composition was significantly different between tree species-soils and also to that of the primary 

forest-soils. Our results also demonstrated that soil NH4
+ best explained the variation observed in the soil Cmic 

patterns, and, both the soil bacterial and fungal community composition. Furthermore, we provide evidence that P. 

macroloba stimulates the production of more soil Cmic than a native non-N-fixing tree species. This indicates the 

potential of using Pentaclethra macroloba for possible facilitation of CUE, and thus, a potential remediation 

strategy of secondary forest soil recuperation in this region. It is clear that these tree species are important in 

creating changes in the soil microbial community composition that is associated with a shift in a functional response 

that may have implications for CUE and remediation in this region. 
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Introduction 

 

Tropical forest ecosystems are critical global drivers of terrestrial primary productivity and biogeochemical cycling 

(Jobbágy and Jackson, 2000; Nottingham et al., 2015). Yet, these unique and important habitats have suffered 

various degrading land-use practices such as the conversion to agriculture and cattle pasture (Asner et al., 2009; 

Gibbs et al., 2010). Consequently, the impacts of this have been observed at global scales, including the contribution 

to the atmospheric rise in greenhouse gas levels, negative impacts on nutrient cycles, and declines in flora and fauna 

(Brienen et al., 2015; Laurance, 2007; Nottingham et al., 2015). Remediation attempts have included the 

development of secondary forests in tropical regions to mitigate the negative effects these land-use practices have 

had on the ecological factors that drive these cycles, and the subsequent carbon-use efficiency (CUE) (Bradford and 

Crowther, 2013; Chazdon et al., 2016). However, the trajectory of regenerating secondary forests can exhibit 

multiple successional pathways (Arroyo-Rodríguez et al., 2017; Boukili and Chazdon, 2017; Chazdon et al., 2016; 

2007; Pinho et al., 2017), which have hindered our understanding of the soil microbial drivers that facilitate 

improved CUE in these ecosystems (Arroyo-Rodríguez et al., 2017; Chazdon et al., 2016; Pinho et al., 2017). 

Therefore, there is a growing interest in understanding the soil microbial drivers that may improve the efficacy of 

restoration strategies in regenerating tropical forest ecosystems toward CUE. 

 

As soil microbes are a key component in biogeochemical and nutrient cycling processes, it is thought that tree 

species-generated soil microbial heterogeneity may be an important factor in facilitating regeneration and therefore, 

critical to the recovery of tropical forests following disturbance. Individual tree species are likely to have a direct 

effect in the surrounding soil bacterial and fungal community composition through various mechanisms including 

the exudation of ions and organic compounds and leaching of dissolved organic materials (Ayres et al., 2009; Kardol 

and Wardle, 2010; Mukhopadhyay and Joy, 2010; Prescott and Grayston, 2013; Wardle, 2006; Wardle et al., 2004). 

Some work has demonstrated that individual tree species influence soil community composition and nutrient cycling 

processes for temperate tree species (Binkley and Giardina, 1998; Hobbie, 1992), but less for tropical tree species 

(McGuire et al., 2010; Raich et al., 2014; Ushio et al., 2008). These belowground components may provide 

mechanistic links to the unexplained stochasticity in forest recovery following disturbance, and studying these 

components and interactions have been identified as key research priorities for understanding anthropogenic 
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influences on forest ecosystems (Allison and Martiny, 2008; Foster et al., 2003; Wardle et al., 2004; Wardle and 

Jonsson, 2014). Studying how soil microbes are influenced by the tree species, can provide insight to how tree 

species influence the soil ecosystems in which they occur. This is a fundamental step in understanding how the 

presumed plant community-induced abiotic changes in the soil bring about and shape the soil microbial community 

compositional patterns toward improved carbon-use efficiency, and the drivers associated with this.  

 

In a previous study by McGee et al. (2018), it was found that across a primary forest and two different stages of 

regenerating secondary forests in Costa Rica, soil NO3
- may be an important factor for facilitating C-use efficiency. 

The implications of this study suggest that a native dominant N-fixing tree in the area could be a principal pathway 

in which to shape the soil microbial communities for recuperation of these forests in this region. Indeed, one such set 

of biotic factors presumed to be important in ecosystem development and condition of forests is the composition of 

the symbiotic N-fixing bacterial communities associated with N-fixing trees, as well as the free-living N-fixing 

bacterial communities in forest soils. Plant species associated with N-fixing root nodule symbionts can help restore 

soil fertility by the stimulation of plant growth, as they have the ability to increase production of a neighboring tree 

via increased N availability and soil biomass development (Gehring et al., 2005; Guariguata and Ostertag, 2001; 

Nichols and Carpenter, 2006). For example, the N-fixing Actinomycete bacteria Frankia (spp.) associated with the 

root nodules of Alder (Alnus spp.) trees are critical for the recuperation of N and forest productivity in the temperate 

forests of the Pacific Northwest (Binkley and Giardina, 1998; Binkley and Menyailo, 2005; Hart et al., 1997; 

Wardle, 2002). In the tropics, following clearing of forests, plants with N-fixing root nodule microbial symbionts are 

considered to be the principal pathway that secondary forests recuperate N (Eaton et al., 2012; Shebitz and Eaton, 

2013). Particularly so throughout Costa Rica, planting Inga edulis and Erythrina poeppigiana (both members of 

Fabaceae and form root N-fixing nodule symbionts) have been commonly used in the amelioration of soils (Holl, 

1999; Nichols and Carpenter, 2006; Siddique et al., 2008). However, in some of these cases, the below-ground 

components in terms of the soil abiotic and biotic factors together, have not been extensively explored (Carpenter et 

al., 2004; Holl, 1999; Nichols and Carpenter, 2006; Siddique et al., 2008). Instead, these remediation efforts are 

typically monitored with focus on the survival and growth rates of tree seedlings in their respective area (Calvo-

Alvarado et al., 2007; Cusack and Montagnini, 2004; Holl, 1999; Nichols and Carpenter, 2006; Siddique et al., 

2008). Consequently, this contributes to major uncertainties regarding the efficacy of these restoration efforts on the 
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below-ground biotic and abiotic components. Thus, there is little information regarding the soil microbial drivers 

associated with this plant functional group affecting the below-ground microbial community structure and function, 

and on nutrient cycle processes and dynamics, toward C-use efficiency in tropical primary forest ecosystems in 

Costa Rica. 

 

The paucity of these types of studies is surprising given that plants are known to influence soil microbial 

communities (Fierer et al., 2007; Miki et al., 2010; Ushio et al., 2008; Wardle, 2002; Wardle et al., 2004) through 

the release of biochemicals and dead cells, and by providing photosynthate (Chaparro et al., 2012; Gougoulias et al., 

2014; Kimmins et al., 1990; Lakshmanan et al., 2014); the degree of which differs among plant species and 

successional stage (Bauhus et al., 1998; Wardle, 2006; 2002). Different plant species and functional types (e.g. N-

fixer or non-N-fixer) differ in their substrate quality and quantity entering the soil that is available to the surrounding 

soil microbial communities (Bauhus et al., 1998; Hobbie, 1992; Wardle, 2002). The composition of these soil 

microorganisms may be altered with the different organic matter inputs among different plant species and associated 

functions, that may implications for carbon-use efficiency. For example, soils of N-fixing trees have been shown to 

have a lower C:N ratio, which may favor bacterial decomposers as opposed to fungal decomposers, (Fierer et al., 

2009; Harrison and Bardgett, 2010). However, as fungal biomass generally has a greater C:N ratio that typically 

enhances the assimilation efficiency of organic C into the soil biomass, this leads to a greater carbon use efficiency 

as more organic carbon may be available to the microbiota (Anderson, 2003; Anderson and Domsch, 2010; Brookes, 

1995; Moscatelli et al., 2005). In comparison to bacteria, fungi produce enzymes that target a wider range of 

substrates which can transform soil inputs into more usable forms, and can also immobilize materials that are locked 

up in biomass for later use in the soil ecosystem (Anderson, 2003; Anderson and Domsch, 2010; Brookes, 1995; 

Moscatelli et al., 2005; Strickland and Rousk, 2010; Waring et al., 2013). As such, this can have potential 

consequences for the amount of C stored in biomass and various other forms, rather than C loss through respiratory 

maintenance processes (Manzoni et al., 2012; Sinsabaugh et al., 2016). Indeed, determining CUE can be a difficult 

parameter to describe and quantify in soils, however, soil Cmic can be an indication of CUE since during 

decomposition, decomposers with a greater CUE can convert more efficiently substrates to new biomass, leading to 

a reduced amount of respiration per unit of C take-up (Bradford and Crowther, 2013; Manzoni et al., 2012; 

Sinsabaugh et al., 2016). Thus, soil C can be quickly mineralized and respired back to the atmosphere as CO2, or 
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stored as microbial biomass in soil. The more efficient use of C results in more C remaining in the soil in the form of 

microbial biomass and byproducts, increasing carbon sequestration (Bailey et al., 2002). Therefore, the interplay 

between these soil microbes and plant communities becomes critical for both CUE and C-sequestration (Braford and 

Crowther, 2013, Manzoni et al., 2012). What remains unclear, is how the presumed plant species-induced abiotic 

changes in the soil bring about and shape the soil microbial community compositional patterns toward improved 

CUE in different plant species.  

  

Pentaclethra macroloba is a fundamental, dominant early colonizing N-fixing tree, and a dominant later stage forest 

canopy tree in the Northern Zone of Costa Rica (Eaton et al., 2012). Eaton et al. (2012) provided the first 

preliminary look at the composition of the soil prokaryotic community associated with this tree in the tropical 

lowlands of Costa Rica and found that Frankia, Rhizobium, Archaea, and Type II methanotrophs were present and 

likely involved in recuperating the soil N and enhancing the microbial biomass C via the more efficient use of 

organic C. As such, Pentaclethra is thought to be important in N and C cycle dynamics and biomass enhancement, 

and thus, forest succession (Hartshorn and Hammel, 1994; Pons et al., 2007). Recent studies conducted in Costa 

Rica explored soil bacterial and fungal community dynamics associated with Pentaclethra macroloba (and other 

vegetation types) (Kivlin and Hawkes, 2016a; 2016b). However, these observations were studied in a monoculture 

of P. macroloba. Monoculture dynamics can often be vastly different to that of a highly mixed-species habitat, such 

as a primary forest (Ke and Miki, 2015). As a result, it is quite possible that this type of experimental field design, 

can mask the role P. macroloba is playing in primary old-growth forests of Costa Rica. Despite the critical 

ecosystem roles Penatclethra macroloba is thought to play, the above- and below-ground community structure and 

function associated with it is poorly characterized at best, and generally under-studied. No study to date has 

evaluated the soil biotic communities and soil nutrients associated with this tree species (i.e Pentaclethra 

macroloba) in primary forests of the Northern Zone of Costa Rica using high-throughput DNA sequencing methods. 

Therefore, examining the soil biotic and abiotic factors associated with Pentaclethra-soils in primary forests of 

Costa Rica warrants investigation.  

 

The overall aim of this study was to characterize various Pentaclethra macroloba soil abiotic factors and the soil 

bacterial and fungal community composition in comparison to that of a native non-N-fixing member of the same 
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family, Dipteryx panamensis; and in comparison, to the primary forest floor bulk soil within a primary old-growth 

forest in the Northern Zone of Costa Rica. The objectives of this study were to determine if, how, and to what 

extent, tree species influence the surrounding soil microbial communities, and if a native N-fixing tree in the region, 

Pentaclethra macroloba, has the potential as a natural remediation strategy for regenerating secondary forests in the 

area. Moreover, we wanted to identify which soil abiotic factors structure these soil bacterial and fungal 

communities across the tree-species soil and primary forest soils to explore potential drivers of these microbial 

communities that is conducive for carbon-use efficiency. To begin to address this, four questions were asked in this 

study: (i) How do various soil abiotic factors and soil Cmic differ across D. panamensis- and P. macroloba-soils, and 

primary forest bulk soils? (ii) Are there certain soil abiotic factors that are associated with changes in the soil Cmic 

among the tree associated- and primary forest associated-soils? (iii) Are there different soil bacterial and fungal 

community compositions associated with two tree species (Dipteryx panamensis and Pentaclethra macroloba) in 

comparison to primary forest bulk soils? (iv) Which soil abiotic variables appear to shape the soil bacterial and 

fungal communities in soils associated with Dipteryx panamensis and Pentaclethra macroloba? These tree species 

were chosen for three reasons: first, both are dominant members of the forest canopy in this region; second, both are 

in the same family (Fabaceae); and third, to provide a comparison of two species of the same family, but one is 

known to form root nodule N-fixing symbionts (P. macroloba), whereas Dipteryx panamensis has not been shown 

to form these symbionts (Allen and Allen, 1981; Halliday, 1984; Montagnini and Sancho, 1994).  

 

We predicted that soil bacterial and fungal communities across P. macroloba, D. panamensis, and primary forest 

bulk soil would be different from one another given the known functional type of Pentaclethra. Given this, we also 

predicted forms of inorganic N would be associated in shaping of these soil bacterial and fungal community 

compositions. Furthermore, because of the known roles that N-fixing symbionts and different forms of inorganic N 

play in plant and microbial growth, we predicted P. macroloba would promote more soil microbial biomass C in its 

soil, in contrast to D. panamensis, and would be similar to that of the primary forest bulk soil. 
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Materials and Methods 

 

 Site description 

 

In 2001, the San Juan-La Selva Biological Corridor (SJLSBC) (Fig. 2.1) was created by the Costa Rican Ministry of 

Environment and Energy to protect 1,204,812 ha. of diverse ecosystems for habitat connectivity and biodiversity in 

the Northern Zone of Costa Rica (Chassot et al., 2010; 2005; Monge et al., 2002), due to legal and illegal extraction-

based land management practices since the 1970’s. In 2005, within the SJLSBC, the Maquenque National Wildlife 

Refuge (MNWR) (10o27’05.7’’N, 84o16’24.32’’W) was established by executive decree of the Costa Rican 

government to protect over 50,000 ha. of various ecosystems, such as primary and secondary forests, and wetlands 

(Fig. 2.1). The MNWR is the core nucleus of the SJLSBC for biodiversity as it contains the highest percentage of 

forest cover and most valuable habitats for biodiversity in the region (Chassot et al., 2010). Mean annual 

temperature is 27o C, mean annual rainfall is 4300mm, and the dominant soil type are oxisols (Hartshorn and 

Hammel, 1994).  

 

Field and soil sampling 

 

This study was conducted in the humid Atlantic lowland rainforest of the MNWR. All field and soil sample 

collections were conducted in an upland primary forest within the MNWR, with all of the primary forest upland 

areas consisting of the same soil type (oxisols) and soil typography. Soil samples were collected from two 

commonly found tree species within this primary forest: Dipteryx panamensis (Pittier) Record and Mell (Fabaceae) 

and Pentaclethra macroloba (Willd.) Ktze (Fabaceae). For a control to compare that tree species soil bacterial and 

fungal communities are in-fact unique from one another, and unique from the primary forest floor soil, these soils 

were compared to primary forest bulk soil samples collected in the previous year (July 2014) from 6, 1,000 m2 plots. 

Throughout these 6 1,000 m2 plots, six individual “adult” (> 30 cm diameter at breast height [DBH]) trees were 

examined for each of the two tree species. Size was used as a proxy for age because trees in this area do not form 

visible annual growth rings detectable by traditional dendrochronological tree core methods on intact trees (Abrams 

and Hock, 2006; Buckley et al., 1995; Enquist and Leffler, 2001; Jacoby and D’Arrigo, 1990). Furthermore, we 
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were only concerned with examining “adult” trees, and therefore did not collect soils associated with different age 

classes of the tree species, and only collected tree soils of trees greater than 30 cm DBH. 

Once 6 individual trees of each species were chosen (6 Dipteryx and 6 Pentaclethra for a total of 12 trees), soil 

sampling around the tree depended on the DBH of each tree. The DBH was used to establish a tree protection zone 

(TPZ) radius. The TPZ radius is relative to the DBH of a tree, and Whiting (2013) describes this TPZ area around 

the tree as the critical root area with direct influence for the sustainability on tree health and vigor, since not every 

root is essential for tree health. The drip-line method has been commonly used to assess root influence on soil 

dwelling communities, however, this method usually underestimates the important rooting area for most trees, and 

therefore this method was avoided (French and Juzwik, 1999; Matheny and Clark, 1998; Perry, 1982; Whiting, 

2013). To calculate the TPZ radius, formulas described by Whiting (2013) were applied. For example: a TPZ radius 

is equal to 0.18 m/cm of trunk diameter (0.4572 m/2.54 cm = 0.18 m/cm) of trunk diameter; thus, a tree with a DBH 

of 66 cm multiplied by 0.18 m/cm equals approximately ~12 m. This TPZ radius number provides the maximum 

distance away from the base of the tree in which to sample. Using a compass, four transects were constructed in 

each cardinal direction. Along the transects, 10% and 20% zones were determined based on the TPZ radius of the 

tree (i.e. a tree with a TPZ radius of 12 m will have 10% and 20% zones at 1.2 m and 2.4 m, respectively) (Fig. 

S2.1). Sampling transects were established in each cardinal direction to provide uniform sampling around the tree to 

reduce microsite variability given the heterogeneous properties in tropical soils (van der Gast et al., 2010), and to 

obtain one representative composite soil sample per individual tree (Bélanger and Van Rees, 2006; Bruckner et al., 

2000; Carter and Lowe, 1986; Pennock, 2004, Pennock et al., 2006). The justification for only examining the 10% 

and 20% zones of the TPZ radius is to eliminate overlap with conspecific adults and to minimize the influence of 

other neighboring plants and try to capture immediately adjacent tree identity effects. We were only interested in the 

soils immediately adjacent to the tree, rather than the entire TPZ radius. 

 

One soil profile core (7.5 cm x 15 cm x 1.25 cm) was collected along the North, South, West, and East transects in 

the 10% and 20% zones. These soil cores per zone and direction were bulked in sterile Whirl-Pak® (Nasco, Fort 

Atkinson, WI, USA) bags, resulting in one composite soil sample for each individual tree. Soil cores were taken 

aseptically with sterilizations occurring between each replicate tree for each species. The effect of direction was not 

examined, thus, sterilizing between directions/transects was not necessary. Soil cores and collection gloves were 
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sterilized with 70% ethanol between each individual tree. For homogenization, all soil samples were mixed and 

passed through a sterilized 4-mm sieve at field moist conditions prior to all downstream analyses.  

 

Soil abiotic properties 

 

Potential levels of soil nutrients and microbial biomass C (Cmic) were examined using five metrics: (1) Total organic 

Carbon (ToC), (2) Total Nitrogen (TN), (3) Ammonium (NH4
+), (4) Nitrate (NO3

-), and (5) Substrate-Induced 

Respiration (SIR). All nutrient and microbial activity data presented were adjusted for dry weight of the soil. To 

estimate ToC, TN, NH4
+, and NO3

-, 200g of soil from each of the 12 sieved composite soil samples were delivered 

to the Center for Tropical Agriculture Research and Education (CATIÉ) Laboratories in Turrialba, Costa Rica. At 

CATIÉ, ToC levels were analyzed via dry combustion analysis (Anderson and Ingram, 1993), total nitrogen by the 

Kjeldahl method and, NH4
+ and NO3

-, were measured from 2M KCl extracts using the spectrophotometric methods 

of Alef and Nannapieri (1995). To estimate levels of microbial biomass C (Cmic), substrate-induced respiration (SIR) 

was used following the methods of Höper (2006). Substrate-induced respiration for measuring Cmic was preferred as 

it measures the amount of living microbial biomass C. Soil percent moisture and pH of these tree soils were 

measured at each soil core locations (in duplicate readings; 2 readings x 8 soil core locations = 16 readings per tree) 

(Fig. S2.1) during the time of soil sample collection with a Kelway soil pH and moisture meter (Kelway Instruments 

Co., Inc., Wyckoff, NJ, USA). Elevation was measured with a Garmin Rino 650 (Garmin International, Olathe, KS, 

USA) GPS.  

 

eDNA extraction, sequencing, and bioinformatic analyses 

 

Soil environmental DNA (eDNA) were extracted from each of the 18 composite soil samples using three 0.33g 

replicate sub-samples for a total of 1g for each composite soil sample using the MoBio PowerSoil DNA Isolation 

Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA). The concentration and purity (A260/A280 ratio) of extracted soil 

DNA were determined prior to downstream analyses using a NanoDrop 1000 spectrophotometer (ThermoFisher 

Scientific, Waltham, MA). All DNA was stored at -80°C.  
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PCR amplification of DNA was performed targeting the v3 and v4 of 16S ribosomal RNA gene region for bacteria 

and archaea (Caporaso et al., 2011) and the nuclear ribosomal internal transcribed spacer (ITS) region for fungi 

(Gardes and Bruns, 1993). One fragment of the 16S gene region was amplified by PCR targeting two non-

overlapping variable gene regions v3 (~197 bp) and v4 (~288 bp) using one primer set 16Sv3F 5'-

ACTCCTACGGGAGCAGCAG-3' and 16Sv4R 5'-GGACTACARGGTATCTAAT-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'-CTTGGTCATTTAGAGGAAGTAA-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 for 16S and ITS 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. 

Successful amplification of PCR products were visualized on 1.5% agarose gels 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 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 were dual indexed and sequenced in several Illumina 

MiSeq runs using a V3 MiSeq sequencing kit (600 cycles – 300 bp × 2) (FC-131-1002 and MS-102-3003).  

 

The subsequent 16S and ITS Illumina generated sequences were processed using semi-automated pipelines. The 16S 

Illumina paired-end libraries generated forward and reverse reads that did not overlap, and therefore, were analyzed 

separately. Primer sequences were trimmed using CutAdapt v1.10 (Martin, 2011) specifying a minimum Phred score 

of 20, a minimum sequence length of 150 bp after trimming, and no more than 3 N’s allowed. Trimmed reads were 

further processed using USEARCH v9.1.13 (Edgar, 2010) by dereplicating and then denoising the data using the 

Unoise2 pipeline that essentially produces operational taxonomic units (OTUs) with a 100% sequence similarity 
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cutoff but also removes putative chimeric sequences, reads with errors, PhiX contamination, as well as removal of 

rare OTUs with only one or two reads (singletons and doubletons).  Previous work has shown that rare OTUs may 

be particularly prone to sequence errors and add ‘noise’ to the dataset (Reeder and Knight, 2009; Tedersoo et al., 

2010).  The remaining OTUs were taxonomically assigned using the Ribosomal Database Project (RDP) classifier 

v2.12 (Wang et al., 2007) with the 16S training set v16 using the recommended 50% bootstrap support cutoff value 

at the genus rank as is recommended for query sequences less than 250bp (Claesson et al., 2009). These OTUs were 

then organized taxonomically and summarized/consolidated at the genus rank and converted to mean proportion of 

sequences. The relative proportions were determined by calculating the total number of sequences from each genus 

within that subsample, and dividing by the total number of sequences per subsample. The ITS Illumina paired-end 

libraries generated forward and reverse reads that did not overlap, and were also analyzed separately. Primer 

sequences were trimmed using CutAdapt v1.10 (Martin, 2011) specifying a minimum Phred score of 20 and no 

more than 3N’s allowed.  For R1 reads, a minimum sequence length of 200 bp was specified and for R2 reads, a 

minimum of 150 bp was specified. Trimmed reads were processed using USEARCH as described above for 16S 

OTUs. Furthermore, the Perl-based ITSx tool was used to extract any remaining SSU/5.8S/LSU sequences from the 

ITS reads (Bengtsson-Palme et al., 2013). Denoised OTUs were taxonomically assigned using the RDP classifier 

with the UNITE fungal ITS training set 07-04-2014 using a bootstrap support cutoff of 50% for sequences less than 

250bp (Liu et al., 2012). These OTUs were also organized taxonomically at the genus rank and converted to mean 

proportion of sequences. The relative proportions were determined by calculating the total number of sequences 

from each genus within that subsample, and dividing by the total number of sequences per subsample.  

 

Statistical and multivariate analyses 

 

Prior to analyses, a Shapiro-Wilk test was performed to determine normality of all the data in SPSS (v.25, Armonk, 

NY, USA); all data were p > 0.05 suggesting normality. To determine if significant differences were occurring 

between mean values of the soil abiotic properties between tree species soil and forest bulk soil, values were 

compared by a one-way analysis of variance (ANOVA) followed by Tukey’s HSD and Dunnett’s T3 post-hoc 

analyses in SPSS (v.22, Armonk, NY, USA). Soil bacterial and fungal genera richness (d) (Margalef’s richness as, d 

= (S-1)/Log(N)) and Shannon Index (H’) (H’ = -SUM(Pi*ln(Pi))) (Pi is the proportion of the total count (abundance) 
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arising from the ith species) were determined using Primer-E (Anderson et al. 2008). Significant differences among 

the mean values of the alpha diversity indices for soil bacterial and fungal genera across primary forest bulk-, 

Dipteryx-, and Pentaclethra-soil were determined using a one-way ANOVA followed by post-hoc analyses in SPSS 

(v.25, Armonk, NY, USA). A Tukey’s HSD post-hoc analysis was used when equal variances assumed and a 

Dunnett’s T3 post-hoc analysis was used when unequal variances assumed.     

 

All multivariate analyses were performed in PRIMER-E 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 soil 

abiotic variables were transformed using the log (x + 1) transformation to correct for skewness and the data 

standardized using the ‘normalize’ parameter in PRIMER-E (Anderson et al., 2008; Clarke et al., 2006). To 

determine if there were differences in the soil bacterial and fungal community composition between the tree species-

soils and primary forest bulk-soil (the significance of taxonomic group clustering within primary forest bulk-, 

Dipteryx- and Pentaclethra-soil), a 1-way (with associated-soil site as the main factor) permutational multivariate 

analysis of variance (PERMANOVA) with main and pair-wise tests based on unrestricted permutations (9,999 

permutations) was used on the fourth root transformed biological resemblance matrices (using a pairwise Bray-

Curtis dissimilarity matrix) (Clarke, 1993). The PERMANOVA results of the soil microbial community 

composition among tree species-soil and primary forest bulk-soils were considered significant, if p < 0.05. A 

Canonical Analysis of Principal Coordinates (CAP) was used to visualize the distinctness of the soil bacterial and 

fungal community composition across the primary forest bulk-soil and Dipteryx- and Pentaclethra-soils using the 

PERMANOVA+ guidelines (Anderson et al., 2008; Anderson and Willis, 2003). The CAP performs like a 

generalized discriminant analysis but can be performed on any distance measure of choice. The CAP utilizes a 

cross-validation procedure to allocate the samples according to the a priori groups, about how distinct the groups are 

(i.e. distinctiveness of the soil bacterial and fungal community composition according to the associated-soils) and 

how well the axes discriminate among the groups. For example, an allocation success of 100% (i.e. 0% 

misclassification error) means the CAP was able to correctly allocate (discriminate) all samples to their appropriate 

groups, suggesting the groups are very distinct. Strong differences between primary forest bulk soils, and Dipteryx- 

and Pentaclethra-soils are represented by CAP axis 1 and CAP axis 2 squared canonical correlations greater than or 
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equal to 0.7 and moderate differences are represented by squared canonical correlations greater than or equal to 0.5-

0.69 (Anderson et al., 2008; Anderson and Willis, 2003). 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). 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.  

  

A Distance-based Linear Model (DistLM) approach was used to identify which soil abiotic variables predict the 

multivariate patterns of soil bacterial and fungal communities across Pentaclethra-soil, Dipteryx-soil, and primary 

forest bulk soil. The DistLM is a multivariate multiple regression that performs a series of partitionings to test 

hypotheses and build models, by conducting marginal and sequential tests. The marginal tests are used to identify 

how much each predictor variable explains when taken alone, ignoring all other variables and does not include any 

corrections for multiple testing. The DistLM sequential tests are conditional tests of individual predictor variables 

done in the order specified, where each test examines whether adding that particular variable contributes 

significantly to the explained variation and to account for covariates.  

 

The DistLM was performed using a ‘step-wise’ selection procedure and an AICc (Akaike’s Information Criterion 

Corrected) selection criterion with 9,999 permutations. The step-wise procedure begins with a null model, then 

seeks to add a variable that will improve the selection criterion, until the model attempts to improve the criterion by 

removing a variable. Similarly, the ‘forward’ selection procedure also starts with a null model; however, the model 

will add one variable at a time then chooses the variable at each step that results in the greatest improvement of the 

model. In contrast, the ‘backward’ selection procedure will start with the full model and will eliminate one variable 

at a time and then chooses the variable that results in the greatest improvement of the model. Moreover, as suggested 

by Anderson et al. (2008), if the number of samples (N) is small relative to the number of predictor variables (v) 

(small is considered: N/v < 40) (Burnham and Anderson, 1998) as in this study (18 samples/9 predictor variables = 

2), the AICc selection criterion is recommended. The AIC (Akaike Information Criterion) selection criterion was 

found to perform poorly in scenarios of a low N/v ratio (Hurvich and Tsai, 1989; Sakamoto et al., 1986; Sugiura, 

1978). The R2 selection criterion was avoided, as the major drawback to this approach is that as the number of 
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variables increases, the R2 value will also increase. Whereas the AICc selection criterion does not improve with an 

increase in the number of predictor variables in the model and will add a penalty for increases in the number of 

predictor variables. Marginal tests were performed individually for all soil environmental variables in a stepwise 

procedure to test for potential relationships between these and biological multivariate data, where the model will add 

a variable to improve the selection criterion, followed by removing a variable in order to also improve the criterion 

(Anderson et al., 2008). The sequential tests were then conducted, to find the best combination of soil abiotic 

variables that account for the variation seen in the biological multivariate data cloud (Anderson et al., 2008). This 

was based on the same biological fourth root transformed and resemblance matrices and log (x + 1) transformed 

environmental data (normalized). Distance-Based Linear Modeling marginal 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 explains the greatest variation in the data cloud 

(Legendre and Anderson, 1999).  

 

Furthermore, a Principal Coordinate (PCO) Analysis was used to examine the overall patterns of soil Cmic across the 

primary forest bulk soils, and Dipteryx- and Pentaclethra-soils. Pearson correlations were then performed of the 

individual soil abiotic variables with PCO axes to explore potential soil abiotc factors associated with the soil Cmic 

patterns. To further test these relationships, a DistLM was performed (using the same procedures as aforementioned) 

to determine the relationship between the patterns in soil Cmic structure with the individual soil abiotic variables 

across the tree species soils and primary forest bulk soil. This was then visualized using a distance-based 

redundancy analysis (dbRDA). Prior to analyses, the soil Cmic data were square-root transformed and transformed 

into a Euclidean distance resemblance matrix. 

 

Results 

 

 Soil abiotic factors 

 

There were significant differences between the mean values of NH4
+, NO3

-, and Cmic (p < 0.05) (Table 2.1) as 

determined by ANOVA. Levels of Cmic and NH4
+ were greatest in soils associated with primary forest bulk soil 
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(851.92 ± 94.1 µgC/g and 11.86 ± 0.69 µgN/g, respectively) and Pentaclethra-soil (765.28 ± 95.8 µgC/g and 6.41 ± 

0.73 µgN/g, respectively), whereas NO3
- levels were greatest in soils associated with Dipteryx (43.38 ± 3.23 µgN/g) 

(Table 2.1). Dipteryx-soils had the least amount of Cmic (429.87 ± 50.63 µgC/g) and NH4
+ (1.08 ± 0.35 µgN/g) 

(Table 2.1). The greatest differences in NH4
+ concentrations were between all soil sites, primary forest bulk-soil and 

Dipteryx-soil (p < 0.0001), primary forest bulk-soil and Pentaclethra-soil (p = 0.001), and Dipteryx-soil and 

Pentaclethra-soil (p < 0.0001) (Table S2.1). Nitrate concentrations were significantly different between Dipteryx- 

and Pentaclethra-soil (p = 0.002), but not significantly different between primary forest bulk soil and Dipteryx-soil 

(p = 0.486), and primary forest bulk-soil and Pentaclethra-soil (p = 0.697) (Table S2.1). Soil Cmic levels were 

significantly different between primary forest bulk-soil and Dipteryx-soil (p = 0.007) and Dipteryx- and 

Pentaclethra-soil (p = 0.030) soils, but not between primary forest bulk-soil and Pentaclethra-soil (p = 0.744) 

(Table S2.1). There were no significant differences observed in the mean values of soil %C, %N, C:N ratio, % 

moisture, pH, and elevation (all p > 0.05) (Table 2.1) across primary forest bulk-soil and both tree species-associated 

soil.  

 

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

S2.2) showed that soil NH4
+ was positively moderately correlated with soil Cmic (|r| = 0.626) across the primary-

soils, Dipteryx-, and Pentaclethra-soils, whereas soil %C, %N, C:N ratio, NO3
-, pH, and % moisture were positively 

weakly correlated with soil Cmic (|r| < 0.25) across the tree-associated soils and primary forest-soil (Table S2.2). The 

DistLM marginal test was significant for soil NH4
+ and this was also the best predictor soil variable significantly 

related to the soil Cmic (Pseudo-F = 10.31 p = 0.007, AICc = 54.07) patterns across the associated soils according to 

the DistLM sequential tests (Table 2.2a). The soil NH4
+ accounted for 39.18% of the total variation observed in the 

soil Cmic patterns across the primary forest-, Dipteryx-, and Pentaclethra-soils (Fig. 2.2). 

 

Soil bacterial community composition 

 

The dissimilarity in bacterial community composition between Dipteryx-soil and primary forest bulk soil was 37% 

(Pseudo-F = 9.04, p = 0.0022, d = 1.42) (Table 2.3a). The bacterial communities in the Dipteryx-soil and 

Pentaclethra-soil were the least dissimilar in composition at 27.8% (Pseudo-F = 2.79, p = 0.0027, d = 0.79) (Table 
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2.3a) and the primary forest bulk soil and Pentaclethra-soil bacterial communities were dissimilar at 36.3% 

(Pseudo-F = 10.33, p = 0.0017, d = 1.52) (Table 2.3a). The results of the CAP analysis indicated that the soil 

bacterial communities of the two tree species and forest bulk soil are different from one another (Fig. 2.3). The CAP 

axis 1 squared canonical correlation was 0.9996 indicating a very strong difference in soil bacterial community 

composition between primary forest bulk-soil, and Dipteryx- and Pentaclethra-soils and the CAP axis 2 squared 

canonical correlation was 0.9752, also indicating a strong difference in soil bacterial community composition 

between Dipteryx- and Pentaclethra-soils (Fig. 2.3). The DistLM marginal tests were significant for N, C, NH4
+ (p < 

0.05) (Table 2.2b). However, the DistLM sequential test determined that NH4
+ was the best predictor variable in 

structuring soil bacterial community patterns (Pseudo-F = 4.72, p = 0.0019, AICc = 110.87) (Table 2.2b) and 

explained 22.76% of the total variation observed, as visualized by distance-based redundancy analysis (Fig. 2.4).  

 

The primary forest bulk soil, Dipteryx-soil and Pentaclethra-soil were mainly dominated by Groups 1, 2, 3, and 5 

Acidobacteria, Spartobacteria (genera_incertae_sedis), Subdivision 3 (genera_incertae_sedis), Nitrospira (spp.), 

Burkholderia (spp.), Solibacter (spp.), and Bradyrhizobium (spp.) (Table 2.4). Pentaclethra-soils had the greatest 

relative percent proportion of (RPP) the ammonium-oxidizing bacterium, Nitrospira (spp.) (7.3 %), followed by 

Dipteryx-soils (3.21%) and then primary forest bulk soil that had the least amount of Nitrospira (spp.) (1.71%). 

Dipteryx soils had greatest RPP of N-fixers, represented by Bradyrhizobium (spp.), Rhizomicrobium (spp.), and 

Burkholderia (spp.) (total RPP of N-fixers (7.54%)), followed by primary forest soils (6.33%), and then 

Pentaclethra soils (4.97%) (Table 2.4). Soil bacterial genera richness (d) was significantly different across primary 

forest bulk soil, Dipteryx-, and Pentaclethra-soils (F2,15 = 17.42, p < 0.0001; F2,15 = 32.32, p < 0.0001; F2,15 = 6.11, p 

= 0.01; respectively), however, there were no significant differences in Shannon diversity (H’) (p > 0.05) (Table 

2.5a). Primary forest bulk soil had the greatest soil bacterial genera richness in comparison to Dipteryx- and 

Pentaclethra-soils (p < 0.0001), and no differences were observed in soil bacterial genera richness between 

Dipteryx-soils and Pentaclethra-soils (p = 0.962) (Table S2.3). 
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Soil fungal community composition 

 

The dissimilarity in fungal community composition between Dipteryx soils and primary forest bulk soil was 65.13% 

(Pseudo-F = 3.982, p = 0.0023, d = 0.9407) (Table 2.3b). The fungal communities of the Dipteryx-soil and 

Pentaclethra-soil were dissimilar in composition at 59.07% (Pseudo-F = 3.383, p = 0.0028, d = 0.8671) (Table 

2.3b). The primary forest bulk soil and Pentaclethra-soil were least dissimilar at 57.15% (Pseudo-F = 3.11, p = 

0.0026, d = 0.8313) (Table 2.3b). The results of the CAP analysis indicated that the soil fungal communities of the 

tree species-soil and primary forest bulk soil are different and are clearly distinguishable from one another (Fig. 2.5). 

The canonical correlations are very strong, indicating the strength of the relationship supports the hypothesis that 

tree species identify has an influence on the soil fungal community composition. The CAP axis 1 squared canonical 

correlation was 0.9184, indicating a very strong difference soil fungal community composition between primary 

forest bulk soil, and Dipteryx-soil and Pentaclethra-soil (Fig 2.5). The CAP axis 2 squared canonical correlation was 

0.8178, also indicating strong differences between in the soil fungal community composition between Dipteryx-soil 

and Pentaclethra-soil (Fig. 2.5). The DistLM marginal tests were significant for NO3
- and NH4

+ (p < 0.05) (Table 

2.2c). However, the DistLM sequential tests determined that NH4
+ was the best predictor variable in shaping soil 

fungal community composition (Pseudo-F = 3.5389, p = 0.0007, AICc = 125.73) (Table 2.2c) and explained 18.1% 

of the total variation observed, as visualized by distance-based redundancy analysis (Fig. 2.6).  

 

The top fungal genera across primary forest bulk, Dipteryx-, and Pentaclethra-soils were Mortierella (spp.), 

Archaeorhizomyces (spp.), Trichosporon, Geotrichum (spp.), Cryptococcus (spp.), Myxocephala (spp.), Mycena 

(spp.) (Table 2.6). Some genera appear to be absent in Dipteryx-soil and Pentaclethra-soil but present in primary 

forest bulk soil. Likewise, some groups in Dipteryx-soil are absent in Pentaclethra-soil, and some groups with 

Pentaclethra-soil are absent in Dipteryx-soil. For example, Marasmius (spp.) and Fusarium (spp.) were absent in 

Dipteryx-soils but had abundances in Pentaclethra-soils (0.47% and 0.18%, respectively) and primary forest soils 

(1.07% and 1%, respectively). In contrast, Heliscus (spp.) and Gymnopus (spp.) were present in Dipteryx-soils 

(0.13% and 0.06%, respectively) but absent in Pentaclethra-soils. The RPP of Geotrichum (spp.) were greatest in 

Pentaclethra-soils (51.69%) and are known saprobes, but can also be pathogenic. Primary forest soils were mainly 

dominated by Trichosporon (spp.) (38.95%), Mortierella (spp.) (26.04%), Cryptococcus (spp.) (6.17%), 
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Myxocephala (spp.) (5.4%), and Xylaria (spp.) (4.24%). Dipteryx-soils were mostly dominated by 

Archaeorhizomyces (spp.) (24.31%), Mortierella (spp.) (21.06%), Geotrichum (spp.) (15.95%), Cryptococcus (spp.) 

(15.08%) and Trichosporon (spp.) (7.38%).  Pentaclethra-soils were dominated by Geotrichum (spp.) (51.69%), 

Trichosporon (spp.) (18.16%), Mortierella (spp.) (15.91%), and Cryptococcus (spp.) (2.57%). Primary forest soils 

had the greatest RPP of Trichosporon (spp.), Myxocephala (spp.) and Xylaria (spp.), whereas Dipteryx-soil had the 

greatest RPP of Archaeorhizomyces (spp.), Cryptococcus (spp.), and Hygrocybe (spp.), and Pentaclethra-soil had 

the greatest RPP of Geotrichum (spp.) (Table 2.6). Dipteryx-soils had the greatest RPP of ECM (Hygrocybe (spp.) 

(1.71%), but had the least RPP of saprobes (68.92%) known to be involved in the degradation of complex c 

recalcitrant residues. In contrast, both primary forest bulk soil and Pentaclethra-soils had the greatest RPP of 

saprobes (87.36% and 92.05%, respectively) and the least RPP of ECM (0.14% and 0.93%, respectively). Soil 

fungal genera richness (d) was different across primary forest bulk soil, Dipteryx-, and Pentaclethra-soil (F2,15 = 

18.03, p < 0.0001; F2,15 = 4.04, p = 0.04; respectively), however, there were no significant differences in Shannon 

diversity (H’) (p > 0.05) (Table 2.5b). Primary forest bulk soil had the greatest fungal genera richness in comparison 

to Dipteryx- and Pentaclethra-soils (p < 0.05), and no differences were observed in fungal genera richness between 

Dipteryx-soil and Pentaclethra-soil (p = 0.948) (Table S2.4).  

   

Discussion 

  

Although some work has identified that restoration efforts using N-fixing trees may enhance the soil C, there has 

been little to no work conducted on how these trees are affecting the below-ground biological dynamics. The tree 

species-generated soil microbial heterogeneity might be important in facilitating forest regeneration, and the trees 

might also influence the biota in the soil ecosystems in which they occur, resulting in better C-use efficiency and C-

sequestration. Our findings suggest tree species identity (and its associated functional type) has an important 

influence on the soil microbiome (e.g. bacterial and fungal community) composition and the soil abiotic factors 

measured. This was demonstrated by the DistLM results that showed differences in soil NH4
+ best explained the 

variation observed in the soil Cmic patterns and both the soil bacterial and fungal community composition. 

Furthermore, we provide evidence that the tree species Pentaclethra macroloba stimulates the production of more 

soil Cmic than a native non-N-fixing tree species. This indicates the potential of using Pentaclethra macroloba for 
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CUE, and thus, a potential remediation strategy of secondary forest soil recuperation in this region. It is clear that 

these tree species are important in creating changes in microbial community composition that is associated with a 

shift in functional response that may have implications for CUE and remediation in this region. 

 

Differences in soil abiotic factors & determinants of soil Cmic 

 

We did not find any significant differences in most of the soil abiotic metrics examined, but did find that soil NH4
+, 

NO3
-, and Cmic varied greatly across tree species-soils and primary forest-soils. The Dipteryx-soils had the greatest 

concentrations of NO3
- but the least amount of NH4

+ and Cmic. In contrast, Pentaclethra-soils had the least 

concentrations of NO3
- and intermediate levels of NH4

+ and Cmic (primary forest-soils had the greatest NH4
+ and 

Cmic). The results of this study suggest tree species identity and function do influence the adjacent soil in the primary 

forests in which they occur, and may have important implications for the use of Pentaclethra for improving CUE in 

regenerating forests in this region. The differences between the associated-soils could be attributed to that climax 

(shade-bearer) and pioneer (light-demander) tree species differ in terms of their principal source of inorganic N 

(Ghazoul and Sheil 2010; Kricher, 2011). For example, Dipteryx is a tropical climax tree species that is believed to 

use NH4
+ as its principal source of inorganic N, which could explain partly why there was less NH4

+ in these soils 

compared to Pentaclethra-soils. The observation that Dipteryx-soils had the least amount of NH4
+ is most likely due 

to the fact the plant is utilizing this source of inorganic N, leading to less accumulation of NH4
+ in the surrounding 

adjacent soil. However, interestingly, the Dipteryx-soils had the greatest RPP of N-fixing bacteria (represented by 

Burkholderia (spp.), Bradyrhizobium (spp.), and Rhizomicrobium (spp.)) (cumulative proportion 7.47%) compared 

to Pentaclethra-soils (4.92%). The requirement of soil NH4
+ by Dipteryx could be driving the need for more free-

living N-fixing bacteria since the roots do not form N-fixing root nodules (Montagnini and Sancho 1994). On the 

other hand, Pentaclethra is a tropical pioneer species (and important later successional species) that uses NO3
- as its 

principal source of inorganic N. This could be why the Pentaclethra-soils had the least amount of NO3
- in its soils in 

comparison to Dipteryx- and primary-soils, as the NO3
- was most likely being rapidly used for the tree. Moreover, 

the Pentaclethra-soils had the greatest RPP of the ammonium-oxidizing bacteria (AMoB) Nitrospira (7.3%) in 

contrast to Dipteryx-soils (3.2%). Pentaclethra would presumably need more AmoB to produce NO3
- for utilization. 

It has been shown that greater levels of bacterial-associated N-fixation in soils (due to either or both greater activity 
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or abundance of free-living and/or symbiotic N-fixing bacterial groups) is often associated with greater levels of 

bacterial-associated ammonium-oxidation, which would be followed by increases in soil biomass development 

(Booth et al., 2005; Gehring et al., 2005; Guggenberger and Zech, 1999). However, if a tropical climax tree species 

is dependent on soil NH4
+, this tree species would potentially be acting as an NH4

+ sink with respect to its 

aboveground components, such that it could reduce the amount of NH4
+ required for ammonium-oxidation in the 

adjacent soils. Thus, without those initial forms of NH4
+, ammonium-oxidation may become limiting, and therefore, 

could result in a reduction of soil Cmic. It is important to note the current study measured the standing pools of soil 

NO3
- and NH4

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

pattern here, the lower means of the NH4
+ and NO3

-, and the demand for these nutrients by the plants, could suggest 

the soil nutrient pools here represent the amount of NH4
+ and NO3

- left-over after utilization by the trees and soil 

microbial organisms.  

 

Soil microbial biomass C levels were different between primary forest-soil and Dipteryx-soils, and between 

Dipteryx- and Pentaclethra-soils, with the primary forest-soil having the greatest amounts of Cmic, followed by the 

levels in Pentaclethra-soil, suggesting that tree-species (and N-fixation function) have an influence on the amount of 

soil microbial biomass C. There were no differences in Cmic levels between primary forest-soil and Pentaclethra-

soils, suggesting that the N-fixing tree Pentaclethra stimulates the production of Cmic such that it is similar to the 

levels found in the primary forest-soil. This is most likely due to the effects that the N-fixing capabilities of P. 

macroloba might have on the soil biota, as previous evidence has suggested that trees with N-fixing symbioses can 

enhance soil biomass and soil organic matter levels (Eaton et al., 2012; Grant et al., 2007; Macedo et al., 2008), but 

there is also contrasting evidence (Hoogmoed et al., 2014a; 2014b; 2012). Greater amounts of N-fixation and 

ammonium-oxidation in soils can lead to more incorporation of inorganic N into cells for biosynthesis pathways and 

biomass development. This could be corroborated by the finding that soil NH4
+ explained 39.18% of the total 

variation observed in the soil Cmic patterns across the tree- and primary-soils. With this in mind, the lower levels of 

Cmic and NH4
+ in the Dipteryx soils, could suggest it is soil NH4

+ that is driving an increased amount of soil Cmic. In 

soil N-cycling activities, soil NH4
+ is required by the ammonium-oxidizing bacteria that convert NH4

+ to NO3
-, 

which is also required for extracellular enzyme production and Cmic development. Consequently, without NH4
+ or 

limited availability of NH4
+, ammonium-oxidation could also become limiting, and potentially result in less Cmic. 
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Indeed, a greater nitrogen availability in the soil can increase a more efficient use of C in the soils, and as a result, 

more C remains in the soil in the form of microbial biomass and byproducts (Bradford and Crowther, 2013; 

Manzoni et al., 2012; Tucker et al., 2012; Vicca et al., 2012). This could potentially lead to more C-sequestration 

(Bradford and Crowther, 2013; Manzoni et al., 2012; Tucker et al., 2012; Vicca et al., 2012). However, a decline in 

CUE or a less efficient carbon utilization, is typically ascribed to shifts from growth (i.e. biomass) to maintenance 

respiration. Therefore, at the individual tree level, soil NH4
+ is most likely the principal pathway in terms of 

promoting more Cmic (and potentially more CUE) in the primary forests in this area. In addition, given the recent 

findings of a study in this region (McGee et al., 2018), suggests that at the forest level, soil NO3
- was important for 

structuring soil Cmic, and soil bacterial and fungal community composition toward CUE, suggesting that as distance 

from these plant functional types increases, the plant litter diversity and complexity will become more important for 

forest CUE ecosystem functional processes. Thus, this plant functional type may be initially needed for stimulating 

soil C and N biomass development in forests of this region. The implications of this warrant much more 

investigation as NH4
+ (and P. macroloba) could be a good gateway tree species in which to facilitate more microbial 

biomass back in to regenerating secondary forest soils, and more efficient carbon utilization. 

 

There are some similar patterns and findings of soil nutrients associated with P. macroloba. For example, Eaton et 

al. (2012) found no differences in TN, NO3
-, and NH4

+ between forest-soils and tree-soils. Similarly, we found no 

differences in TN between Pentaclethra-soil and primary forest floor bulk soil and Dipteryx-soil and no difference 

in NO3
- between primary forest bulk soil and Pentaclethra-soil. In contrast, soil NH4

+ was significantly different 

among all of our associated soils. However, it is important to note that the forest bulk soil in Eaton et al. (2012) was 

conducted in a secondary forest, but still showed that differences were occurring in soils closest to the Pentaclethra 

tree-soils in comparison to the forest soils. Kivlin & Hawkes (2016a & 2016b), explored various soil abiotic 

properties in four different monocultures of four different plant species (Pentaclethra macroloba, Hyeronima 

alchorneoides, Virola koschnyi, and Vochysia guatemalensis), and, in comparison to secondary forest plots in Costa 

Rica. They found soil pH was the only soil variable that was significantly different across their vegetation types with 

Pentaclethra macroloba stands being the most acidic (4.2) in comparison to the other vegetation stands. However, 

the current study showed that Pentaclethra-soil pH was 5.7, and was not different to that of Dipteryx soils and 

primary forest bulk soil. The soil NH4
+ and NO3

- did not vary across the vegetation types in the study by Kivlin and 
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Hawkes (2016a), including the Pentaclethra monoculture plots, but in the current study, we found Pentaclethra-

soils had different levels of NO3
- and NH4

+ in comparison to the native non-N-fixing tree Dipteryx. A study in 

Australia, Hoogmoed et al. (2014b) found no differences in ToC, TN, and NH4
+ between N-fixing and non-N-fixing 

tree soils. Moreover, the C:N ratio was significantly less under N-fixers compared to the non-N-fixers (Hoogmoed et 

al., 2014b). In the current study, no significant differences in the C:N ratio were observed across the primary-soil, 

and Dipteryx- and Pentaclethra-soils. Hoogmoed et al (2014b) found that at soil depths of 0-10 cm, significant 

differences in NO3
- levels in the soils between N-fixers and non-N-fixers, but soil NH4

+ was not different between 

these groups. In addition, they found little to no differences in soil ToC and TN between N-fixer and non-fixer tree 

species (Hoogmoed et al., 2014b). Eaton et al. 2012, found there were greater levels of Cmic in tree soils than forest 

soils. Interestingly, Kivlin & Hawkes (2016a) did not find differences in soil Cmic among the vegetation types, which 

one of the monoculture plots was P. macroloba. However, given the various experimental designs in all of these 

studies, it may be difficult to parse out and identify potential patterns of soil abiotic factors associated with different 

tree species and associated functional type.  

 

An interesting finding in this study, is that the size of the tree appears to be less important than the tree species 

function in determining the amount of Cmic in the soils. For example, the Dipteryx trees had an average DBH of 1 m, 

but less Cmic in the soil than Pentaclethra-soils, whose average DBH was about 40 cm (Table 1). This is likely due 

to the idea that most of the soil C biomass associated with larger trees is related to allocating C toward their 

aboveground growth and biomass, rather than their capability of storing carbon in their soil. However, this was not 

tested for and should be explored. Thus, the more trees in a forest or above-ground biomass, does not necessarily 

mean more Cmic in the soil, as linked to the soil Cmic levels. 

 

Differences in the soil bacterial and fungal community composition 

 

Our results demonstrated that the soil bacterial and fungal community composition were significantly different 

between the two tree-species-soils and from primary forest soils, suggesting that plant identity may influence the 

adjacent soil microbial community composition, which is different than the primary forest soil microbial 

composition. This shows that there could be a relatively strong influence a tree species can have on the surrounding 
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soil microbiome in a highly mixed species tropical primary forest. Indeed, previous studies have shown that plants 

can shape the soil microbiome, particularly the rhizosphere communities, through the rhizodeposition of plant-root 

exudates, mucilage, and sloughed cells (Chaparro et al., 2012; 2014; Lakshmanan et al., 2014; Yan et al., 2017). 

Even though we did not directly sample and isolate the rhizosphere soils, our soil samples did consist of this soil 

habitat given our soil sampling design. Nonetheless, we predicted Dipteryx-, Pentaclethra-, and primary forest-soils 

to have their own distinct soil bacterial and fungal community composition due to plant-functional type and the 

different substrates, and substrate qualities and quantities entering the soil, either through rhizodeposition (i.e. 

individual tree species plant roots) or through plant litter diversity and complexity on forest floor soils (i.e. forest 

soils). These processes would presumably serve as an environmental filter for the better adapted microbes to 

consume these different resources as well as perform different functional processes. Two studies by Kivlin and 

Hawkes (2016a; 2016b) in Costa Rica that explored soil bacterial and fungal community composition in four 

different monocultures of four different plant species (Pentaclethra macroloba, Hyeronima alchorneoides, Virola 

koschnyi, and Vochysia guatemalensis) and in secondary forest soils, found that soil microbial community 

composition was clustered by vegetation type and was different from the secondary forest soil microbial 

communities. However, even though the soil microbial community compositions were significantly different among 

those monocultures, there were no significant differences in soil microbial biomass C (Kivlin and Hawkes, 2016b; 

2016a). This suggests that although the vegetation types did shape the overall structure of those soil microbial 

communities, this did not affect the soil Cmic, even though one of the monoculture plots was Pentaclethra 

macroloba. In contrast to this, our study not only found differences in soil bacterial and fungal community 

composition across our tree-soils and forest-soils, but also that P. macroloba in a mixed species primary forest 

stimulates a soil microbial community composition with more soil microbial biomass C than a non-N-fixing tree 

species. Likewise, Pentaclethra macroloba appears to stimulate soil Cmic levels closer to soil Cmic levels to that of 

the primary forest soils. Therefore, not only does it appear that tree-species-soil and primary forest-soils create 

changes in soil microbial community composition, but also can result in a functional response or shift such as more 

biomass, and therefore, a shift or change in better C-use efficiency.  Land management by definition results in 

anthropogenic changes in resource inputs in these cases it is the inputs that drive the microbial community, not the 

other way around. Thus, while these vegetation types or plant species can presumably affect the shape or structure of 

the soil bacterial and fungal community composition, there may not always be an apparent functional response. 
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Indeed, the specific taxonomic groups of the microbial composition of different soil ecosystems have implications 

for CUE or functional implications. For example, the microbial decomposers of the community with a greater CUE 

can convert complex forms of organic C more efficiently into new biomass, leading to a reduction in respiration 

rates per unit of organic C taken up. Thus, more C remains in the soil in the form of soil microbial biomass and 

byproducts, and increasing C-sequestration. Therefore, Pentaclethra macroloba appears to facilitate steady 

populations of those soil microbial decomposers with a greater CUE and it may be that this plant functional type is 

initially needed for stimulating biomass, but then farther away from the tree (e.g. primary forest bulk soil), there 

needs to be a development of more plant litter quality, quantity, and complexity to maintain this soil Cmic in the 

forest floor soils. This could be indicated by the finding that soil Cmic was similar between primary forest soil P. 

macroloba-soils, yet, the soil bacterial and fungal community composition was significantly different. Few studies 

have compared soil microbial community composition under N-fixing to non-N-fixing tree species (Bini et al., 2013; 

Boyle et al., 2008; Hoogmoed et al., 2014b) and even less so for Pentaclethra macroloba influences on adjacent soil 

microbes and nutrients (Eaton et al., 2012). This study adds to the limited knowledge of the soil microbial 

communities and soil nutrients associated with this plant functional type and this particular tree species and supports 

the growing evidence that a greater N availability in soil presumably shapes or stimulates a soil bacterial and fungal 

community composition toward greater C-use efficiency, as indicated with the connection to soil Cmic. 

 

Increases or decreases in species richness of microbes does not necessarily imply increases or decreases in the 

biomass of microorganisms. Evidence of this study suggests there was similar soil microbial genera richness and 

diversity, but differences in soil Cmic, as well as differences in soil microbial community composition between the 

Dipteryx- and Pentaclethra-soils, that may have interesting implications. There is some debate and still remains 

unclear as to the actual influence plant species may have on microbial diversity, but evidence suggests plant species 

identity is the main factor influencing the microbial composition (Berg and Smalla, 2009; Chaparro et al., 2012; Van 

Overbeek and van Elsas, 2008). We found that tree-species-soils and primary forest soils, did not differ in the 

overall soil bacterial and fungal genera diversity, indicating that these two different tree species do not appear to 

create more or less diversity in the soil microbial communities in their own surrounding soil, and compared to 

primary forest bulk-soil. This suggests plant identity and associated plant functional type, may have more of an 

influence in the overall shape of the soil microbial communities, rather than soil microbial diversity. In addition, soil 
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bacterial and fungal genera richness were greatest in the primary forest, and less in Dipteryx- and Pentaclethra-

associated soils. Yet, there were no differences in the genera richness of bacteria and fungi between Dipteryx-soils 

and Pentaclethra-soils. Therefore, plant identity and N-fixing functional type, may not have a strong influence on 

the diversity and richness of bacteria and fungi, given there was no difference of these metrics between tree species, 

but does appear to shape the overall community composition, as aforementioned. Previous studies found similar 

results in that the monoculture stands of the different tree species did not have an effect on fungal richness, and that 

bacterial richness depended more on sampling season (i.e. wetter vs drier seasons), rather than vegetation type 

(Kivlin and Hawkes, 2016b; 2016a). However, even though our plant species did not affect richness, the primary 

forest bulk soils had the greatest bacterial and fungal richness. This is most likely due to more abundant resources 

that would presumably be available for the soil microbial communities in primary forest floor bulk soils, and as 

there is less plant leaf litter in the soil adjacent to these tree species, in comparison to the primary forest floor. The 

greater abundance and diversity of plant litter quality, quantity, and complexity on the forest floor would 

presumably open-up or create more niches, or possibly a partitioning of resources, and thus, more microbial species 

to consume these resources (Bradford et al., 2013; 2008; 2014; Guggenberger et al., 1995; Guggenberger and Zech, 

1999; Schwendenmann and Veldkamp, 2006; Zhang and Zak, 1995). In such biologically accommodated 

communities the physical and chemical resources allow for greater interspecies adaptation, resulting in species-rich 

associations. Moreover, a soil bacterial and fungal community composition with low richness and high biomass 

could suggest competitive exclusion, or those groups that have outcompeted other groups, low niche overlap, and 

little partitioning of resources. Whereas a soil environment with a multiplicity of resources and spatial heterogeneity 

would presumably create more niches or a partitioning of resources and thereby reducing competition, and therefore, 

result in a community with greater richness and greater biomass to consume these resources. A soil microbial 

community that has a complex structure and that is high in species richness, requires a lower amount of energy for 

maintaining such a structure, and this lower energy requirement is reflected in a lower primary production rate per 

unit of biomass, while a stable diversity level is maintained (Manzoni et al., 2012; Sinsabaugh et al., 2016). 

However, given the presumably lesser diversity and complexity of plant litter resources closer to the P. macroloba 

tree, this would or should facilitate more competition between populations, therefore, this could lead to less 

microbial species richness, but more of a continuous source of N via N-fixation. The reduced rate of inorganic N use 

by the P. macroloba would leave more inorganic N available for the soil microbial community, and should therefore 
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increase biomass. It is possible that P. macroloba may be selecting for more K-strategy microbes. Whereas Dipteryx 

may be facilitating r-strategists in the soil, that favor rapid microbial growth and have a higher primary production 

rate per unit of biomass. Soil microbes that are r-strategists invest in energy toward rapid reproduction and less 

biomass because the population densities of the soil microorganisms are dependent on the rate of reproduction. 

Therefore, it may be worth exploring if these soil bacterial and fungal communities are competitive or not-

competitive, and if there is resource partitioning occurring. These could be ecological forces contributing to 

stimulating or not stimulating soil Cmic, and thus, c-use efficiency.  Different types and sources of soil nutrients and 

the interactions among populations may become more important for selecting the populations that become 

established under these circumstances. It appears here, that even if there was low microbial genera richness, the only 

way to accrue biomass is consuming resources such as essential forms of inorganic N, particularly so if spatial 

heterogeneity is reduced as well as a multiplicity of resources.  

 

Associated with the patterns mentioned above, we found plant type appears to have influenced certain soil fungal 

taxonomic groups associated with certain functions, and has likely had an influence on the amount of the associated 

soil Cmic levels. For example, Dipteryx-soils contained the greatest RPP of representatives from soil ECM, but the 

least RPP of soil fungal saprobes associated with complex decomposition activities. In contrast, Pentaclethra-soils 

had the least RPP ECM, but the most RPP of these types of saprobes. The accumulation of NO3
- associated with 

Dipteryx could be stimulating the growth of ECM but inhibiting saprobes associated with complex-carbon 

decomposition activities, as has been observed elsewhere (Sinsabaugh 2010; DeForest 2004; de Vries 2007; Knorr 

2005; Hobbie 2008). Given that Pentaclethra uses NO3
- as its principal source of N, NO3

- is probably not 

accumulating in these soils as much as Dipteryx. Therefore, this could be why there was less soil ECM and more 

soil saprobes associated with Pentaclethra. Dipteryx had the greatest amount of nitrate and RPP of soil ECM, but 

had the least RPP of soil saprobes associated with the degradation of recalcitrant residues. In contrast, Pentaclethra-

soils, had the least amount of nitrate but the most soil saprobes associated with the degradation of recalcitrant 

residues (92.05%). The soil ECM constitute an important component of the soil microbial decomposer community, 

however, the allocation of C to mycorrhizal associations by the plant can sometimes reduce CUE in soils, due to the 

energetically expensive investment the plant makes to establish the ECM symbiosis which can result in reduced 

levels of root exudation into the soil (Bradford and Crowther, 2013). On the other hand, the greater amount of more 
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complex carbon degrading fungi, such as lignin degraders, usually results in more soil C biomass, and potentially 

more accrual of complex carbon compounds leading to carbon sequestration in forest- or plant-soils. The primary 

forest soils in this study had more complex carbon fungal decomposers and more soil Cmic than Dipteryx-soils, 

probably due to the greater amount and diversity of leaf litter on the primary forest floor in comparison to around the 

Dipteryx trees. As well, Pentaclethra-soils also had more complex carbon fungal decomposers than Dipteryx. In this 

case, it is likely due to the effects of the N-fixation associated with the tree, rather than leaf litter.  More plant litter 

complexity and quantity on the forest floor has been previously shown to stimulate more soil microbial species to 

consume these complex carbon resources (Bradford et al., 2014; 2013; 2008; Guggenberger et al., 1995; 

Guggenberger and Zech, 1999; Schwendenmann and Veldkamp, 2006; Talbot et al., 2008; Zhang and Zak, 1995). It 

is known that as forests develop greater diversity, density, and amount of leguminous vegetation during succession, 

greater amounts of N-fixation and ammonium-oxidation will also occur in the soils, thus, leading to more 

incorporation of inorganic N into cells for biomass development, and, ultimately, stimulating plant growth (Booth et 

al., 2005; Gehring et al., 2005; Sahrawat, 2008). This increases the complex decomposition activities, as well as 

rhizodeposition, and increased production of labile root-derived carbohydrates associated with the microbes 

(Murphy et al., 2017; Nguyen, 2003; Paterson, 2003; Paterson and Sim, 1999).  

 

As previously explained, the most notable pattern for the soil bacterial taxonomic groups were for those soil bacteria 

associated with N-cycling activities. For example, Pentaclethra-soils had the greatest amount of Nitrospira (spp.) 

which is most likely due to the demand of NO3
- by the plant for its principal source of N. In contrast, Dipteryx-soils 

had the least AMoB, but the most N-fixers that are most likely free-living N-fixers, to compensate for the lack of 

root-nodule microbial symbionts in order to provide the sources of NH4
+ that Dipteryx needs as its principal source 

of N. The root nodular bacterial N-fixing symbionts are presumably more efficient in N-fixation processes as these 

bacterial symbionts have a steady stream of metabolic precursors from the plant, and therefore, less energy 

expenditure is required for biosynthesis. However, the free-living N-fixing bacteria need to expend more energy for 

biosynthesis, as these free-living bacteria do not have that steady stream of metabolic precursors from the plant, and 

thus, have less energy available for N-fixation. Therefore, the Dipteryx plant may require more free-living N-fixing 

bacteria in its soils to reach the functional contribution or efficiency to that of root nodular bacteria, in terms of 

producing soil NH4
+. In any case, it is difficult to ascribe whether there are more N-fixer populations due to the 
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ammonium demand of the Dipteryx plant species, or that more free living N-fixing bacteria are required to 

compensate for the lack of root nodule microbial symbionts, or perhaps a combination of both. Therefore, it may be 

of interest in future studies to measure rates of N-fixation and ammonium-oxidation of these soils, as well as explore 

the quantity and expression functional genes involved in N-cycling processes.  

Determinants of soil bacterial and fungal community composition 

 

The soil microbial community composition and structure are an important component of the functional processes 

that can affect the overall local, and thus large scale ecosystem conditions, such as decomposition and nutrient 

cycling. As soil bacteria and fungi are intimately connected to their surrounding environment, fluctuations in the 

environmental conditions can result in decreases or increases in taxonomic groups based on the upper and lower 

tolerance limits of a particular microorganism. As such, this can lead to compositional changes in the microbial 

community across varying environmental conditions. It is well known that various soil site factors such as pH, 

moisture, and texture, etc., can shape microbial community composition (Fierer et al., 2007; Fierer et al., 2009). 

However, a soil microbial population that is existing close to the edge of its upper or lower tolerance limit, grows 

rather slowly under these stressful conditions. Thus, those microbial populations become more vulnerable to 

ecological interactions such as competition, predation, and parasitism. Consequently, with changing environmental 

conditions, there could be taxa-switching such that the better adapted microorganism to a particular environmental 

parameter, will outcompete and presumably thrive better than the less adapted microorganism. Although changing 

environmental conditions could potentially select for the better adapted microorganism, it is quite possible that even 

if there is taxa-switching (and thus, a change in the compositional structure of the community), this may not invoke 

a change or shift in a functional response leading to changes in specific ecosystem processes that may have larger 

ecosystem implications or consequences of the community overall. This would suggest that, for example, a better 

adapted microbe to a lower pH, may carry-out the same function of a better adapted microbe to a higher pH. Thus, 

two different microbes that thrive better in two contrasting environments, may have the same functional contribution 

to the ecosystem in which they occur. There is no doubt that environmental conditions act as filter processes that 

should select for organisms according to their traits, niche preferences, biological interactions, and coevolution with 

hosts, and therefore shape the microbial community compositions (Costello et al., 2012; McCalley et al., 2014; 

Nemergut et al., 2013). Yet, the environmental filter or drivers of certain functional implications are not well known. 
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Recent findings suggest that fluctuations of key microbial taxa reflect the dynamics of important biogeochemical 

processes (McCalley et al., 2014). In less severe habitats, or a narrow range of environmental conditions, nutrient 

availability and substrate qualities and quantities, should exert a strong force on the biochemical and ecological 

interactions among populations, that would change the direction and trajectory of various ecosystem processes, such 

as decomposition (Atlas and Bartha, 1981). Ultimately, this may have consequences or various potential outcomes 

of ecosystem functioning (McCalley et al., 2014). The forces of this acting on local-scales, such as here with 

individual tree species, become important for understanding possible functional outcomes extrapolated to a habitat 

or forest ecosystem scale.  

 

The results from the current study suggest that soil NH4
+ was the best predictor variable in shaping the soil bacterial 

and fungal community patterns across the Dipteryx- and Pentaclethra-soils and primary forest-soils (and soil Cmic 

patterns as aforementioned). Even though NH4
+ only accounted for 22.76% and 18.1% of the total variation 

observed in the soil bacterial and fungal community composition, respectively, soil NH4
+ could be an important 

factor in shaping these soil microbial communities that may have implications for CUE. This is not a surprise as 

Pentaclethra (with N-fixing root nodular symbionts) and Dipteryx (no N-fixing symbionts) are very different 

functional types, with the former serving as a producer of NH4
+. Soil ammonium as a driver of bacterial community 

structure can be explained, in part, by its role in ammonium oxidation (as the proton and electron donor for the 

nitrifying bacteria), and also for its utilization by bacteria as an N-source. As well, NH4
+ and other forms of 

inorganic N have been known to stimulate the growth of ectomycorrhizae (ECM) (Singh et al., 2008), but inhibit 

many of those fungi capable of complex recalcitrant C degradation (DeForest et al., 2004; Waldrop and Firestone, 

2006; Waldrop and Zak, 2006), as was described earlier. As different plant functional types will differ in their 

substrates entering the soil, resulting in differences in the inputs of inorganic N, the microbial community will 

respond accordingly, using this N for biosynthesis of a variety of organic compounds. In addition, there will be 

expression of different enzymatic pathways required to degrade some of these particular organic compounds. This 

interaction, beginning with different types of inputs of N, can subsequently result in successional changes in soil 

biota associated with changes in the ability to differentially degrade labile to complex and recalcitrant organic 

compounds in detritus during decomposition, with the labile carbon being depleted much earlier than the recalcitrant 

carbon (typically associated with a greater CUE). The ability for a soil microbial community to exhibit a more 
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efficient use of carbon will depend on the soil conditions that would select for the recalcitrant carbon decomposers. 

Typically, these recalcitrant carbon decomposers have a greater CUE, and make more efficient use of carbon for 

growth, as opposed to utilization of carbon for maintenance. These microbes also release less CO2 into the 

atmosphere than the microbes that degrade more labile forms of carbon, which also have a lower CUE. Conditions 

in soil ecosystems that favor the decomposers with a lesser CUE are associated with a large loss of carbon from the 

soil due to consumption of the more labile compounds for maintenance respiration, and ultimately, reduce the 

potential for long-term C-sequestration. For example, in general, fungi have a greater CUE than bacteria, meaning 

that fungi can assimilate C more efficiently into biomass that involves less loss of C via maintenance respiration and 

requires more N for the enzymes needed for biosynthesis. Consequently, decreased levels of inorganic N could 

result in a decrease in the synthesis of these enzymes, and therefore, a decrease in the rate and efficiency of these 

complex decomposition activities. Ultimately, this would lead to a reduction in biomass, and potentially a reduction 

in CUE. In cases of reduced NH4
+, such as soils associated with tree species that use NH4

+, the decrease in NH4
+ 

could be the rate limiting step which ultimately determines the fate or direction of biomass development. From this, 

it appears NH4
+ may be quite important as the first step to building more microbial biomass in the soils and, thus, the 

potential for improved CUE. Although NO3
- is also important for biomass production, if there is a reduced pool of 

NH4
+, then nitrification rates would most likely decrease. Therefore, it appears as if less NH4

+ is a more important 

limiting factor for biomass production in the soils examined in this study, and that changes in the amount of NH4
+ 

are acting as an environmental driver that can shape the soil bacterial and fungal community composition, resulting 

in differences in the functional groups of microbes present. 

 

Our study contradicts many others in that pH was not a driver of soil microbial community composition (Banerjee et 

al., 2016; Castro et al., 2010; Freedman and Zak, 2015; Högberg et al., 2006; Kivlin and Hawkes, 2016b; Lee-Cruz 

et al., 2013; Sait et al., 2006; Tripathi et al., 2012). However, soil abiotic drivers such as pH (or others such as 

moisture, soil texture, etc.) that can shape community composition may not always have an effect on the functional 

process of the microbes. For example, Kivlin and Hawkes (2016b), found that soil moisture and pH accounted for 

~4% of the variation in total soil fungal community structure, yet was significantly different across their 

monoculture vegetation types, with P. macroloba stands being the most acidic (pH = 4.2). Interestingly, Kivlin and 

Hawkes (2016a) did not find differences in soil Cmic across the vegetation types, including the P. macroloba plots. In 
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this case, even though pH was significantly related to the soil fungal community composition, pH may not be 

invoking a functional response of the communities, given that there was no change in soil Cmic levels. As many 

microbes are capable of performing the same function, there may be small to large associated shifts in taxa with 

changing or different climatic and environmental variables, but there may be no change in the overall functional 

response of the microbial community. For example, even if soil pH is structuring the composition of two microbial 

communities between two habitats, this does not mean that there is an associated functional shift with a shift in 

community composition. Thus, pH could shape communities but not necessarily have some sort of larger effect that 

changes the amount of soil microbial biomass C. In this study, soil pH was not significantly different among our tree 

species-associated soil and primary forest bulk soil and was not associated with the soil bacterial and fungal 

community composition, and yet, our soil microbial communities were clustered by tree type and primary forest 

bulk soil. Given that these two tree species are of different functional types, it is clear then, that N-cycling activities 

and microbial communities associated with these tree species has not affected or been affected by the soil pH levels. 

Thus, in the current work, it appears as if narrow pH ranges or small shifts in environmental variables may not have 

as strong of an effect as nutrient availability on microbial communities. Even though an environmental parameter 

may be significantly associated with structuring the soil microbial community composition, such as pH, (i.e. select 

for those microbes that are not at their upper or lower tolerance limit), it may not necessarily have implications as a 

function of the community response. Soil nutrient availability and substrate quality and quantity should exert a 

strong force on the ecological interactions among populations, and thus, on various ecosystem processes that may 

have consequences on not just local scales, but also the ecosystem scales in which the local scales make-up. 

Understanding the direction and possible trajectory of the environmental filters that act on the functional aspects of 

soil microbial communities is crucial for understanding and predicting these patterns and possible feedbacks.  

 

Conclusions 

 

The role of soil conditions in structuring microbial community composition for CUE associated with N-fixing and 

non-N-fixing trees, and primary forest soils, has not previously been assessed in these tropical ecosystems. This 

study showed that tree species identity, in this particular region of Costa Rica, has an influence on the surrounding 

soil bacterial and fungal community composition, and is mostly shaped by soil ammonium. Even though this study 
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only examined two different tree species in the area, the results have shown strong implications for P. macroloba to 

stimulate more microbial biomass C in primary forest soils, than a non-N-fixing tree species of the same family, 

most likely via N-fixation and stimulating ammonium-oxidizing processes, followed by enhanced soil bacterial and 

fungal community populations. As such, this plant species could be an important ecosystem restoration tool used in 

facilitating early regeneration of secondary forests, providing essential forms of inorganic N that are important for 

plant and microbial growth and enhancing CUE. Therefore, this tree species may have a greater potential for 

facilitating carbon sequestration. Future studies should focus on understanding how P. macroloba influences soil 

biotic communities and C and N cycle dynamics in previously managed systems compared to old-growth forests, 

and a project concerning this is currently underway.  
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Tables and Figures 
 
 
Table 2.1. Mean and standard error of the soil abiotic properties of primary forest bulk soil, Dipteryx panamensis-
associated soil, and Pentaclethra macroloba-associated soil and the one-way ANOVA results evaluating the 
different soil property elements across these soils. Different superscripted letters denote significant pairwise 
comparisons (p < 0.05) based on post-hoc analyses. The post-hoc results can be found in table S2.1. 
 

 Primary Forest D. panamensis P. macroloba ANOVA 
F Stat p value 

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

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

- (µgN/g) 31.55 ± 8.07a 43.38 ± 3.23ab 23.30 ± 1.57ac 14.56 0.002 
pH 5.70 ± 0.03 5.75 ± 0.09 5.77 ± 0.14 0.227 0.802 
Moisture (%) 56.72 ± 1.16 57.48 ± 4.09 55.69 + 2.33 0.102 0.903 
Elevation (m) 58.75 ± 0.60 51.98 ± 6.49 58.18 ± 0.53 0.990 0.395 
Average DBH (cm) n/a 100.58 ± 0.66 51.33 ± 4.43   
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Table 2.2. Distance-based linear modeling (DistLM) marginal and sequential tests describing the association of 
environmental variables and patterns in (a) soil microbial biomass C, (b) bacterial and (c) fungal community 
composition across primary forest bulk soil, Dipteryx panamensis-associated soil, and Pentaclethra macroloba-
associated soil in the MNWR, using stepwise sequential tests following AICc selection criterion. Significant results 
are indicated by p < 0.05 in bold (Prop. var. = proportion of total variation). The marginal tests are used to identify 
how much each predictor variable explains when taken alone, ignoring all other variables and does not include any 
corrections for multiple testing. The sequential tests are conditional tests of individual predictor variables done in the 
order specified, where each test examines whether adding that particular variable contributes significantly to the 
explained variation to account for covariates. 
 

(a) Soil Microbial Biomass C 
Marginal Test: SS(trace) Pseudo-F p-value Prop. Var. 
C     7.931  0.28248 0.5993 0.017349 
N    3.8914  0.13736 0.7212 0.085122 
C:N ratio    8.9044  0.31784 0.5894 0.019478 
NH4

+    179.11   10.307 0.0071   0.39179 
NO3

-    14.509  0.52444 0.4745 0.031737 
pH    17.149  0.62361 0.4438 0.037513 
Moisture    22.759  0.83828 0.3788 0.049784 
Sequential Test: AICc Pseudo-F p-value Prop. Var. 
NH4

+ 54.07 10.307 0.0073 0.3918 
(b) Soil Bacterial Community Composition     
Marginal Test: SS(trace) Pseudo-F p-value Prop. Var. 
C 1235.7 2.7415 0.0216 0.14628 
N 1178.1 2.5932 0.0251 0.13947 
C:N ratio 650.59 1.3351 0.2012 0.077019 
NH4

+ 1922.8 4.7152 0.0011 0.22762 
NO3

- 524.7 1.0597 0.3391 0.06211 
Cmic 990.94 2.1264 0.056 0.11731 
pH 435.06 0.8688 0.4926 0.051504 
Moisture 498.54 1.0035 0.3787 0.059018 
Sequential Test: AICc Pseudo-F p-value Prop. Var. 
NH4

+ 110.87 4.715 0.0014 0.22762 
(c) Soil Fungal Community Composition     
Marginal Test: SS(trace) Pseudo-F p-value Prop. Var. 
C 1423.1 1.3579 0.1527 0.078232 
N 1208 1.1381 0.2726 0.066408 
C:N ratio 1367.8 1.301 0.176 0.075196 
NH4

+ 3294.6 3.5389 0.0013 0.18112 
NO3

- 1913.3 1.8807 0.0405 0.10518 
Cmic 1485.1 1.4224 0.1293 0.081644 
pH 776.48 0.71344 0.7708 0.042686 
Moisture 843.5 0.77801 0.6902 0.046371 
Sequential Test: AICc Pseudo-F p-value Prop. Var. 
NH4

+ 125.73 3.539 0.0007 0.18112 
 

 

 

 

 

 



	

	94	

Table 2.3. Analysis of the dissimilarity in the soil (a) bacterial and (b) fungal community structure across primary 
forest bulk soil, Dipteryx panamensis-soil, and Pentaclethra macroloba-soil. The DNA sequence relative proportion 
data were analyzed using the multivariate and permutation-based PERMANOVA. The percent dissimilarity, 
Pseudo-F value, p-value, and Cohen’s d effect size are presented in the table. 
 

 Pairwise Groups Pseudo-F p-value % Dissimilarity Cohen’s d 

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

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

 
 
 
Table 2.4. Soil bacterial Genera proportion of sequences greater than 1% representation across primary forest bulk-, 
Dipteryx-, and Pentaclethra-soils. ‘Groups’ are members of Acidobacteria. 
 

Genus Primary Forest D. panamensis P. macroloba 
Gp1 23.57 20.32 18.65 
Gp2 24.50 16.54 18.83 
Gp3 12.99 18.28 15.90 
Spartobacteria Incertae sedis 7.64 6.52 10.16 
Subdivision 3 Incertae sedis 4.55 4.82 4.79 
Nitrospira 1.71 3.21 7.30 
Burkholderia 4.12 3.88 2.83 
Solibacter 1.96 3.04 1.67 
Gp5 2.17 2.13 1.99 
Bradyrhizobium 1.16 2.82 1.44 
Edaphobacter 1.20 1.22 0.91 
Ktedonobacter 0.42 0.94 1.67 
Chitinophaga 1.12 0.10 1.20 
Rhizomicrobium 0.97 0.77 0.65 
Niastella 0.01 1.13 0.96 
Mucilaginibacter 0.26 1.18 0.65 
Dyella 1.04 0.33 0.50 
Rhodomicrobium 0.30 0.51 0.88 
WPS-2 Incertae sedis 0.63 0.59 0.41 
Labilithrix 0.20 0.68 0.28 
Acidobacterium 0.58 0.41 0.16 
Stigmatella 0.00 0.52 0.62 
Aggregicoccus 0.52 0.18 0.44 
Koribacter 0.78 0.02 0.22 
Vampirovibrio 0.10 0.52 0.30 
Kitasatospora 0.08 0.68 0.03 
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Table 2.5. The soil (a) bacterial and (b) fungal genera alpha diversity indices mean ± SE and the one-way ANOVA 
(n = 6) results followed by post-hoc analyses. The different superscripted letters denote significant pairwise 
comparisons found in the post-hoc analyses (p < 0.05). The post-hoc results can be found in Tables S2.3 and S2.4. 
 

Community Diversity Index Primary Forest D. panamensis P. macroloba ANOVA 
F stat p-value 

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

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

 
 
 
 
 
Table 2.6. Soil fungal genera relative percent proportion of sequences greater than 0.5% representation across the 
primary forest bulk-, Dipteryx-, and Pentaclethra-associated soils. 
 

Genus Primary Forest D. panamensis P. macroloba 
Glomeraceae unidentified 0.58 0.76 0.47 
Mortierella 26.04 21.06 15.91 
Xylaria 4.24 2.17 1.38 
Crinipellis 0.29 1.22 0.08 
Marasmius 1.07 0.00 0.47 
Gymnopus 0.75 0.06 0.00 
Hygrocybe 0.14 1.71 0.93 
Trichoderma 2.12 0.97 0.20 
Viridispora 0.81 0.06 0.00 
Pestalotiopsis 0.26 0.14 0.44 
Heliscus 0.48 0.13 0.00 
Fusarium 1.00 0.00 0.18 
Calonectria 1.51 1.01 1.57 
Rhizophydium 0.34 0.87 0.19 
Synchytrium 0.10 0.83 0.01 
Gliocladiopsis 3.04 0.29 0.86 
Archaeorhizomyces 1.87 24.31 3.05 
Cryptococcus 6.17 15.08 2.57 
Mycena 0.26 4.30 1.05 
Pseudallescheria 0.83 0.03 0.00 
Geotrichum 3.12 15.95 51.69 
Trichosporon 38.95 7.38 18.16 
Myxocephala 5.40 1.39 0.73 
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Fig. 2.1 Map of the San Juan La-Selva Biological Corridor (left) and the Maquenque National Wildlife Refuge 
(right) (MNWR outlined in black and shaded green) (Cove et al., 2014). 
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Fig. 2.2 The distance-based redundancy analysis (dbRDA) ordination plot of the DistLM sequential test results 
based on the soil abiotic variables fitted to the variation in the soil Cmic patterns. Soil NH4

+ was the best predictor 
variable out of the model and explained 39.2% of the total variation observed in the soil Cmic patterns across the 
primary, Dipteryx-, and Pentaclethra-soils (Pseudo-F = 10.31, p = 0.007, AICc = 54.07). 
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Fig. 2.3 Canonical Analysis of Principal Coordinates (CAP) showing the strength of the dissimilarity of the overall 
soil bacterial community composition across the primary forest bulk soil, Dipteryx-soil, and Pentaclethra-soil in a 
primary old-growth lowland forest of Costa Rica. The CAP axis 1 squared canonical correlation was 0.9996 
indicating the strength of the difference between the primary forest-soils and Dipteryx-soils, and between the 
primary forest soils and the Pentaclethra-soils. The CAP axis 2 squared canonical correlation was 0.9752 indicating 
the strength of the difference between the Dipteryx-soils and Pentaclethra-soils. 
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Fig. 2.4 Distance-based redundancy analysis (dbRDA) ordination plot of the DistLM sequential test results based on 
the soil abiotic variables fitted to the variation in the soil bacterial community. Soil NH4

+ was the best predictor 
variable out of the model and explained 22.8% of the total variation observed in the soil bacterial community 
patterns across primary forest bulk-, Dipteryx-, and Pentaclethra-soil (Pseudo-F = 4.72, p = 0.0019, AICc = 110.87). 
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Fig. 2.5 Canonical Analysis of Principal Coordinates (CAP) showing the strength of the dissimilarity of the overall 
soil fungal community composition across the primary forest bulk soil, Dipteryx-soil, and Pentaclethra-soil in a 
primary old-growth lowland forest of Costa Rica. The CAP axis 1 squared canonical correlation was 0.9184 
indicating the strength of the difference between the primary forest-soils and Dipteryx-soils, and between the 
primary forest soils and the Pentaclethra-soils. The CAP axis 2 squared canonical correlation was 0.8178 indicating 
the strength of the difference between the Dipteryx-soils and Pentaclethra-soils. 
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Fig. 2.6 Distance-based redundancy analysis (dbRDA) ordination plot of the DistLM sequential test results based on 
the soil abiotic variables fitted to the variation in the soil fungal community. Soil NH4

+ was the best predictor 
variable out of the model and explained 18.1% of the total variation observed in the soil fungal community patterns 
across primary forest bulk-, Dipteryx-, and Pentaclethra-soils (Pseudo-F = 3.5389, p = 0.0007, AICc = 125.73). 
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Supplementary Material 
 
Table S2.1. One-way ANOVA with Tukey HSD and Dunnett’s T3 post-hoc results for the different soil properties 
across primary forest bulk soil, Dipteryx panamensis-associated soil, and Pentaclethra macroloba-associated soil in 
the Northern Zone of Costa Rica. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Moisture, C, N, C:N, and Cmic all Tukey HSD Post-Hoc; pH, NH4

+, and NO3
- were Dunnett’s T3 Post-Hoc due to 

non-homogeneous variances; Primary = Primary forest bulk soil; Dipteryx = Dipteryx panamensis; Pentaclethra = 
Pentaclethra macroloba. 
 
 
Table S2.2. The soil microbial biomass C (Cmic) Pearson Correlations associated with the soil abiotic variables 
measured for the primary forest soils, and the Pentaclethra- and Dipteryx-soils. 
 
 

 pH % moisture N C C:N NH4
+ NO3

- 
Pearson Correlations 0.19368 -0.22312 -0.092261 -0.131713 -0.139563 0.62593 -0.17814 

 
 
 
 
 
 
 
 
 

    95% Confidence Interval 
Soil Property Habitat P-value Lower Bound Upper Bound 

NH4
+ (µgN/g) 

Primary 
Dipteryx < 0.0001 8.46039646242 13.10627020424 
Pentaclethra 0.001 3.14542321176 7.75568789924 

Dipteryx 
Primary < 0.0001 -13.10627020424 -8.46039646242 
Pentaclethra < 0.0001 -6.65177396089 -4.01378159478 

Pentaclethra 
Primary 0.001 -7.75568789924 -3.14542321176 
Dipteryx < 0.0001 4.01378159478 6.65177396089 

NO3
- (µgN/g) 

Primary 
Dipteryx 0.486 -38.8605189644 15.1971856310 
Pentaclethra 0.697 -18.9638631495 35.4605298128 

Dipteryx 
Primary 0.486 -15.1971856310 38.8605189644 
Pentaclethra 0.002 9.1975389552 30.9624610415 

Pentaclethra 
Primary 0.697 -35.4605298128 18.9638631495 
Dipteryx 0.002 -30.9624610415 -9.1975389552 

Cmic (µgC/g) 

Primary 
Dipteryx 0.007 117.751755802 726.330792898 
Pentaclethra 0.744 -217.653276748 390.925760348 

Dipteryx 
Primary 0.007 -726.330792898 -117.751755802 
Pentaclethra 0.030 -639.694551098 -31.115514002 

Pentaclethra 
Primary 0.744 -390.925760348 217.653276748 
Dipteryx 0.030 31.115514002 639.694551098 
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Table S2.3. The Tukey HSD post-hoc pairwise comparisons results for the soil bacterial community composition 
alpha diversity indices across the Dipteryx-, Pentaclethra-, and primary forest-soils.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S2.4. The Dunnett T3 post-hoc pairwise comparisons results for the soil fungal community composition alpha 
diversity indices across the Dipteryx-, Pentaclethra-, and primary forest-soils. 
 
 
 
 
 
 

Alpha Diversity Index Pairwise Comparisons p-value 

95% Confidence Interval 

Lower Bound Upper Bound 

Margalef (d) 

Dipteryx 
Pentaclethra 0.962 -3.47932 4.27332 
Primary < 0.0001 -11.29765 -3.54501 

Pentaclethra 
Dipteryx 0.962 -4.27332 3.47932 
Primary < 0.0001 -11.69465 -3.94201 

Primary 
Dipteryx < 0.0001 3.54501 11.29765 
Pentaclethra < 0.0001 3.94201 11.69465 

Alpha Diversity Index Pairwise Comparisons p-value 

95% Confidence Interval 

Lower Bound Upper Bound 

Margalef (d) 

Dipteryx 
Pentaclethra 0.948 -3.45723 2.51623 
Primary 0.013 -21.96821 -3.43545 

Pentaclethra 
Dipteryx 0.948 -2.51623 3.45723 
Primary 0.017 -21.58121 -2.88146 

Primary 
Dipteryx 0.013 3.43545 21.96821 
Pentaclethra 0.017 2.88146 21.58121 
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Fig. S2.1 Plant-soil microbiome sampling schematic for Pentaclethra macroloba and Dipteryx panamensis. Four 
transects (North, South, East, West) and the two soil sampling zones (10% and 20%,) were constructed based on the 
TPZ radius for P. macroloba and D. panamensis. One soil core was collected in each soil zone in each of the four 
cardinal directions/transects, and then bulked to provide one representative composite soil sample per tree. Soil pH 
and percent moisture were taken in duplicate readings per soil core location and averaged.  
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Fig S2.2 The soil microbial biomass C (Cmic) PCO axes showing the relationship of soil Cmic across the primary 
forest soils, and Dipteryx- and Pentaclethra-soils to the soil %C, %N, C:N ratio, NO3

-, NH4
+, pH, and %moisture 

properties in the MNWR of Costa Rica. 
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CHAPTER 3: PARALLEL DEVELOPMENT OF THE PENTACLETHRA MACROLOBA SOIL 
BACTERIAL- AND FUNGAL-MICROBIOME AND SOIL C AND N METRICS IN CONTRASTING  

PAST LAND-USE HISTORIES OF SOIL 
 

Abstract 

 

The majority of tropical forest ecosystems are in dynamic transitions from disturbance to recovery. Yet, even 

landscapes of similar origins with analogous past land-use disturbance histories have exhibited differing routes of 

forest recovery with different outcomes. Moreover, there is increasing evidence that tree species-generated soil 

microbial heterogeneity may be an important factor in facilitating regeneration, particularly Nitrogen (N)-fixing tree 

species. Legacy attributes from previous land-use history can have lingering effects on soils undergoing succession 

that may have important consequences for overall ecosystem function in regenerating tropical secondary forests. 

However, it is unclear how previous land management may influence the coalescence of the soil bacterial and 

fungal-microbiome (and associated C and N metrics) of important N-fixing plants developing under these 

conditions, and, at different life stages of N-fixing plant development, and how this compares to an undisturbed 

ecosystem such as a primary forest. To begin to address this, we examined differences in soil bacterial and fungal 

community composition and various soil abiotic factors including, C, N, NO3
-, NH4

+, Cmic, pH, and moisture, 

associated with large-, medium-, and small-sized Pentaclethra macroloba trees in a primary forest, and in a 23-year-

old secondary forest, in the Maquenque National Wildlife Refuge (MNWR) in the Northern Zone of Costa Rica. We 

show that the soil microbiome changes as P. macroloba trees grow, and that over time these communities can 

become similar to each other even when grown on soils with different land-use histories. Specifically, the soil 

bacterial community composition of P. macroloba large trees in the primary forest, was not different from P. 

macroloba large trees in the secondary forest, suggesting that the soil bacterial community can become more similar 

over time even when they develop in contrasting past land-use histories of soil. In contrast, we found that it may 

take more time for the soil fungal community composition to become more similar, as the soil fungal community 

composition was different between P. macroloba large trees in the primary forest and P. macroloba large trees in 

the secondary forest. Moreover, we found that soil nutrients were important in structuring these soil bacterial and 

fungal communities across P. macroloba tree size in the secondary forest, whereas soil pH and % moisture were the 

soil abiotic drivers of the soil bacterial and fungal community composition across P. macroloba large, medium, and 

small tree sizes in the primary forest. These results show that the P. macroloba tree and its associated soil bacterial 
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and fungal-microbiome, develop and undergo succession together, that may have important implications for forest 

restoration in the MNWR. As secondary forests in this region have exhibited multiple and unpredictable forest 

trajectories, this study suggest that Pentaclethra macroloba may be a good gateway plant species in which to 

facilitate the assimilation of C and N back to the soil biota, and thus, provide a forest trajectory toward efficient 

successional dynamics in the MNWR.   
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Introduction 

 

Primary old-growth forests continue to be deforested and fragmented resulting in deleterious impacts observed at 

global scales (Asner et al., 2009; Beer et al., 2010; Brienen et al., 2015; Jobbágy and Jackson, 2000; Laurance, 2007; 

Nottingham et al., 2015). Remediation attempts have led to the implementation and expansion of secondary forests, 

however, many of these secondary forests have exhibited different successional pathways, that could have potential 

consequences at ecosystem scales, but the mechanisms are not well known (Arroyo-Rodríguez et al., 2017; Boukili 

and Chazdon, 2017; Chazdon, 2008; Chazdon et al., 2016; Pinho et al., 2017). Moreover, much of the research focus 

has been on the aboveground vegetation and less for soil microbial communities and soil abiotic factors, despite the 

critical roles soil bacteria and fungi play in biogeochemical cycling and ecosystem function and recovery (Bradford 

et al., 2008; de Boer et al., 2005; Fierer and Jackson, 2006; Guggenberger and Zech, 1999; Loreau, 2010; Lovell et 

al., 1995; Talbot et al., 2008; Wardle et al., 2004) Secondary forests now represent over half of the remaining 

tropical forests globally (FAO, 2010) and emerge as important potential candidates for maintaining tropical 

biodiversity and as ecosystems for carbon (C) capture and C-sequestration (Arroyo-Rodríguez et al., 2017; Boukili 

and Chazdon, 2017; Chazdon, 2008; Chazdon et al., 2016; Pinho et al., 2017). However, our understanding of the 

main soil biotic and abiotic drivers along efficient secondary forest successional patterns are still limited, but of 

critical importance (Chazdon, 2003; Chazdon et al., 2016; Lasky et al., 2014; Pinho et al., 2017). Thus, the interplay 

of the below and aboveground biotic components will become important for understanding how past land-use 

histories influence the plant and soil microbial communities that coalesce and develop together, and warrants 

investigation (Kardol and Wardle, 2010; Wardle, 2006; Wardle et al., 2004; Wardle and Jonsson, 2014). 

 

It is now widely accepted that the majority of tropical landscapes are in dynamic transitions from disturbance to 

recovery, which often contain tree community composition reflecting previous land-use legacies (Thompson et al., 

2002; Zimmerman et al., 1995). These land-use histories 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 (Chazdon, 2003; Guariguata and Ostertag, 2001; Uriarte et al., 2009). Indeed, 

even landscapes of similar origins with analogous past land-use disturbance histories or within a single tree species, 

have exhibited differing routes of forest recovery with different outcomes (Chaparro et al., 2014; Kashian et al., 
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2013; Kuusipalo et al., 1995; Leopold et al., 2001; Norden et al., 2015). Legacy effects from previous land-use 

histories include lingering alterations to the soil structure, C, 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 (Bürgi et 

al., 2016; Hogan et al., 2016; Ziter et al., 2017). Moreover, the greater the intensity of the anthropogenic 

disturbance, the more likely it is for forests to have very slowed or unusual recovery, resulting in altered ecosystem 

functions and services (Foster et al., 2003; Holl, 1999; Powers et al., 1997; Uriarte and Chazdon, 2016). Soil 

disturbances such as compaction and alterations in biogeochemical processes have been recognized as potential 

forces structuring regeneration pathways (Chazdon and Guariguata, 2016; Holl, 1999; Powers et al., 1997; 2009), 

but there has rarely been an explicit focus on the role of soil microbial communities and the processes they mediate 

in secondary forest succession. These belowground components may provide mechanistic links to the unexplained 

stochasticity in forest recovery following disturbance. Thus, studying these components and interactions have been 

identified as key research priorities for understanding how extraction-based land management influences on forest 

ecosystems and the subsequent recovery (Chazdon et al., 2016; Foster et al., 2003; Wardle et al., 2004). 

 

Tree species-generated microbial heterogeneity in soil may be an important factor in facilitating regeneration, as 

individual tree species are likely to have a direct effect on the assemblage of the microbial communities in their 

immediate surroundings (Ayres et al., 2009; Mukhopadhyay and Joy, 2010) through various mechanisms including, 

exudation of ions and organic compounds and the leaching of dissolved organic materials (Ayres et al., 2009; 

Bardgett and Wardle, 2010; Kardol and Wardle, 2010; Mukhopadhyay and Joy, 2010; Prescott and Grayston, 2013; 

Wardle et al., 2004). There has been some work demonstrating individual tree species influence on soil community 

composition and nutrient content for temperate tree species (Binkley and Giardina, 1998; Hobbie, 1992), and less for 

tropical species (McGuire et al., 2010; Raich et al., 2007; Ushio et al., 2008), however, in neither case was there an 

explicit focus on recovery from disturbance. Extraction-based land-use practices in the tropics (i.e., deforestation 

and burning), followed by agricultural practices (e.g., plowing, grasslands development, and grazing), are known to 

cause long-term negative impacts on the physical, chemical, and biological characteristics of the soil, and cause 

significant depletion of the critical soil C and N components. Moreover, like plant communities, there is evidence 

that soil microbial communities contain imprints of previous land use history (Allison et al., 2010; Keiser et al., 

2011). Under these altered plant and soil conditions, soil microbial populations become more susceptible to 
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stochastic processes that often facilitate the invasion of other organisms which may have potential consequences for 

overall plant productivity and ecosystem function of secondary forest development (Foster et al., 2003; Richter et 

al., 2000). Indeed, these above and belowground conditions are expected to change in some parallel manner over a 

gradient of secondary forest succession. The role of tree-associated soil characteristics as an environmental filter 

driving the soil microbial community assembly during secondary forest succession has rarely been explicitly 

assessed, particularly so for tropical ecosystems. Thus, understanding how tree-species soil microbial heterogeneity 

develops on landscapes recovering from land management activities is an important component for the overall need 

to understand how tree species influence the soil ecosystems in which they occur. 

 

Soil bacteria and fungi respond to differences in tree species in various ways, depending on the quantity and quality 

of resources produced by different tree species (via release from the tree roots and the chemical composition of leaf 

and root litter), and the subsequent competition between the soil microbes for nutrients (Binkley and Giardina, 1998; 

Prescott and Grayston, 2013). These above and below-ground interactions result in the formation and modification 

of soil ecosystem habitats, through a series of additions and uses of different carbon sources and other nutrients. 

Different types of soil microorganisms differ in their decomposition-based substrate specificity, and thus, microbial 

community structure may be modified with changing organic matter input due to changes in the diversity and 

quantity of plant litter (Fierer et al., 2009; Guggenberger et al., 1994; Guggenberger and Zech, 1999; Guggenberger 

et al., 1995; Koch, 2001). For example, an increase in soil inorganic N can stimulate an increased production of 

more labile root-derived carbohydrates used by the soil bacteria, while plant lignin selects for basidiomycete fungi 

and certain groups of bacteria that degrade the lignin—both enhancing the SOC complexity and increasing 

belowground biomass (de Boer et al., 2005; Guggenberger et al., 1995; Guggenberger and Zech, 1999; van der Wal 

et al., 2006). Together, these above and belowground communities drive decomposition and nutrient cycling in 

forest ecosystems, and thus, become important for understanding how these two components develop over different 

life stages, and develop on previously managed soils. 

 

Primary old-growth forests in tropical lowland ecosystems are often highly weather soils typically described as 

relatively poor in soil phosphorus (P), yet rich in atmospherically-derived soil nitrogen (N) (Guariguata and Ostertag 

2001; Vitousek 1984; Vitousek and Howarth, 1991). However, degrading land-use activities such as land-clearing 
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and 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 vegetation growth but also for critical soil biomass development 

(Booth et al., 2005; Feldpausch et al., 2004; Gehring et al., 2005; Guariguata and Ostertag, 2001; 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 functional type can ameliorate damaged soils through the increased availability of 

soil N that is important for biosynthetic pathways in soil plant and microbial biomass development, that has critical 

implications for improved soil fertility (Binkley and Menyailo, 2005; Eaton et al., 2014; Gehring et al., 2005; 

Guariguata and Ostertag, 2001; Hart et al., 1997; Nichols and Carpenter, 2006; Shebitz and Eaton, 2013). 

Remediation attempts in Costa Rica have included plantings of two common N-fixing plant species, Inga edulis and 

Erythrina poeppigiana (Holl et al., 2010; Nichols and Carpenter, 2006; Siddique et al., 2008), but the below-ground 

components in terms of the soil abiotic and biotic factors together, have not been extensively explored (Carpenter et 

al., 2004a; 2004b; Holl et al., 2010; Nichols and Carpenter, 2006; Siddique et al., 2008). Nor has there been a focus 

examining these metrics on recovery following disturbance in comparison to a primary forest. The dearth of these 

types of studies can hinder our understanding of how previous land management may influence the coalescence of 

the soil microbiome of important N-fixing plants developing under these conditions, and, at different life stages of 

N-fixing plant development, and how this compares to an undisturbed ecosystem such as a primary forest.  

 

Pentaclethra macroloba is a dominant early colonizing 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. Yet, the below-ground microbial communities and C and 

N dynamics are poorly characterized at best, and generally under-studied (Eaton et al., 2014; Hartshorn and 

Hammel, 1994; Pons et al., 2007; Shebitz and Eaton, 2013). It is unknown how past land-use history may affect or 

influence the soil biotic and abiotic development associated with P. macroloba, and what, if any, are the 

implications or consequences of this with respect to forest successional trajectory. More specifically, if the soil 

microbiomes around this tree species in the primary and secondary forests are initially dissimilar, do the soil 

microbiome communities eventually equilibrate, and if so, how long does that take? To begin to address some of 
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these issues, we examined the soil bacterial and fungal community composition and C and N cycle dynamics in the 

soil surrounding different size classes of P. macroloba, in a primary forest and in a secondary forest, and determined 

if there were differences in these communities in each size class between the primary and secondary forest trees. We 

studied the soil bacterial and fungal community composition and C and N dynamics associated with three size 

classes of trees (as a proxy for age) in a primary forest and in a secondary forest. Another question of ours was how 

does the previous land-use history affect the P. macroloba soil communities, and C and N dynamics. It is possible 

that there is a legacy affect after forest clearing that may have implications for the ecosystem in which P. macroloba 

occurs, that may shape the soil microbial communities and C and N components in different ways than a primary 

forest. For the current study, we asked four questions: 

  

(1) Is there a difference in the soil bacterial and fungal community composition and soil C and N metrics between 

tree soil zones as distance away from tree increases in large and medium sized Pentaclethra macroloba-soils, in a 

primary forest, and in a secondary forest? 

 

(2) Are there differences in soil bacterial and fungal community composition and soil C and N metrics between 

large, medium, and small size trees, in a primary forest and in a secondary forest? 

 

(3) Are there differences in soil bacterial and fungal community composition and soil C and N metrics for each size 

class between a primary forest and a secondary forest? 

 

(4) Which soil abiotic properties are structuring the soil microbial communities in these different comparisons, and 

are there different soil abiotic drivers in the different comparisons? 
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Materials and Methods 

 

Site description 

 

Costa Rica has experienced one of the highest tropical deforestation rates in the world with approximately 90% of 

the original forests destroyed in recent decades, and approximately 46% of the total area converted to cattle pasture 

(Leopold et al., 2001; Sánchez-Azofeifa et al., 2001). In particular, the humid Atlantic lowland rainforests of Costa 

Rica’s Northern Zone have experienced four decades of legal and illegal extraction-based land management 

activities resulting in a 70% loss of its forests (Chassot and Monge, 2012; Chassot et al., 2005; Monge et al., 2002). 

To protect those habitats in that region from these deforestation activities, in 2001, the Costa Rican Ministry of 

Environment and Energy established the San Juan-La Selva Biological Corridor (SJLSBC) (Fig. 3.1). This corridor 

connects 6 protected areas into a single integrated biological unit of 1,204,812 ha. to maintain and conserve habitat 

connectivity for biodiversity in the Northern Zone (Chassot et al., 2005; Chassot and Monge, 2012; Monge et al., 

2002). Within the SJLSBC, the Maquenque National Wildlife Refuge (MNWR) (10o27’05.7’’N, 84o16’24.32’’W) 

(Fig. 3.1) was created in 2005 by executive decree of the Costa Rican government to protect over 50,000 ha. of 

humid Atlantic lowland primary and secondary tropical forests, and other diverse ecosystems such as wetlands. This 

region of the SJLSBC conserves the highest percentage of forest cover and contains the most valuable habitats for 

biodiversity (Chassot et al., 2005; Chassot and Monge, 2012; Monge et al., 2002) making the MNWR the core 

nucleus of the SJLSBC for biodiversity. This study was conducted in the MNWR within two upland habitat types, a 

primary old-growth forest and a 23-year-old secondary forest, with differing past land-use histories. Although these 

two forest habitats have different past land-use histories, historically, 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 (person communication). 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 and soil topography. The mean annual temperature is 27o C, mean annual rainfall is 4300mm, and the 

dominant soil type are oxisols (Hartshorn and Hammel, 1994).  
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Field and soil sampling 

 

To address question one, only large (> 30 cm DBH) and medium (5 cm ≤ DBH ≤ 10 cm) sized P. macroloba trees, 

only in upland regions of the primary forest and the secondary forest, were utilized for soil zone sample collection. 

Small P. macroloba trees (< 1 cm) were not used for this question as it would not be possible to clearly differentiate 

the soil zones. However, we did collect the adjacent bulk soil for the tree size comparisons, and is explained later. 

Six P. macroloba large trees and six medium trees per habitat were targeted, resulting in 12 P. macroloba trees per 

habitat type. To create the soil zones per tree, the sampling area around the tree was based on the DBH of each tree 

so that 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. For 

example: a TPZ radius is equal to 0.18 m/cm of trunk diameter (0.4572 m/2.54 cm = 0.18 m/cm) of trunk diameter. 

Thus, a tree with a DBH of 66 cm multiplied by 0.18 m/cm equals approximately ~12 m. 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.  

 

The drip-line method has been commonly used to assess root influence on soil dwelling communities, however, this 

method usually underestimates the important rooting area for most trees, and therefore this method was avoided 

(French and Juzwik, 1999; Matheny and Clark, 1998; Perry, 1982; Whiting, 2013). 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. a tree with a TPZ radius of 12 m will have 10%, 20%, and 30% zones at 1.2 m, 2.4 m, and 3.6 m, 

respectively (Fig. S3.1). 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 zone around the 

tree (Bélanger and Van Rees 2006; Bruckner et al. 2000; Carter and Lowe 1986; Pennock 2004). This approach to 

soil sampling was to reduce microsite variability given the heterogeneous properties in tropical soils (van der Gast et 

al., 2011). One soil core (7.5 cm x 15 cm x 1.25 cm) was taken along the North, South, West, and East transects in 

the 10%, 20%, and 30% zones, yielding four soil cores per zone. These four soil cores per zone were bulked in 

sterile Whirl-Pak® (Nasco, Fort Atkinson, WI, USA) bags, resulting in one composite soil sample per soil zone, for 
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a total of three composite soil zone samples per tree. This sampling method was used to provide uniform sampling 

design around the entire tree. Soil cores were taken aseptically with sterilizations using 70% ethanol occurred 

between each zone for each tree to avoid cross contamination. The effect of direction was not examined, and 

therefore, sterilizing the soil core and collection gloves between directions/transects was not be necessary. To 

address questions two and three, the soil zone samples from the different trees were consolidated to provide one 

composite soil sample per individual tree. A gardening punch (5 cm x 15 cm) was used to collect soil from the small 

(sapling) P.  macroloba 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 

 

Percent C (as ToC), %N (as TN), NH4
+, NO3

-, soil microbial biomass C (Cmic), pH, and % moisture, were measured 

for each of the soil samples collected. Soil percent moisture and pH were measured at each soil core sample location 

during the period of soil collection, with a Kelway Soil pH and Moisture meter (Kel Instruments Co., Inc., Wyckoff, 

NJ, USA). To estimate ToC, TN, NH4
+, and NO3

-, 200g of soil from each sieved composite soil sample were 

delivered to the Center for Tropical Agriculture Research and Education (CATIÉ) Laboratories in Turrialba, Costa 

Rica. At CATIÉ, ToC levels, the soil samples were analyzed via dry combustion analysis (Anderson and Ingram, 

1993), total nitrogen by the Kjeldahl method and, NH4
+, and NO3

-, were measured from 2M KCl extracts using the 

spectrophotometric methods of Alef and Nannapieri (1995). Soil Cmic was measured using Substrate-Induced 

Respiration (SIR) following the methods of Höper (2006). Substrate-induced respiration for measuring soil Cmic was 

preferred as it measures the amount of living soil microbial biomass C. All nutrient and microbial activity data 

presented were adjusted for dry weight and bulk density of the soil.  
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eDNA extraction, sequencing, and bioinformatic analyses 

 

Soil environmental microbial DNA (eDNA) was extracted from three 0.33g replicate sub-samples for a total of 1g 

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 NanoDrop 1000 spectrophotometer (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'-ACTCCTACGGGAGCAGCAG-3' and 16Sv4R 5'-GGACTACARGGTATCTAAT-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'-CTTGGTCATTTAGAGGAAGTAA-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). 
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The 16S Illumina paired-end libraries generated forward and reverse reads that did not overlap and therefore, were 

analyzed separately. Primer sequences were trimmed using CutAdapt v1.10 (Martin, 2011) specifying a minimum 

Phred score of 20, a minimum sequence length of 150 bp after trimming, and no more than 3 N’s allowed. Trimmed 

reads were further processed using USEARCH v9.1.13 (Edgar, 2010) by dereplicating and then denoising the data 

using the UNOISE2 pipeline that essentially produces operational taxonomic units (OTUs) with a 100% sequence 

similarity cutoff but also removes putative chimeric sequences, reads with predicted sequence errors, PhiX 

contamination, as well as rare OTUs with only one or two reads (singletons and doubletons).  Previous work has 

shown that rare OTUs may be particularly prone to sequence errors and add ‘noise’ to the dataset (Reeder and 

Knight, 2009; Tedersoo et al., 2010).  The remaining OTUs were taxonomically assigned using the Ribosomal 

Database Project (RDP) classifier v2.12 (Wang et al., 2007) with the 16S training set v16 using the recommended 

50% bootstrap support cutoff value at the genus rank as is recommended for query sequences less than 250 bp 

(Claesson et al., 2009). These OTUs were further organized taxonomically at the genus rank and variable library 

sizes were normalized by converting read number to mean percent proportion of sequences (Weiss et al., 2017). The 

relative proportions were determined by calculating the total number of sequences from each genus within that 

subsample, and dividing by the total number of sequences per subsample. The ITS Illumina paired-end libraries 

generated forward and reverse reads that did not overlap and therefore, were also analyzed separately. Primer 

sequences were trimmed using CutAdapt v1.10 (Martin, 2011) specifying a minimum Phred score of 20 and no 

more than 3N’s allowed. For R1 reads, a minimum sequence length of 200 bp was specified and for R2 reads a 

minimum of 150 bp was specified.  After primer trimming and quality filtering, only R2 reads were processed, as 

the number of sequences for the R1 reads passing quality filtering were quite low. The R2 trimmed reads were 

processed using USEARCH as described above for 16S OTUs. Furthermore, the Perl-based ITSx tool was used to 

extract any remaining SSU/5.8S/LSU sequences from the ITS reads (Bengtsson-Palme et al., 2013). Denoised OTUs 

were taxonomically assigned using the RDP classifier with the UNITE fungal ITS training set 07-04-2014 using a 

bootstrap support cutoff of 50% for sequences less than 250 bp (Liu et al., 2012). These OTUs were also organized 

taxonomically at the genus rank and converted to mean percent proportion of sequences as described above.  

 

 



	

	118	

Statistical and multivariate analyses 

 

Prior to analyses, a Shapiro-Wilk tests were performed to determine the normality of the data, in SPSS (v.22, 

Armonk, NY, USA). All data were p > 0.05, suggesting normality. To determine if significant differences were 

occurring between the mean values of the soil abiotic properties across soil zones (question 1), across size class 

(question 2), and between primary and secondary forests (question 3), 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 as, d = (S-1)/Log(N)) and Shannon Index (H’) (with H’ = -SUM(Pi*ln(Pi); 

and Pi as the proportion of the total count (abundance) arising from the ith species) were determined using Primer-E 

(Anderson et al., 2008). Significant differences among these mean values of alpha diversity indices for soil bacterial 

and fungal genera were determined also 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 PRIMER-E 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 transformed using the log (x + 1) transformation to correct for skewness (Anderson et al., 

2008; Clarke and Gorley, 2006). The differences in the soil bacterial and fungal community compositions were 

analyzed separately. To test if the soil bacterial and fungal community composition was significantly different 

across soil zones, per tree size, and within its site (i.e. primary or secondary forest), a 3-way permutational analysis 

of variance (PERMANOVA) was implemented with 3-factors: site, size, & zone, with ‘zone’ nested in size and site 

(question 1). Then, to test if the soil bacterial and fungal community composition was significantly different across 

size class within each site (primary and secondary forest), a 1-way permutational analysis of variance 

(PERMANOVA) was implemented with 2-factors: site and size, with size nested in site (question 2). Lastly, to 

determine if the soil bacterial and fungal community composition was significantly different between primary and 

secondary forest for each size class (question 3), a 1-way permutational analysis of variance (PERMANOVA) was 

implemented with 2-factors: site and size, with site nested in size. All of these analyses were done using main and 
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pair-wise tests based on unrestricted permutations (9,999 permutations) on the fourth-root transformed soil bacterial 

and fungal community composition pairwise Bray-Curtis dissimilarity resemblance matrices (Clarke, 1993). The 

PERMANOVA results of the soil biotic community composition among the various pairwise comparisons were 

considered significant, if p < 0.05. A Canonical Analysis of Principal Coordinates (CAP) was used to visualize the 

distinctiveness of the soil bacterial and fungal community composition across the different groups using the 

PERMANOVA+ guidelines (Anderson et al., 2008; Anderson and Willis, 2003). The CAP performs like a 

generalized discriminant analysis but this analysis can be performed on any distance measure of choice. The CAP 

utilizes a cross-validation procedure to allocate the samples according to the a priori groups, about how distinct the 

groups are (i.e. distinctiveness of the soil bacterial and fungal community composition according to the different 

groups) and how well the axes discriminate among the groups. For example, an allocation success of 100% (i.e. 0% 

misclassification error) means the CAP was able to correctly allocate (discriminate) all samples to their appropriate 

groups, suggesting the groups are very distinct (Anderson and Willis, 2003). 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 et al., 2008). 

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. 

 

A distance-based linear model (DistLM) approach was used to identify which soil and environmental variables 

predict the multivariate patterns of the soil bacterial and fungal communities of the different P. macroloba 

comparisons (question 4). The DistLM is a distance-based multivariate multiple regression that performs a series of 

partitionings to test hypotheses and build models by conducting marginal and sequential tests. The marginal tests are 

used to identify how much each predictor variable explains when taken alone, ignoring all other variables and does 

not include any corrections for multiple testing. The DistLM sequential tests are conditional tests of individual 

predictor variables done in the order specified and each test examines whether adding that particular variable 

contributes significantly to the explained variation to account for covariation. The advantage in using the DistLM is 

that is does not suffer from the problems identified for partial Mantel tests (Legendre et al., 2005). This was done 
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using a ‘step-wise’ selection procedure and an AICc (Akaike’s Information Criterion Corrected) selection criterion 

with 9,999 permutations. The step-wise procedure begins with a null model, then seeks to add a variable that will 

improve the selection criterion, until the model attempts to improve the criterion by removing a variable. Similarly, 

the ‘forward’ selection procedure also starts with a null model; however, the model will add one variable at a time 

then chooses the variable at each step that results in the greatest improvement of the model. In contrast, the 

‘backward’ selection procedure will start with the full model and will eliminate one variable at a time and then 

chooses the variable that results in the greatest improvement of the model.  Moreover, as suggested by Anderson et 

al. (2008), if the number of samples (N) is small relative to the number of predictor variables (v) (small is 

considered: N/v < 40) (Burnham and Anderson 2002), as in this study (12-18 samples/9 predictor variables = 1.33-

2), the AICc selection criterion is recommended. The AIC (An Information Criterion) selection criterion was found 

to perform poorly in scenarios of a low N/v ratio (Sugiura, 1978; Sakamoto et al., 1986; Hurvich and Tsai, 1989). 

The R2 selection criterion was avoided as the major drawback to this approach is that as the number of variables 

increases, the R2 value will also increase; whereas the AICc selection criterion does not improve with the more 

number of predictor variables in the model and will add a “penalty” for increases in the number of predictor 

variables. Marginal tests were performed individually for all soil environmental variables in a stepwise procedure to 

test for potential relationships between these and biological multivariate data, where the model will add a variable to 

improve the selection criterion, followed by removing a variable in order to also, improve the criterion (Anderson et 

al., 2008; Legendre et al., 1999). Sequential tests were then conducted, to find the best combination of 

environmental variables that account for the variation seen in the biological multivariate data cloud (Anderson et al., 

2008) (Legendre and Anderson, 1999). This was based on the same biological fourth root transformed and 

resemblance matrices and log (x + 1) transformed environmental data (normalized). Distance-Based Linear 

Modeling marginal 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 explains the greatest variation in the data cloud (Anderson et al., 2008; Legendre et al., 1999). 
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Results 

 

Soil abiotic properties 

  

Primary forest large & medium trees: soil zone 1 vs 2 vs 3 

 

In assessing the soil abiotic properties across zones of large trees in the primary, no significant differences in zones 

1 vs 2 vs 3 were found for all of the soil abiotic factors (p > 0.05) (Table 3.1). Even though this is the case, %C, %N, 

and NO3
- appear to have a decreasing trend in the concentration levels as distance away from tree increases (Table 

3.1). On the other hand, for the medium tree-soils in the primary forest, there were significant differences found in 

the %C and %N (p = 0.02 for both %C and %N) between some of the soil zones. Percent C and %N were 

significantly different between soil zones 1 and 3 (p < 0.05), but were not different between soil zones 1 and 2 (p > 

0.05), and between soil zone 2 and 3 (p > 0.05) (Table S3.1). Soil zone 1 had the greatest %C (5.78 ± 0.19 µgC/g) 

and %N (0.49 ± 0.02 µgN/g), whereas soil zone 3 had the least amount of %C (4.87 ± 0.16 µgC/g) and %N (0.41 ± 

0.01 µgN/g) (Table 3.1).  

 

Secondary forest large & medium trees: soil zone 1 vs 2 vs 3 

 

In the secondary forest, the large tree-soils, soil NO3
- and Cmic were the only soil abiotic variables significantly 

different across all soil zones (p = 0.035 and p < 0.0001, respectively) (Table 3.2). For soil NO3
-, differences only 

occurred between soil zones 1 and 3 (p = 0.031), whereas between soil zones 1 and 2, and, between soil zones 2 and 

3, Cmic was significantly different (p < 0.05) (Table S3.2). Soil zone 1 had the greatest amounts of soil NO3
- (27.39 

µgN/g ± 3.34) and soil zone 2 had the greatest amounts of Cmic (1596.15 µgC/g ± 118.72) (Table 3.2). In medium 

tree-soils, differences were only observed in Cmic (p = 0.001), with differences occurring between soil zones 1 and 3 

(p = 0.001) and between soil zones 2 and 3 (p = 0.004) (Table S3.3), with soil zones 1 and 2 having the greatest 

amounts of Cmic (753.23 µgC/g ± 52.65 and 701.55 µgC/g ± 36.82, respectively), and soil zone 3 having the least 

amount of Cmic (479.81 µgC/g ± 30.41) (Table 3.2). 
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Primary forest: large vs medium vs small tree soils 

 

In the primary forest, there were only significant differences in the %C, C:N ratio, and the soil pH (p < 0.05) across 

the large tree-, medium tree-, and small tree-soils (Table 3.3). The large tree-soils had the greatest %C (6.50 µgC/g ± 

0.27), followed by the small tree-soils (6.31 µgC/g ± 0.40) and then the least C:N ratio in the medium tree-soils 

(5.25 µgC/g ± 0.18). The %C was only different between the large tree-soils and medium tree-soils (p = 0.025) 

(Table S3.4). The small tree-soils had the greatest C:N ratio (13.11 ± 0.36) (Table 3.3) and this was significantly 

different from the large tree-soils (p = 0.001), and from the medium tree-soils (p = 0.041) (Table S3.4). However, no 

significant differences in the C:N ratio occurred between the large tree-soils and small tree-soils (p = 0.562) (Table 

S3.4). The medium tree-soils had the least C:N ratio (11.85 ± 0.08). The soil pH levels were greatest in medium 

tree-soils (6.01 ± 0.03), then large tree-soils (5.77 ± 0.14), and least in the small tree-soils (5.35 ± 0.10), but 

significant differences in the soil pH were only observed between the medium tree-soils and small tree-soils (p = 

0.002) (Table 3.3) (Table S3.4). 

 

Secondary forest: large vs medium vs small tree soils 

 

The majority of soil abiotic properties in large, medium, and small trees were significantly different across size 

except for NH4
+ and % moisture (Table 3.3). Large trees had the greatest %C (7.2 ± 0.34) and %N (0.54 ± 0.02), 

C:N ratio (13.22 ± 0.19), greatest amounts of NO3
- (21.79 µgN/g ± 1.59) and Cmic (1090.93 µgC/g ± 80.91). Percent 

C was significantly different in some of the pairwise comparisons (p < 0.05), except between the medium tree-soils 

and the small tree-soils (p = 0.947) (Table 3.5). Similarly, %N was significantly different in the pairwise 

comparisons (p < 0.05), except between the medium tree-soils and the small tree-soils (p = 0.917) (Table S3.5). In 

contrast, the medium tree-soils had the lowest %C (5.44 ± 0.26) and %N (0.44 ± 0.02) and Cmic (644.88 µgC/g ± 

12.80) (Table 3.3). For the C:N ratio, %C, %N, and pH, differences were observed in the pairwise comparisons 

between the large tree- and medium tree-soils, and, between the large tree- and small tree-soils (p < 0.05), but not 

between the medium tree-soils and the small tree-soils (p > 0.05) (Table 3.3). The soil NO3
- levels were only 

different between large and small tree-soils (p = 0.001), with large tree-soils containing the greatest NO3
- (Table 

S3.5). The soil Cmic was only significantly different between the large tree-soils and medium tree-soils (p = 0.007) 
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(Table S3.5), and large tree-soils had almost twice the amount of soil Cmic in its soil compared to the medium tree-

soils (Table 3.3). 

 

Large, medium, and small tree soils: primary vs secondary forests 

 

The primary forest large tree-soils and secondary forest large tree-soils were significantly different in the C:N ratio 

and Cmic (p < 0.05) with the secondary forest large tree-soils having a greater C:N ratio and Cmic levels than the 

primary forest large tree-soils (13.22 ± 0.19 and 12.65 ± 0.11, and, 1090.93 µgC/g ± 80.92 and 765.28 µgC/g ± 

95.79, respectively) (Table 3.4). The secondary forest medium tree-soils also had a greater C:N ratio than the 

primary forest medium tree-soils (12.38 ± 0.19 and 11.85 ± 0.08, respectively) and this was significantly different (p 

= 0.03). Furthermore, the soil pH levels were greater in the primary forest medium tree-soils than the secondary 

forest medium tree-soils (p = 0.02), with the primary forest medium tree-soils having a greater soil pH (6.02 ± 0.04) 

than the secondary forest medium tree-soils (5.83 ± 0.06). The primary forest small tree-soils had the greatest % 

moisture (68.88 ± 4.43) and NO3
- (21.62 µgN/g ± 2.21) in compared to the secondary forest small tree-soils (55.66 ± 

1.73 and 8.47 ± 2.47, respectively), and these were significantly different (p = 0.03 for % moisture and p = 0.003 for 

NO3
-). Soil pH levels were significantly different in the primary and secondary forest small tree-soils (p = 0.004) 

with the secondary small tree-soils having a greater pH (5.81 ± 0.07) than primary forest small tree-soils (5.35 ± 

0.10) (Table 3.4). 

 

Soil bacterial & fungal community composition 

 

Soil zones 

 

Soil zones 1 vs 2 vs 3 per large and medium trees, within their respective habitat 

 

In comparing the soil bacterial community composition in the primary and secondary large tree- and medium tree-

soil zones 1 vs 2 vs 3, the CAP was able to correctly allocate only 20 out of 72 (27.78% success rate) soil samples to 

their original group for a misclassification error of 72.22% out of 9,999 permutations (Pseudo-F = 1.63, p = 0.0001) 
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(Fig. S3.2) (Table S3.6). The summative CAP results for the soil fungal community composition in the primary and 

secondary large tree- and medium tree-soil zones 1 vs 2 vs 3, was able to correctly allocate only 12 out 72 (16.67% 

success rate) soil samples to their original group for a misclassification error of 83.33% out of 9,999 permutations 

(Pseudo-F = 2.42, p = 0.0001) (Fig. S3.3) (Table S3.7).  

 

Likewise, the results of the PERMANOVA showed that there were no significant differences in the soil bacterial 

and fungal community composition in the primary and secondary large tree- and medium tree-soil zones 1 vs 2 vs 3 

(all pairwise comparisons p > 0.05) (Table’s S3.8, S3.9, S3.10, S3.11). Because of this, no DistLM tests were ran on 

these comparisons. Moreover, there were no differences in the alpha diversity indices of the soil bacterial and fungal 

communities across all of the soil zones of the large tree-soils and medium tree-soils in the primary forest, and in the 

secondary forest (p > 0.05) (Table S3.12 and S3.13).  

 

Tree size comparison within habitat and between habitats 

 

The most common soil bacterial genera identified across P. macroloba tree size and habitat consisted of, 

Acidobacteria Groups 1, 2, 3, and 5, Spartobacteria (genera_incertae_sedis), Subdivision 3 (genera_incertae_sedis), 

Burkholderia, Nitrospira, Bradyrhizobium, Solibacter, and Ktedonobacter (Table 3.5). The most common soil fungal 

genera identified across P. macroloba tree size and habitat consisted of, Mortierella, Trichosporon, Myxocephala, 

Archaeorhizomyces, Geotrichum, Cryptococcus, Xylaria, and Calonectria (Table 3.6). A CAP analysis was 

performed on the data for the next 5 sections of Results. For these analyses, the summative 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% success rate) soil samples to their original group, for a misclassification error of 

22.22% out of 9,999 permutations (Pseudo-F = 2.97, p = 0.0001) (Fig. 3.2) (Table S3.14). The summative 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 the 36 (86.11% success rate) soil samples to their original group for a 

misclassification error of 13.89% out of 9,999 permutations (Pseudo-F = 4.07, p = 0.0001) (Fig. 3.3) (Table S3.15). 
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Primary forest: large vs medium vs small tree soils 

 

The soil bacterial and fungal community composition was clustered by tree size in the primary forest (pairwise 

comparisons p < 0.05), except for the soil bacterial communities between the large tree-soils and the medium tree-

soils (Table 3.7). The greatest percent dissimilarity of the soil bacterial communities was observed between the 

medium tree- and small tree-soils (23.1%). Likewise, the greatest percent dissimilarity in the soil fungal community 

composition was between the medium tree- and small tree-soils (51.6%) (Table 3.7). In the primary forest, the 

DistLM marginal tests for the soil bacterial community composition showed that this community was shaped by the 

C:N ratio (Pseudo-F = 2.161, p = 0.0106), pH (Pseudo-F = 2.981, p = 0.0006), and % moisture (Pseudo-F = 3.0378, 

p = 0.0016) (Table 3.8). However, the DistLM sequential tests determined that %moisture was the best predictor 

variable in structuring the soil bacterial community composition (Pseudo-F = 3.0378, p = 0.0012, AICc = 97.22) 

(Table 3.8) and explained 15.96% of the total variation observed in the soil bacterial community composition across 

the tree sizes in the primary forest (Fig. 3.4). 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) (Table 3.8) and explained 13.28% of 

the total variation observed in the soil fungal community composition across the tree sizes in the primary forest (Fig. 

3.5).  

 

The soil bacterial and fungal genera richness were significantly different across the classes of tree size soils within 

the primary forest (p < 0.05) (Table 3.9). Soil bacterial genera richness was significantly different between the large 

tree-soils and the small tree-soils (p = 0.001), and, between the medium tree-soils and the small tree-soils (p < 

0.0001), but not between the large tree-soils and the medium tree-soils (p = 0.856) (Table S3.16). The large tree-

soils and medium tree-soils had the greatest soil bacterial genera richness (41.01 ± 1.22 and 41.98 ± 1.60, 

respectively), whereas the small tree-soils had the least soil bacterial genera richness (31.99 ± 1.01). There were no 

observed differences in the soil bacterial genera diversity (p = 0.919) across all of the tree size class soils in the 

primary forest (Table S3.16). The soil fungal genera richness was only significant between the large tree-soils and 

the small tree-soils (p = 0.025), and, between the medium tree-soils and small tree-soils (p = 0.008), but not between 

the large tree-soils and medium tree-soils (p = 0.209) (Table S3.17). The large tree-soils and medium tree-soils had 

the greatest soil fungal genera richness (22.91 ± 0.89 and 26.10 ± 1.35, respectively), while the small tree-soils had 
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the least soil fungal genera richness (10.42 ± 3.14). In contrast to the soil bacteria, the soil fungal genera diversity 

was significantly different across tree size class soils in the primary forest (F2,15 = 9.03, p = 0.003) (Table 3.9), but 

significant differences only occurred between the medium tree-soils and the small tree-soils (p = 0.002) (Table 

S3.17. The medium tree-soils had the greatest soil fungal genera diversity (2.66 ± 0.10) and the small tree-soils had 

the least (2.11 ± 0.07), while the large tree-soils had intermediate soil fungal genera diversity (2.41 ± 0.11) (Table 

3.9). 

Secondary forest: large vs medium vs small tree soils 

 

The soil bacterial and fungal community composition was clustered by tree size in the secondary forest also (all 

pairwise comparisons p < 0.05) (Table 3.7). The greatest percent dissimilarity of the soil bacterial communities was 

observed between the large tree- and small tree-soils (49.2%). Likewise, the greatest percent dissimilarity in the soil 

fungal community composition was between the large tree- and small tree-soils (56.7%) (Table 3.7). In the 

secondary forest, the soil bacterial community was shaped by NH4
+ (Pseudo-F = 6.5439, p = 0.0024), but NH4

+ and 

Cmic together were the best predictor variables (Pseudo-F = 6.5439, p = 0.0027, AICc = 121.11 and Pseudo-F = 

2.7334, p = 0.0337, AICc = 121.01, respectively) (Table 3.8) and accounted for ~ 40% of the total variation 

observed in the soil bacterial community composition across the tree sizes (Fig. 3.6). Similarly, the DistLM 

marginal tests for the soil fungal community found that NH4
+ and NO3

- were possible predictor variables, but the 

best variable according to the DistLM sequential test was NO3
- (Pseudo-F = 4.0122, p = 0.0044, AICc = 127.18) 

(Table 3.8) and this explained 20.05% of the total variation observed in the soil fungal community composition 

across tree size (Fig. 3.7). 

 

The soil bacterial genera richness and diversity was significantly different across tree size soils (F2,15 = 7.360, p = 

0.006 and F2,15 = 3.800, p = 0.046, respectively) (Table 3.9), with significant pairwise comparisons only observed 

between the large tree- and small tree-soils (p < 0.05) (Table S3.18). The large tree-soils had the greatest soil 

bacterial richness (43.94 ± 5.97), then the medium tree-soils (28.08 ± 4.27), and then the small tree-soils (15.13 ± 

5.57) (Table 3.9). Likewise, the large tree-soils had the greatest soil bacterial genera diversity (2.83 ± 0.13), then 

medium tree-soils (2.66 ± 0.09), and then the small tree-soils (2.3 ± 0.18) (Table 3.9). In contrast, the soil fungal 

genera diversity was not significantly different across the tree size classes in the secondary forest. However, the soil 
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fungal genera richness was significantly different across tree size class (F2,15 = 9.857, p = 0.002) (Table 3.9). The 

soil fungal genera richness was greatest in soils associated with large trees (22.51 ± 2.41), then medium trees (18.67 

± 2.90), and then the small tree-soils with the least soil fungal genera richness (8.32 ± 1.37) (Table 3.9). However, 

significant differences only occurred between the large tree-soils and small tree-soils (p = 0.002), and, between the 

medium tree-soils and small tree-soils (p = 0.023) (Table S3.19). 

  

Large tree-soils: primary vs secondary forest 

 

The soil bacterial community composition was not significantly different between the primary and secondary forest 

large-tree-soils (p > 0.05) (Table 3.10). In contrast, the soil fungal community composition was significantly 

different between the primary and secondary forest large tree-soils (Pseudo-F = 1.6579, p = 0.0019, d = 0.607) 

(Table 3.10). The DistLM marginal tests in determining which predictor variables best explained the soil bacterial 

community structure between the primary and secondary forest large tree-soils, showed that % moisture could be a 

potential variable; however, this was not significant (Pseudo-F = 1.8816, p = 0.0845) (Table S3.20). The DistLM 

sequential tests confirmed there was no verified ‘best solution’, as including or excluding % moisture in the model 

did not improve the overall results of the model (including % moisture—Pseudo-F = 1.8816, p = 0.0855, AICc = 

72.056; excluding % moisture—Pseudo-F = 1.8816, p = 0.0924, AICc = 71.192) (Table S3.20). Likewise, the 

DistLM marginal tests in determining possible variables responsible for the variation in the soil fungal community 

composition between the primary and secondary forest large tree-soils, found that %C could be a potential variable, 

but this was not significant either (Pseudo-F = 1.1613, p = 0.2422) (Table S3.20). The DistLM sequential tests 

confirmed there was no verified ‘best solution’, as including or excluding %C did not improve the results of the 

overall model and was not statistically significant (including percent C—Pseudo-F = 1.163, p = 0.2455, AICc = 

79.69; excluding percent C—Pseudo-F = 1.1613, p = 0.241, AICc = 78.075) (Table S3.20). For both the soil bacteria 

and fungi, the alpha diversity indices were not significantly different between the primary and secondary forest large 

tree-soils (p > 0.05) (Table 3.12). 
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Medium tree-soils: primary vs secondary forest 

 

The soil bacterial and fungal community composition of the medium tree-soils in the primary forest were 

significantly different than soil bacterial and fungal community composition of the medium tree-soils in the 

secondary forest (all PERMANOVA pairwise comparisons p < 0.05) (Table 3.10). The DistLM sequential tests 

confirmed that the C:N ratio was the best predictor variable responsible for the soil bacterial 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) (Table 3.11) and explained 25.47% of the total variation observed 

in the soil bacterial community composition (Fig. 3.8). Similarly, the soil fungal community composition associated 

with P. macroloba medium tree-soils in the primary forest compared to P. macroloba medium tree-soils in the 

secondary forest, were best explained by the C:N ratio according to the DistLM marginal tests (Pseudo-F = 2.7042, 

p = 0.0135) (Table 3.11). However, the DistLM sequential tests could not confirm a ‘best solution’ as including or 

excluding the C:N ratio to the model did not improve the overall results of the model (including C:N—Pseudo-F = 

2.7042, p = 0.015, AICc = 80.872; excluding C:N—Pseudo-F = 2.7042, p = 0.0128, AICc = 80.811) (Table 3.11). 

 

The primary forest medium tree-soils had significantly greater soil bacterial genera richness (41.98 ± 1.60) than the 

secondary forest medium tree-soils (28.08 ± 4.27) (t = 3.05, p = 0.021) (Table 3.12). Likewise, the primary forest 

medium tree-soils had significantly greater soil fungal genera richness (26.10 ± 1.35) than the secondary forest 

medium tree-soils (18.17 ± 2.90) (t = 2.48, p = 0.042) (Table 3.12). Furthermore, the soil bacterial and fungal genera 

diversity were not significantly different between the primary and secondary forest medium tree-soils (p > 0.05) 

(Table 3.12).  

  

Small tree-soils: primary vs secondary forest 

 

The soil bacterial and fungal community composition of P. macroloba small tree-soils in the primary forest were 

significantly different than soil bacterial and fungal community composition of the P. macroloba small tree-soils in 

the secondary forest (all PERMANOVA pairwise comparisons p < 0.05) (Table 3.10). The soil bacterial DistLM 

marginal tests were significant for NH4
+, NO3

-, and pH (all p < 0.05) but the DistLM sequential tests found that 



	

	129	

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 3.11) and these two variables accounted for 61.08% of the total 

variation in these soil bacterial communities (Fig. 3.9). A similar pattern was seen for the soil fungal community 

composition with the exception that 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 3.11) 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. 3.10).  

 

The soil bacterial genera diversity between the primary and secondary small tree-soils were significantly different (t 

= 2.46, p = 0.034) with the primary forest small tree-soils having more soil bacterial genera diversity (2.76 ± 0.04) 

than the secondary forest small tree-soils (2.30 ± 0.18) (Table 3.12). Similarly, the soil bacterial genera richness was 

significantly different between the primary forest small tree-soils and the secondary forest small tree-soils (t = 2.98, 

p = 0.014), with the primary forest small tree-soils having the greatest soil bacterial richness (31.99 ± 1.01) and the 

secondary forest small tree-soils having the least soil bacterial genera richness (15.13 ± 5.57) (Table 3.12). In 

contrast to the soil bacteria, no significant differences were observed for any of the soil fungal alpha diversity 

indices between the primary and secondary forest small tree-soils (p > 0.05) (Table 3.12). 

 

Discussion 

 

This study represents the first research in this region of Costa Rica to examine the soil abiotic and biotic components 

associated with three different size classes of P. macroloba, in both primary old-growth and recovering secondary 

forests, and thus, inferring how land management can impact these soil ecosystems.  The results of this study 

provides evidence to support that prior land-use history can cause differences in the P. macroloba soil-microbiome 

and associated C and N metrics, at multiple levels, and that these differences are more evident in earlier stages of 

soil development and recovery, as soil microbial community composition, generally, were significantly different 

between primary and secondary forests for all size classes. Interestingly, while the community compositions were 

different between the primary and secondary forests, the soil bacterial and fungal genera richness and diversity of 
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large trees in primary versus secondary were not significantly different. Thus, not only does previous land-use cause 

soil ecosystem changes, but as these trees age, we can see the soil-microbiome and associated C and N metrics can 

also change. As trees increase in size (or age), soil bacterial and fungal genera richness increased, and, when in an 

environment with more plant diversity, such as in the primary forest, microbial richness was usually greater. For 

example, medium and small trees in the primary had greater microbial genera richness than medium and small trees 

in the secondary. However, as the tree reaches “adulthood”, land-management appears to not have affected the soil 

bacterial and fungal genera richness since genera richness was not different between large primary trees and large 

secondary trees. This is also somewhat consistent with the overall soil microbial community composition as large 

trees in the primary did not have a different bacterial community structure than large trees in the secondary, 

however, fungal community composition of large trees in primary were different than large trees in the secondary. 

 

Soil abiotic factors 

 

Soil zone comparisons of large and medium tree-soils in the primary and secondary forests 

 

It is known that as trees develop, they increase in both size and structural complexity, and exhibit size-related 

physiological changes that include increases in the volume and depth of soil explored by root systems and increased 

distances over which photosynthate and hormone molecules must be transported (Clark, 1983; Maggs, 1964; 

Thomas and Winner, 2002). Presumably, as trees age, the differences in the composition of the materials released at 

the roots will change over time, and these materials would be released to a greater distance from the tree. The data 

from this current study supported this idea in that, although there were no significant differences in the soil abiotic 

factors between zones of the large tree-soils in the primary forest, there was a trend of decreasing levels of %C, %N, 

and NO3
- with increasing distance away from the trees. It is quite possible that differences in the soil abiotic factors 

in the large trees may only be evident beyond the 30% soil zone. However, this may likely prove difficult to 

ascertain because at such increasing distances from the tree base, there would likely also be affects due to 

neighboring trees.  The medium tree-soils in the primary forest did, however, have significant differences in %C and 

%N between soil zones 1 and 3, but the levels of these factors in zone 2 were similar to zone 1. Medium tree-soil 

zone 1 had the greatest amounts of %C and %N, whereas zone 3 had the least. This trend of decreasing values of 
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abiotic components as distance from the trees increased is consistent with the ideas mentioned above, in that there 

would be expected to be greater amounts of root exudates released closer to the tree. The trend of decreasing levels 

of the various abiotic factors associated with the soils of both the large and medium size trees as distance from the 

tree increased, may result in changes in the microbial fingerprint occurring as the trees age, and as distance from the 

base increases. For example, if there are greater levels of N-fixation by P. macroloba closer to the tree base (quite 

likely), this could enhance the metabolic activity of ammonium-oxidizing bacteria and archaea closer to the base of 

the trees, providing more usable N for biomass development in the soil ecosystem nearer the tree. This would also 

alter the overall bacterial and fungal community composition in these regions of P. macroloba soils. Future studies 

should focus on the actual levels of N-fixation, ammonium oxidation, and C and N biomass development activity in 

these areas, along additional taxonomic work on bacteria and fungi to address this issue. 

 

In the secondary forest, the large tree-soils had significantly greater levels of NO3
- in soil zone 1, followed by soil 

zones 2 and 3. This pattern is consistent with the idea of greater levels of N-fixation occurring nearer to the tree 

base, providing the needed ammonium for the nitrifying bacteria and archaea to convert ammonium to nitrite and 

nitrate (Atlas and Bartha, 1998; Maggs 1964; Sahrawat, 2008; Schultz, 2004). Interestingly, the soil microbial 

biomass C increased with distance from the tree.  This seeming paradox could be the result of the known effects that 

increased levels of inorganic N have on decreasing the rates of production and activity of the enzymes associated 

with degradation of complex C compounds, such as lignin (Bittman et al., 2005; Carreiro et al., 2000; de Vries et al., 

2007; Dijkstra et al., 2004; Hobbie, 2008; Knorr, 2005; Sinsabaugh et al., 2002; Sinsabaugh et al., 2004; Waldrop 

and Zak, 2006).  As degradation of these types of compounds is commonly associated with enhanced soil biomass C 

(Guggenberger et al., 1995; Guggenberger and Zech, 1999; Sinsabaugh, 2010; Sinsabaugh et al., 2002), the data 

presented here are consistent with the theory of higher levels of inorganic N near the base of the trees inhibiting 

lignin degradation and biomass C development (Asina et al., 2016; de Gonzalo et al., 2016; Liers et al., 2011; 

Sinsabaugh, 2010; Wang et al., 2016). It is also known that arbuscular mycorrhizal (AMF) fungi are associated with 

P. macroloba tree roots, especially at the periphery of the root zone (Lovelock et al., 2003; Lovelock et al., 2004) 

away from the tree base, and that these fungi enhance both soil C levels and soil aggregation in tropical soils, 

potentially leading to enhanced biomass development (Janos, 1987; Rillig et al., 2001; Vitousek and Sanford, 1986). 

Thus, on the one hand, there is a reduction of inorganic N levels and an increase in the development of biomass C 
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occurring as distance from the large trees in the secondary forest increases. It would be interesting to explore this 

more by examining the rates of nitrification and biomass C development over time and over distance from the tree. 

The medium tree-soils had the least amount of soil microbial biomass C in zone 3, but relatively the same level of 

inorganic N as the other zones. This finding could indicate that even though P. macroloba may be important in 

facilitating soil biomass C development near the medium trees in disturbed areas, as the distance from the trees, or 

between trees, increases, the level of biomass C may depend more on the diversity, abundance, and complexity of 

plant litter than it does on the proximity to the tree, in order to stimulate more soil biomass C and the accumulation 

of recalcitrant residues for C-sequestration. This certainly fits the vegetation pattern observed in these forests in that 

the secondary forests have far less understory vegetation than found in the primary forest (McNulty and Barry, 

2009; Shebitz and Eaton, 2013).  

 

Tree size comparisons within the primary and secondary forests  

 

Canopy access to light can be an important ecological driver of tropical tree species composition and growth 

(Chazdon et al., 1984a; Chazdon et al., 1984b; Denslow et al., 1994; DeSteven, 1988). It has been demonstrated that 

as trees age and increase in size, there is a corresponding increase in the biomechanical loading of the stem tissues 

(Thomas and Winner, 2002; Holbrook and Putz, 1989) as well as carbon requirements (Givnish 1988). The leaves 

on large trees are acclimated to receive light from a variety of directions and intensities, whereas all the leaves on 

seedlings and saplings are acclimated to receive light from essentially the same direction, and a decreased variety of 

light conditions (Chazdon et al., 1984a; Chazdon et al., 1984b; Denslow et al., 1994; DeSteven, 1988). Thus, it is 

accepted that among primary rain forest trees, species reaching larger maximal sizes among adult trees are 

necessarily exposed to higher irradiances in later stages of development than the mid- and lower canopy level trees 

in the more shaded understory (Hartshorn and Hammel, 2005; Kricher, 2011; Kricher and Plotkin 2001; Ghazoul 

and Sheil, 2010). Overall, the area of the tree capable of accepting light for photosynthesis, called the light area or 

Aarea, is generally greater for upper-canopy leaves of adult trees than for saplings (Thomas and Winner, 2002). 

However, the photosynthetic capacity on a leaf mass basis (Amass) is actually greater for the lower canopy and 

sapling tree leaves, thus, making them more efficient at photosynthesis in lower light conditions than adult tree 

leaves (Thomas and Winner, 2002). Natural or anthropogenic-induced gap dynamics, and the subsequent 
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competition for light within tropical forests are important forces contributing to both forest floor and canopy plant 

growth and survival rates for many species. Primary tropical forests typically have vertical stratification of the tree 

canopy, consisting of varying layers of the tree crowns at different heights (Ghazoul and Sheil, 2010; Kricher, 2011; 

Kricher and Plotkin, 1999). As such, the large trees in tropical forests that have already reached the upper layers of 

the canopy would presumably have more access to light (Hartshorn and Hammel, 1994; Kricher and Plotkin, 1999). 

The primary forest large and small tree-soils from the current study had the greater levels of %C, C:N ratio, and 

NO3
-, compared to the medium tree-soils. The large trees would have less competition for light as compared to the 

medium trees, as described above, which could be resulting in greater amount of photosynthetic activity and release 

of photosynthate into the soils. This, along with the NH4
+ from the root nodules could stimulate more nitrification 

activity, and result in the greater levels of NO3
- observed.  It is interesting that the small tree-soils had similar levels 

of %C, C:N ratio, and NO3
- to that of the large tree-soils. The reasoning for this observation is that the small trees 

only grow on the forest floor on locations where the remaining fragments of direct light pass through the canopy 

layers, stimulating growth of these juvenile trees on specific spots on the forest floor where the light lands (Farrior et 

al., 2016; Hartshorn 1980; Yamamoto, 2000). This could result in the saplings not having to compete for light 

resources as much as the medium size trees, and, thus, these small trees could have greater rates of photosynthetic 

activity, and, as seen in the large tree soils, leading to the greater %C and C:N ratios observed in their soils 

compared to the medium tree-soils. In contrast, the medium tree-soils had the least amount of %C, C:N ratio, and 

NO3
-. This could be a direct result of the medium trees having greater competition for light with the other mid-

canopy tree species, as well as with the upper canopy creating shade. This decreased access to light capture for the 

mid-canopy trees would result in decreased opportunity for photosynthesis and production of photosynthate, and 

ultimately, decreased %C and C:N ratio in these soils.  

 

Similarly, in the secondary forest, the large tree-soils had the greatest %C, %N, C:N ratio, NO3
-, and biomass C, 

followed by the small then medium tree-soils. In the secondary forest, the canopy is less developed, with less 

vertical distribution and variation of the canopy, compared to the primary. It is likely that the large trees in the 

secondary forest do not have, nor have not had much competition for light since the deforestation occurred, when 

these trees were left standing. Whereas, similar to the primary forest, the medium trees in the secondary forest are 

more shaded by the upper canopy trees, resulting in reduced levels of photosynthesis and decreased levels of %C, 
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%N, C:N ratio and biomass C, which, as described above, would ultimately result in the lower levels of NO3
- in 

these soils. Consistent with this idea of gap dynamics effect on competition for light, the small tree soils in the 

secondary forest had greater levels of biomass C than found in the medium tree soils. Interestingly, the small tree-

soils had the least amount of NO3
- but greatest amount of NH4

+ in comparison to the other soils. This suggests that in 

the earlier stages of forest succession or in development of P. macroloba, nitrification rate is low. As NH4
+ 

accumulates over time, this should stimulate more nitrifying bacteria and archaea, and presumably lead to more 

NO3
- developing in both the medium and then the large tree soils, which is what was observed in this study. It is also 

possible that understory vegetation decomposition plays a role, along with light, in producing soil resource inputs 

that facilitate nitrification, and as the secondary forest had far less understory vegetation (McNulty and Barry, 2009; 

Shebitz and Eaton, 2013), those resource inputs would be diminished. All these findings support the ideas of the 

effects of gap dynamics and light and other resource competition that occur in the disturbed lands and recovering 

forests. In order to better confirm these ideas and relationships, it would be extremely valuable to compare levels of 

light reaching the upper, mid and lower canopy levels, and the shaded and unshaded locations on the forest floor. 

Then measure the rates of photosynthesis in the leaves at the different levels of the canopy and on the forest floor, 

and the rates of production of different soil C and N components and biomass levels associated with the trees under 

the influence of these different light levels. This would be a very logistically intensive ecosystem-level study, but 

one that would be extremely important to conduct. 

 

Tree size comparisons between the primary and secondary forests 

 

The secondary large tree-soils had a greater %C, C:N ratio, moisture, and soil biomass C than the primary large tree-

soils. These differences between the primary and secondary large tree-soils may be due to the greater light 

accessibility for the tree crowns of the P. macroloba large trees in the secondary compared to P. macroloba large 

trees in the primary. As Pentaclethra macroloba is the dominant canopy tree species in the 23-year-old secondary 

forest (McNulty and Barry, 2009; Shebitz and Eaton 2013; Yamamoto 2000), this may result in a greater 

opportunity for carbon capture via more light access, resulting in greater photosynthetic rates, and therefore, 

possibly greater amounts of photosynthate produced in the soil. Moreover, the availability of soil nutrients is 

expected to decrease along tropical forest successional gradients, as nutrients are allocated to the increasing amount 
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of vegetation biomass and plant litter compared to secondary recovering forests (Wardle, 2002).  Consequently, late 

successional and old-growth forests are often considered to be found on “nutrient-poor” soils, simply because most 

nutrients are stored in vegetation and litter, with a very rapid nutrient turnover rate (Ghazoul and Sheil, 2010; 

Kricher, 2011; Kricher and Plotkin, 1999). Therefore, it may be of value to measure the photosynthetic rates of these 

P. macroloba tree crowns of large trees in the primary forest and in the secondary forest.  

 

There were minimal differences in the levels of most of the environmental factors between primary and secondary 

forest medium tree-soils, suggesting that at least for mid-level canopy trees, these soil abiotic factors can become 

more similar over time. This should be examined further in that it could provide crucial information for developing 

restoration strategies. In contrast to this, the small tree-soils in the primary forest had more than twice the amount of 

NO3
- and 1/3 of the amount of NH4

+ than found in the secondary forest small tree soils. It has been shown that NH4
+ 

in soil tends to be greater in early or intermediate stages of tropical forest succession than in a primary forest. Then, 

as succession continues over time, the NH4
+ becomes a substrate for the ammonium-oxidizing bacteria and archaea, 

resulting in increases in NO3
- and decreases in NH4

+ in soils of primary forests, even those associated with sapling 

trees (Sahrawat, 2008). Thus, the small tree-soils in this study reflect the effects of past land-use history in that their 

levels of soil NO3
- and NH4

+ are suggestive of an earlier stage of succession in comparison to that found in the 

primary forest small tree soils. The greater levels of soil moisture linked with greater levels of NO3
- in the small tree 

soils of the primary forest is likely due to there being a greater amount of forest floor litter and increased shade on 

the primary forest floor associated with the small trees, which would result in reduced rates of evaporation. This 

would facilitate greater rates of decomposition producing NH4
+, and greater rates of NH4

+ oxidation producing NO3
- 

for use up the trophic levels.  

 

All of these findings associated with the abiotic soil components provide evidence and support for the effect that gap 

dynamics, canopy structure, and competition for light and other resources has on the soil ecosystems when 

comparing the primary forest soils to those of secondary forests recovering from land use. These results also suggest 

that the different developmental stages of P. macroloba differ in the amounts of basal resources returned to the soil, 

and how they influence the quality and quantity of resources available to the below ground organism. Moreover, the 

study shows how the above and below ground interactions associated with this tree species are effected by legacies 
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from past land-use and hint at dynamic microbial involvement in nutrient cycling (see below). 

 

Differences in the soil bacterial and fungal community composition and their determinants 

 

Different developmental stages of a plant, may differ in the amounts of basal resources returned to the soil, 

differentially influencing the quality and quantity of resources available to the below ground organisms (Clark, 

1983; Kardol and Wardle, 2010; Maggs, 1964; Thomas and Winner, 2002; Wardle, 2002). Thus, the different 

developmental stages of P. macroloba will differ in terms of the proportion of fixed C added in soluble or simple 

forms to the soil, mainly through rhizodeposition. From the overall results of this study, it is clear that as P. 

macroloba grows and develops, there are associated changes in the soil bacterial- and fungal- microbiome, and also, 

that previous land-use history of soil may have an influence as well. Yet, as this plant species develops over time in 

habitats with contrasting soil past land-use histories, the soil bacterial community composition can become more 

similar. This was evident in this study in that there were no differences in the soil bacterial community composition 

in the large tree-soils between the primary forest and secondary forest. In addition, it is clear that as a tree develops 

in its respective area, its associated soil microbiome will also change, 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 some “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 

forest restoration and warrants more investigation in this region.  

 

Tree-size-soil comparisons within the primary and the secondary forests  

 

The soil bacterial community composition was different between the large and small, and between the medium and 

small trees, but no differences occurred between the large and medium trees. The soil fungal community 

composition was different between all of the pairwise comparisons, however, the soil fungal community 

composition percent dissimilarity was the least of the pairwise comparisons at 31.5%. These results parallel the 

finding of the differences observed in the %C, %N, NO3
-, and biomass C mentioned above. This suggests that as 

trees develop from the smaller sapling stage to the medium size trees, there is a significant change in the bacterial 
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community composition, and as the trees age from small, to medium, to large tree size, there is a consistent shift in 

the fungal community structure, which 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 metabolisms and shorter 

generation time of bacteria as compared to fungi, the greater ability of bacteria to share metabolic genes horizontally 

in concert with s the greater functional redundancy typically found in the bacterial population (Allison et al., 2008; 

Fitzpatrick, 2012; Yin et al., 2000). 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 (Moore and de Ruiter, 1991; Moore et al., 2005; Vandermeer et 

al., 2004). 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 soil microbial communities may be 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 et al., 2007; Griffiths et al., 2000). 

 

In addition, during early stages of soil development, the soil microbial species richness is often low, as plant 

community exudates are often limiting in amount and variety, and the microbial populations are competing for 

resources and spaces (Atlas and Bartha, 1998; Fierer et al. 2010; Kardol and Wardle, 2010), along with the 

stochastic consequences of these interactions. The richness of the soil bacterial and fungal genera was least in the 

small tree-soils of the primary forest, but increased over time with developmental stage of the tree-soils. Again, this 

parallels the abiotic factor and biomass C patterns observed. Presumably, as the trees develop over time, providing 

new resource inputs and niches, the microbial species richness would increase to make use of the more varied 

resource inputs. Thus, initially, the starting soil conditions within the small tree-soils, may act as an environmental 

filter until the different microbial populations find their ecological niche. In support of this, the soil bacterial and 

fungal genera richness was not different between the large and medium tree-soils, but, as the small trees are in the 

early stages of development, the microbiomes are quite different from the large and medium trees.  
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Soil bacterial populations can fluctuate in numbers with variations in soil moisture content. It has been reported that 

fungi are typically less sensitive to moisture than bacteria because their chitinous cell walls make them more 

resilient to chances in moisture (Stevenson, 2014; Zhang et al., 2016). In the current study, the soil bacterial 

community composition was shaped by % moisture (small trees had the greatest moisture at 68.8%, with large and 

medium trees around 56%), but the proportion of explained total variation of the bacterial community structure was 

only 13.3%.  The approximately 12% difference in soil moisture content can have strong implications for 

differences in the composition of the bacterial communities that establish and coalesce around these tree soils, 

which, then, could potentially result in different functional outcomes of the tree-soil ecosystem. For example, the 

Spartobacteria (genus_incertae_sedis) are heterotrophic, carbohydrate-degrading bacteria that can vary with changes 

in moisture content of soils. Under more saturated and more anaerobic conditions, no growth has been observed for 

this group (Stevenson, 2014; Zhang et al., 2016). The small tree-soils had the greatest level of soil moisture and had 

the least % RA of this bacterial group. In addition, the %RA of Bacillus was greatest in the small tree-soils, which is 

consistent with the idea that members of the genus Bacillus are known to prefer moister over drier conditions. As 

well, members of the genus Myxococcus are obligate aerobes, requiring less moist, aerobic conditions, and were 

least abundant in the small tree-soils (0.19%). In contrast, Acidobacterium is a facultative anaerobe that had a 

greater %RA in small tree-soils (0.49%), which is not surprising as they are facultative anaerobes, that grow well 

under more moist, anaerobic environmental conditions. The data here suggest that large differences in soil moisture 

content may be a more important driver of microbial community structure in the primary forest tree soils than the 

fluctuation in nutrients measured.   

 

There was a difference in soil pH between the different size trees, with the pH of small tree soils at 5.35, large tree 

soils at 5.77, and medium at 6.0. Interestingly, while soil pH has been previously identified as a strong driver of soil 

bacterial community composition (Banerjee et al., 2016; Castro et al., 2010; Freedman and Zak, 2015; Högberg et 

al., 2006; Kivlin and Hawkes, 2016; Lee-Cruz et al., 2013; Sait et al., 2006; Tripathi et al., 2012), it was not a key 

bacterial determinate here, but was a determinant of the soil fungal community composition. The soil fungal 

community composition was shaped by pH (although marginally significant), explaining 16% of the total variation 

observed. Kawahara et al., (2016) found that AMF groups tended to decrease in abundance with increasing soil 

acidity. This was the case in the current study as well. The soil pH of the small trees (pH = 5.35) was 0.42 and 0.66 
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pH units, respectively, less than that of the large and medium tree soils, and the %RA of AMF was less in these soils 

(1.25%) compared to the large (3.08%) and medium tree soils (2.04%). Soil pH may directly affect fungal 

community composition by imposing a physiological constraint on fungal survival and growth, such that some 

fungal taxa may be unable to grow or survive if the soil pH falls outside a certain range. For example, many fungi 

generally grow well in acidic conditions (Dix and Webster, 1995; Vreulink et al. 2007). However, some fungi (e.g., 

Mortierella, Peziza) grow well in neutral to slightly alkaline conditions (Warcup, 1951; Yamanaka, 2003). Although 

the pH differences were significant in this study, it may be that the range of pH values were able to allow the 

majority of fungi to grow and survive.  

 

In addition, changing soil pH could also be a consequence of various metabolic by-products released in the soil by 

the microbial communities, which can help regulate different microbial processes. For example, the bacterial process 

of ammonium-oxidation is a key step in providing the plant and soil microbes needed nitrate, yet greater rates of 

ammonium-oxidation can also contribute to a lower soil pH, and, as the soils become more acidic, this can have a 

negative feedback inhibition on the ammonium oxidation rates, which actually tends to cease at a pH lower than 4.5 

(Sahrawat, 2008). In fact, when this occurs, it stimulates the ‘‘ammonia fungi’’ populations (Sagara, 1975; Sagara et 

al., 1995; Sagara and Suzuki, 1997), which sporulate sequentially on soil after treatment of the soil with urea, 

aqueous ammonia, or nitrogenous compounds (N compounds), compounds that are released during decomposition in 

soil. Thus, these fungi often occur in the soil after the decomposition of bodies or feces of animals, during the 

ammonification process, and, thus, are also called post-putrefaction fungi (Sagara, 1976; Sagara, 1981; Sagara, 

1995). As well, some of these ammonia fungi actually decompose lignin and other complex forms of organic C, 

making them important in enhancing soil organic C levels (Soponsathien, 1998a; 1998b). Even though none of our 

soil variables were highly correlated with each other, the literature does provide possible connections linking 

changes in the soil microbial community with changes in soil N concentration and forms, and pH.  Future studies 

should examine the specific composition of this interesting group of fungi as they may be playing an important role 

in both the C and N cycles in these forests.  

  

In the secondary forest, the soil bacterial and fungal community composition clustered by tree-size, and all pairwise 

comparisons were significantly different. The greatest percent dissimilarity of soil bacterial and fungal composition 
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was between large tree- and small tree-soils at 49.2% and 56.7%, respectively. These differences in the tree size soil 

microbiomes are presumably due to the different nutrient requirements the tree may need, and the differences in the 

photosynthetic rate and capacity of different development stages of the tree in this forest (Clark, 1983; Hartshorn 

and Hammel, 1994; Kricher and Plotkin, 1999; Maggs, 1964; Thomas and Winner, 2002).  The soil bacterial genera, 

richness, and diversity were greatest in the large tree- and medium tree-soils, but least in the small tree-soils. This is 

consistent with the idea that, over time as the trees develop, there will be an increase in niches occurring in concert 

with the increasing quantity and quality of leaf litter and other tree-associated resource inputs into the soil, and that 

the better adapted microbial populations will proliferate, and the microbial species richness would start to increase to 

fit in to the new niches (Atlas and Bartha, 1998; Schmitz et al, 2015; van der Heijden, 2008; Fierer et al., 2010; 

Kardol and Wardle 2010; Wagg et al., 2011). Thus, consistent with patterns discussed in the literature, initially, the 

starting soil conditions associated with the small trees are acting as an environmental filter, driving the composition 

of the beginning microbial communities, which will change with the developing soil resource inputs that occur as 

the trees age, until the populations stabilize (to a degree) along with the vegetation succession. Interestingly, 

although the soil fungal richness increased with tree size (i.e., age), the overall fungal diversity did not. This 

suggests that once the fungal functional groups are present in the soils, some of the genera may change, but the 

number of different genera involved in the different functions of the developing niches remains relatively stable 

(Allison and Martiny, 2008; Fitzpatrick et al., 2012; Schmitz et al., 2015; Yin et al., 2000).  

  

The soil bacterial community composition was best explained by the levels of soil NH4
+ and soil Cmic, which 

accounted for 40% of the total variation observed in the soil bacterial community structure, however, NH4
+ 

contributed more to the percent total variation than Cmic. Soil ammonium accounted for 30% of the variation 

observed, while Cmic only accounted for 10% of the variation observed in the soil bacterial community composition 

across the different tree sizes in the secondary forest. The bacteria Nitrospira, important in the complete oxidation of 

NH4
+, was most abundant in small tree-soils, and least in the large tree-soils, while the N-fixing bacterial groups that 

produce NH4
+ were most abundant in the large trees (8.12%), least in the small trees (6.16%), and intermediate in 

the medium tree soils (4.94%). This could suggest the importance of N-fixing trees in C and N recuperation in 

damaged tropical lands, as the amount of N-fixing bacteria may be greater in the older large-tree soils (Lawrence et 

al. ,1995; Leblanc et al., 2005; Lojka et al., 2005; Lojka et al., 2008; Lojka et al., 2010). The rate and amount of soil 
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N-fixation activity is associated with the development of the organic C and N composition in soils, and is also 

known to be regulated by a feedback inhibition mechanism that is activated in the presence of higher N:P ratios 

(Almeida et al., 2000; Eisele et al., 1989; Israel, 1993; Pons et al., 2007; Reed et al., 2007; Schulze, 2004; Smith, 

1992). Thus, if the %RA of N-fixing bacteria was greatest in the large tree soils, the resulting inorganic N could be 

inhibiting the growth of the ammonium oxidizing bacteria in these soils. These data also could suggest the rate that 

bacteria are oxidizing ammonium in the large tree soils is greater (i.e., more efficient) than that occurring in the 

small tree soils.   

 

The soil fungal community composition was structured by soil NO3
-, which explained 20.05% of the total variation 

seen and is consistent with previous work conducted in these sites (McGee et al., 2018). The levels of NH4
+ were 

greatest in the soils of small trees, whereas NO3
- was greatest in large trees. This represents a common forest 

succession pattern in the soils, where amounts of NH4
+ are greatest in early stages of succession, then trend towards 

greater levels of NO3
- over time (Sahrawat 2008; Schulze, 2004). The small tree soils had a considerably greater 

amount of Myxocephala in its soils (47.60%).  Small trees had the least nitrate but greatest %RA of the nitrite 

oxidizer Nitrospira. This could be the result of the high levels of NH4 in these soils serving as an important substrate 

of this bacteria. The small soils also had the greatest %RA of Fusarium, which could account, in part, for the 

decreased level of NO3
- in the small tree soils, as, in addition to their other functions, Fusarium are denitrifying 

fungi (Higgins et al., 2016; Novinscak et al., 2016). This enhanced potential for denitrification could explain the 

decreased level of NO3
- in these soils. It is also of interest to note that Mortierella, which is generally positively 

correlated with nitrate levels was present at a greater %RA in the medium and large tree soils, where there was more 

NO3-, as compared to the levels in the small tree soils, where the NO3
- levels were decreased. It is possible that both 

Fusarium and Mortierella may be used in the future as possible fungal indicators of an appropriately operating 

ammonium oxidation and denitrification component of the N cycle. The differences in the rates of NO3
- 

immobilization between the primary and secondary forests might also be playing a significant role in the N cycle 

(Azam et al., 1988; Booth et al., 2005; Nishio et al., 2001; Schimel and Bennett, 2004; Trinsoutrot et al., 2000). The 

NO3
- immobilization is greater in undisturbed forest soils, such as the primary forest in this study, compared to 

disturbed soils such as the secondary forest soils in this study. This could explain the greater fluctuations in the 

pools of NO3
- in the secondary forest (Booth et al., 2005; Cliff et al., 2002; Moritsuka et al., 2004). This strongly 
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suggests that the changing microbial composition that occurs in the tree soils over time that have important effects 

on the decomposition and nitrification rates also are drivers of the rates of NO3
- immobilization (Bengtson and 

Bengtsson, 2005; Myrold and Posavatz, 2007). 

 

Soil nutrient quantity, quality, and availability may be a more important driver during earlier stages of secondary 

succession rather than the soil environmental variables, such as moisture content and pH, that explained the primary 

forest soil microbial community compositions. Specifically, in contrast to the primary forest, in the secondary 

forests it appears that the microbes are driven by the presence of essential nutrients in the soils in early succession, 

thus, it is the nutrients, rather than the environmental edaphic factors that are most  important in driving the 

community assembly and how these microbiomes comes together in the various developing niches (Atlas and 

Bartha, 1998; Schmitz et al, 2015; van der Heijden, 2008; Fierer et al., 2010; Kardol and Wardle 2010; Wagg et al., 

2011 ). During tree development in the primary forest, it is possible that these soil edaphic factors have a larger 

influence than nutrients in determining how these microbial communities come together and develop over time, 

whereas the nutrients will likely become important for allocation to biomass over time (Wardle, 2002).  As nutrients 

are allocated more toward biomass in stable forest ecosystems, soil edaphic factors may play more dominant roles in 

determining soil microbial community assembly patterns in a primary forest, than nutrients would, in a developing 

secondary forest. In light of a recent meta-analysis, it has been found that there are consistently inconsistent drivers 

of soil microbial community composition (Hendershot et al., 2017), and that soil microbial community composition 

determinants and assembly patterns are context dependent (Nemergut et al., 2017; Tedersoo et al., 2016), which 

appears to be consistent with the patterns described above. 

 

Tree size comparisons between the primary and secondary forests 

 

During the early stages of tree development, the soil bacterial and fungal groups that coalesce to form the soil 

microbiome of this tree species, would likely be more susceptible to changes resulting from stochastic processes, as 

well as the invasion of other groups of competing microbes, as they would be less established (Allison and Martiny, 

2008; Atlas and Bartha, 1998; Brussaard et al., 2007; Fierer et al., 2010; Griffiths et al., 2000; Kardol and Wardle 

2010; Schmitz et al, 2015; van der Heijden, 2008; Wagg et al., 2011). As such, this could alter the soil bacterial and 
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fungal communities that come together which may have potential consequences for soil Cmic and CUE, and thus c-

sequestration. Yet, even if priority effects and deterministic and stochastic processes act concurrently (Barberán et 

al., 2014; Fukami et al., 2004; Martiny et al., 2006; Nemergut et al., 2017; Tedersoo et al., 2016), 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.  In essence, do 

N-fixing tree species have the capacity to alter the fate of the end community that develops in a previously managed 

tropical land area. 

 

It is known that land-use history can also influence how communities come back, through priority effects and 

stochastic and deterministic processes (Nemergut et al., 2017; Pinho et al., 2017). Thus, as tree species ages and 

develop following disturbance, the soil microbiomes also change, probably based on the differences in diversity, 

biomass, and needs of the vegetation community, and the different soil conditions, between a primary forest and a 

secondary forest. Yet, even though the small trees in this study have initially colonized in soils with contrasting past 

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 period, these 

communities can become more similar, even though these different developmental stages of trees have different 

starting soil abiotic conditions.  The results of the current study support the concept that as P. macroloba ages and 

develops in soils of contrasting past land-use histories, the soil microbiome community composition can become 

similar over time. 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 between habitats. This suggests that over time, 

the bacterial community structure can become more similar in the tree soils from the different habitats. Consistent 

with this idea was that the soil bacterial community composition was most dissimilar between the small trees of the 

primary forest and secondary forest at 48.4%. This community in the large tree-soils had the least dissimilar 

composition at 24.9% (medium tree percent dissimilarity was intermediate and significant). However, in contrast to 

the soil bacterial community, the soil fungal community composition was significantly different in the large tree 

soils between the primary and the secondary forest. Even though the differences in composition of taxa were 

significant, the same decreasing dissimilarity trend was found for the soil fungal community composition, moving 
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from the small to the large tree. The soil fungal community composition of the small trees in the primary forest and 

the secondary forest had the greatest percent dissimilarity at 60.16%, with the least percent dissimilarity being found 

between the large trees in the primary and the secondary forests at 34.92% (medium tree percent dissimilarity was, 

again, intermediate and significant). Thus, both the fungal and bacterial communities show a trend towards 

decreased dissimilarity over tree developmental life stages, even in contrasting past land-use histories of soil. Given 

this, it may be that the soil fungal community composition will require more time to become more similar. 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.  

 

Furthermore, there were differences in the soil bacterial and fungal genera richness for the medium tree soils 

between the primary forest and the secondary forest, but no differences observed for the soil microbial diversities. 

The primary forest medium tree-soils had greater soil bacterial and fungal genera richness than the secondary forest 

medium tree-soils. This suggests that the greater density and diversity of vegetation in the primary forest would 

result in an increase in the complexity of soil ecosystem niches, which would result in a greater richness of 

microbial genera. The key soil abiotic property for structuring the soil bacterial community composition of the 

medium tree soils between the primary and secondary forest soils was the C:N ratio, which explained 25.5% of the 

total bacterial community variation. The C:N ratio was greater in the medium tree soils in the secondary forest than 

the primary forest. A lower C:N ratio is indicative of more rapid decomposition rates, involving less complex more 

labile organic compounds, resulting in an increase in excess N which is available for other plants. This is consistent 

with what would be expected in the secondary forest, which has a high density of P. macroloba (many small and 

medium size trees) and a lower density of understory vegetation in comparison to the primary forest (Shebitz and 

Eaton, 2013). However, the greater diversity and density of vegetation seems to not have an effect on the soil 

microbiome richness of either the small or the large tree soils.    

 

There were no differences observed for the soil fungal genera alpha diversity indices of the small tree-soils between 

the primary forest and the secondary forest. It could be too early in tree development stages for soil fungi to colonize 

and establish very stable populations. In contrast, soil bacterial genera richness was different between primary-small 
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and secondary-small tree soils, with primary forest small tree soils having greater bacterial genera richness. This 

could, again, be due to the greater complexity of soil ecosystem niches in the primary forest, in general, and because 

it is known that disturbance does reduce richness. 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 primary-small 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. It could 

also be that as the levels of nitrogen are typically limited in the soils of tropical lowland forests, there would be less 

N-immobilization, which would result in larger pools and greater fluctuations of standing inorganic N for use in cell 

metabolism.  

 

Conclusions 

 

It is evident that different stages of P. macroloba development, have different associated soil-microbiomes, and 

different components of C and N properties. It is clear that as the tree develops, its soil microbiome also shifts. This 

could be based on the need by the plant, at different stages of development, to allocate different chemicals to 

different parts of the tree, including in the roots into the soil. This could also be affiliated with canopy gap dynamics, 

as well as differences in the horizontal and vertical stratification of the canopy in a primary forest and a secondary 

forest, and associated photosynthetic rates and capacities, that would presumably lead to changes in the 

photosynthate and exudates produced at the roots. During the early stages of tree soil microbiome development, 

these soil microbes may be more susceptible to stochastic processes with relatively less influences of deterministic 

processes, but, there is evidence that soil bacterial community composition from contrasting past land-use histories 

of soils can become similar over a developmental period of time for this plant species. This may have important 

implications for forest restoration in this area, as P. macroloba is an important N-fixing tree species, crucial 

especially in early successional stages of the forest, for soil fertility as well as the facilitation of growth of other 

plant species through this natural fertilization. As well, this tree species plays an as yet unknown role in older, 

established forests, beyond N-fixation, as it becomes a dominant high canopy tree as an adult.  Moreover, it is 
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interesting that the soil edaphic properties appear to have had a stronger influence as a determinant of microbe 

composition across tree size in the primary forest. Whereas in the secondary forest, the soil nutrients were more key 

determinants in shaping the soil microbiomes across tree size. It is clear that this plant species and its soil 

microbiome, essentially, go through succession together, in this particular region, and there is much more to 

determine. The soil fungi may take longer to reach a similar “equilibrium” to that of the soil bacteria, but as soil 

fungi are more fastidious in their metabolisms, this may also have important consequences and implications at 

ecosystem scales. 
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Tables and Figures 
 
Table 3.1. Mean values and standard errors of the soil abiotic properties across the three soil zones of large and medium P. macroloba trees, in the primary forest 
in the Northern Zone of Costa Rica. Presented with the mean values, are the one-way ANOVA results evaluating the differences in the soil abiotic properties 
across these soil zones for large and medium sized P. macroloba trees, in the primary forest. Different superscripted letters denote significant pairwise 
comparisons (p < 0.05) based on post-hoc analyses. Significant post-hoc pairwise comparison results can be found in Table S3.1. 
 
 

Tree Size Soil Property Soil Zone 1 Soil Zone 2 Soil Zone 3 ANOVA 
df F stat p-value 

Large 

C (%) 6.95 ± 0.28 6.37 ± 0.37 6.17 ± 0.29 2, 15 1.653 0.225 
N (%) 0.55 ± 0.02 0.51 ± 0.03 0.48 ± 0.02 2, 15 2.005 0.169 
C:N ratio 12.72 ± 0.16 12.41 ± 0.16 12.82 ± 0.18 2, 15 1.772 0.204 
Cmic (µgC/g) 774.00 ± 81.62 596.85 ± 64.73 924.99 ± 193.94 2, 15 1.670 0.221 
NH4

+ (µgN/g) 6.38 ± 0.26 6.37 ± 0.42 6.49 ± 0.40 2, 15 0.033 0.968 
NO3

- (µgN/g) 26.21 ± 1.68 24.51 ± 1.41 19.19 ± 3.18 2, 15 2.703 0.099 
pH 5.76 ± 0.16 5.73 ± 0.12 5.83 ± 0.17 2, 15 0.136 0.874 
Moisture (%) 55.75 ± 2.88 57.63 ± 1.94 53.71 ± 3.28 2, 15 0.506 0.613 

Medium 

C (%) 5.78 ± 0.19a 5.11 ± 0.26ab 4.87 ± 0.16bc 2, 15 5.241 0.019 
N (%) 0.49 ± 0.02a 0.43 ± 0.02ab 0.41 ± 0.01bc 2, 15 5.182 0.019 
C:N ratio 11.88 ± 0.09 11.88 ± 0.19 11.79 ± 0.07 2, 15 0.176 0.840 
Cmic (µgC/g) 1002.03 ± 118.33 604.18 ± 87.77 827.79 ± 142.62 2, 15 2.838 0.090 
NH4

+ (µgN/g) 6.48 ± 0.49 5.80 ± 0.42 6.57 ± 0.05 2, 15 0.787 0.473 
NO3

- (µgN/g) 19.79 ± 2.63 15.00 ± 2.59 14.95 ± 4.50 2, 15 0.684 0.520 
pH 6.11 ± 0.02 6.00 ± 0.04 5.94 ± 0.07 2, 15 3.172 0.071 
Moisture (%) 52.50 ± 2.72 57.83 ± 2.23 57.92 ± 1.42 2, 15 2.013 0.168 
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Table 3.2. Mean values and standard errors of the soil abiotic properties across the three soil zones of large and medium Pentaclethra macroloba trees, in the 
secondary in the Northern Zone of Costa Rica. Presented with the mean values, are the one-way ANOVA results evaluating the differences in the soil abiotic 
properties across these soil zones for large and medium size Pentaclethra macroloba trees, in the secondary forest. Different superscripted letters denote 
significant pairwise comparisons (p < 0.05) based on post-hoc analyses. Significant post-hoc pairwise comparison results can be found in Table’s S3.2 and S3.3. 
 
 

Tree Size Soil Property Soil Zone 1 Soil Zone 2 Soil Zone 3 ANOVA 
df F stat p-value 

Large 

C (%) 7.66 ± 0.56 6.92 ± 0.44 7.02 ± 0.29 2, 15 0.799 0.468 
N (%) 0.57 ± 0.05 0.53 ± 0.03 0.53 ± 0.02 2, 15 0.689 0.517 
C:N ratio 13.39 ± 0.17 13.12 ± 0.30 13.15 ± 0.26 2, 15 0.338 0.718 
Cmic (µgC/g) 678.18 ± 90.72a 1596.15 ± 118.72b 998.45 ± 131.96ac 2, 15 16.39 < 0.0001 
NH4

+ (µgN/g) 6.25 ± 0.38 6.99 + 0.93 6.14 ± 0.49 2, 15 0.513 0.609 
NO3

- (µgN/g) 27.39 ± 3.34a 20.68 ± 2.20ab 17.30 ± 1.67bc 2, 15 4.209 0.035 
pH 5.38 ± 0.05 5.50 ± 0.06 5.48 ± 0.09 2, 15 0.874 0.438 
Moisture (%) 66.80 ± 3.40 60.42 ± 3.97 60.75 ± 3.36 2, 15 0.999 0.391 

Medium 

C (%) 5.65 ± 0.29 5.42 ± 0.26 5.26 ± 0.26 2, 15 0.537 0.596 
N (%) 0.46 ± 0.02 0.44 ± 0.02 0.42 ± 0.01 2, 15 1.139 0.346 
C:N ratio 12.28 ± 0.13 12.36 ± 0.24 12.50 ± 0.23 2, 15 0.291 0.751 
Cmic (µgC/g) 753.28 ± 52.65a 701.55 ± 36.82ab 479.81 ± 30.41c 2, 15 12.533 0.001 
NH4

+ (µgN/g) 5.65 ± 0.33 5.78 ± 0.23 5.98 ± 0.49 2, 15 0.208 0.814 
NO3

- (µgN/g) 20.31 ± 4.36 12.61 ± 1.31 12.69 ± 1.48 2, 15 2.558 0.111 
pH 5.93 ± 0.08 5.77 ± 0.09 5.78 ± 0.05 2, 15 1.515 0.252 
Moisture (%) 52.92 ± 1.24 55.83 ± 1.83 52.25 ± 0.82 2, 15 1.963 0.175 
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Table 3.3. Mean values and standard errors of the soil abiotic properties across the three Pentaclethra macroloba tree sizes—large, medium, and small, in the 
primary forest and in the secondary forest in the Northern Zone of Costa Rica. Presented with the mean values, are the one-way ANOVA results evaluating the 
differences in the soil abiotic properties across the large, medium, and small Pentaclethra macroloba trees, within in the primary forest and within the secondary 
forest. The P. macroloba tree size comparisons were analyzed within each habitat, not between habitats. Different superscripted letters denote significant 
pairwise comparisons (p < 0.05) based on post-hoc analyses. Significant post-hoc pairwise comparison results can be found in Table’s S3.4 and S3.5. 
 
 

Site Soil Property Large Medium Small  ANOVA  
df F stat p-value 

Primary 
Forest 

C (%) 6.50 ± 0.27ac 5.25 ± 0.18b 6.31 ± 0.40bc 2, 15 5.099 0.020 
N (%) 0.51 ± 0.02 0.44 ± 0.02 0.48 ± 0.02 2, 15 3.230 0.068 
C:N ratio 12.65 ± 0.11a 11.85 ± 0.08b 13.11 ± 0.36ac 2, 15 8.452 0.003 
Cmic (µgC/g) 765.28 ± 95.79 811.34 ± 100.94 665.87 ± 154.82 2, 15 0.383 0.689 
NH4

+ (µgN/g) 6.41 ± 0.30 6.28 ± 0.22 6.44 ± 0.10 2, 15 0.149 0.863 
NO3

- (µgN/g) 23.30 ± 1.57 16.58 ± 2.62 21.62 ± 2.21 2, 15 2.587 0.108 
pH 5.77 ± 0.14a 6.01 ± 0.03ab 5.35 ± 0.10ac 2, 15 11.247 0.001 
Moisture (%) 55.69 ± 2.33 56.08 ± 1.29 68.88 ± 4.43 2, 15 6.309 0.010 

Secondary 
Forest 

C (%) 7.20 ± 0.34a 5.44 ± 0.26b 5.59 ± 0.41bc 2, 15 8.153 0.004 
N (%) 0.54 ± 0.02a 0.44 ± 0.02b 0.45 ± 0.02bc 2, 15 6.825 0.008 
C:N ratio 13.22 ± 0.19a 12.38 ± 0.19b 12.33 ± 0.29bc 2, 15 4.780 0.025 
Cmic (µgC/g) 1090.93 ± 80.91ac 644.88 ± 12.80b 869.33 ± 176.92bc 2, 15 3.926 0.043 
NH4

+ (µgN/g) 6.46 ± 0.52 5.80 ± 0.29 20.17 ± 7.99 2, 15 3.078 0.076 
NO3

- (µgN/g) 21.79 ± 1.59a 15.20 ± 2.11ab 8.47 ± 2.47bc 2, 15 10.166 0.002 
pH 5.45 ± 0.05a 5.83 ± 0.06b 5.81 ± 0.07bc 2, 15 12.105 0.001 
Moisture (%) 62.65 ± 3.02 53.67 ± 1.08 55.66 ± 1.74 2, 15 5.014 0.022 
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Table 3.4.  Mean values and standard errors of the soil abiotic properties of the large, medium, and small Pentaclethra macroloba trees between the primary 
forest and the secondary forest in the Northern Zone of Costa Rica. Presented with the mean values, are the Independent t-test results evaluating the differences 
in the soil abiotic properties of large, medium, and small Pentaclethra macroloba trees, between the primary forest and the secondary forest. The Pentaclethra 
macroloba tree size habitat comparisons were analyzed per tree size class, between habitats. 
 
 

Tree Size Soil Property Primary Forest Secondary Forest Independent t-test 
T stat p-value 

Large 

C (%) 6.50 ± 0.19 7.20 ± 0.25 2.228 0.033 
N (%) 0.51 ± 0.01 0.54 ± 0.02 1.399 0.171 
C:N ratio 12.65 ± 0.10 13.22 ± 0.14 3.307 0.002 
Cmic (µgC/g) 765.28 ± 76.22 1090.93 ± 111.40 2.413 0.022 
NH4

+ (µgN/g) 6.41 ± 0.20 6.46 ± 0.36 0.109 0.914 
NO3

- (µgN/g) 23.30 ± 1.41 21.79 ± 1.70 0.688 0.496 
pH 5.77 ± 0.08 5.45 ± 0.04 3.534 0.002 
Moisture (%) 55.69 ± 1.54 62.65 ± 2.07 2.693 0.011 

Medium 

C (%) 5.25 ± 0.15 5.44 ± 0.15 0.894 0.378 
N (%) 0.44 ± 0.02 0.44 ± 0.02 0.241 0.811 
C:N ratio 11.85 ± 0.07 12.38 ± 0.11 3.976 < 0.0001 
Cmic (µgC/g) 811.34 ± 75.38 644.88 ± 36.37 1.989 0.058 
NH4

+ (µgN/g) 6.28 ± 0.27 5.80 ± 0.20 1.423 0.164 
NO3

- (µgN/g) 16.58 ± 1.90 15.20 ± 1.74 0.535 0.596 
pH 6.02 ± 0.03 5.83 ± 0.04 3.589 0.001 
Moisture (%) 56.08 ± 1.34 53.67 ± 0.83 1.537 0.134 

Small 

C (%) 6.31 ± 0.40 5.59 ± 0.41 1.261 0.236 
N (%) 0.48 ± 0.02 0.45 ± 0.02 0.869 0.405 
C:N ratio 13.11 ± 0.04 12.33 ± 0.29 1.706 0.119 
Cmic (µgC/g) 665.87 ± 154.82 869.33 ± 176.92 0.865 0.407 
NH4

+ (µgN/g) 6.44 ± 0.10 20.17 ± 7.99 1.718 0.146 
NO3

- (µgN/g) 21.62 ± 2.21 8.47 ± 2.47 3.967 0.003 
pH 5.35 ± 0.10 5.81 ± 0.07 3.782 0.004 
Moisture (%) 68.88 ± 4.43 55.66 ± 1.74 2.776 0.030 

 
 
 
 
 
 



	

	167	

Table 3.5. Soil bacterial genera percent proportion of sequences greater than 0.5% representation in at least one of the soil samples, across the habitat and size 
associated Pentaclethra macroloba soils in the MNWR. 
 

 Primary Forest Secondary Forest 
Bacterial Genus Large Medium Small Large Medium Small 
Gp2 20.01 22.28 22.57 22.34 22.27 23.83 
Gp1 21.54 22.11 20.64 21.69 20.38 22.46 
Gp3 19.64 17.23 21.42 19.83 18.88 25.65 
Spartobacteria_genera_incertae_sedis 7.16 8.17 3.46 5.21 7.31 2.71 
Subdivision3_genera_incertae_sedis 5.54 4.88 6.44 4.18 4.86 2.16 
Burkholderia 2.76 2.65 3.71 4.46 2.69 1.86 
Nitrospira 2.96 3.29 2.38 1.66 2.34 3.24 
Gp5 3.47 3.03 2.36 2.06 2.01 1.24 
Bradyrhizobium 1.57 1.48 1.86 3.00 1.89 3.88 
Solibacter 1.80 1.75 1.80 2.39 2.85 3.03 
Ktedonobacter 2.42 2.14 0.88 1.77 2.82 0.78 
Edaphobacter 0.96 0.90 0.68 1.07 0.90 0.87 
Bacillus 0.47 0.31 2.22 0.77 0.76 0.74 
Gp13 0.64 0.72 1.55 0.90 0.52 0.37 
Chitinophaga 1.34 0.92 0.43 0.26 1.26 0.14 
WPS-2_genera_incertae_sedis 0.81 0.87 0.60 1.12 0.52 0.39 
Dyella 0.65 0.70 0.42 0.71 0.95 0.49 
Labilithrix 0.52 0.51 0.80 0.72 0.57 0.76 
Mucilaginibacter 0.72 0.70 0.52 0.58 1.01 0.32 
Rhodomicrobium 0.66 0.44 0.52 0.54 0.59 0.86 
Rhizomicrobium 0.54 0.57 0.76 0.66 0.36 0.42 
Roseiarcus 0.44 0.29 0.56 0.68 0.52 0.58 
Phenylobacterium 0.29 0.23 0.55 0.51 0.37 0.60 
Vampirovibrio 0.40 0.43 0.39 0.41 0.63 0.20 
Koribacter 0.45 0.48 0.56 0.35 0.28 0.22 
Pedomicrobium 0.29 0.30 0.18 0.32 0.33 0.87 
Myxococcus 0.52 0.86 0.19 0.22 0.16 0.18 
Niastella 0.07 0.04 0.01 0.13 0.93 0.46 
Gp4 0.30 0.50 0.11 0.15 0.21 0.15 
Acidobacterium 0.25 0.21 0.49 0.26 0.02 0.08 
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Table 3.6. Soil fungal genera percent proportion of sequences greater than 0.5% representation in at least one of the soil samples, across the habitat and size 
associated Pentaclethra macroloba soils in the MNWR. 

  Primary Forest Secondary Forest 
Family Genus Large Medium Small Large Medium Small 
Mortierellaceae Mortierella 32.17 44.25 55.29 44.29 48.96 11.81 
Trichosporonaceae Trichosporon 18.15 19.87 18.29 14.65 9.81 1.50 
Vibrisseaceae Myxocephala 0.34 0.62 0.70 1.08 3.95 47.60 
Archaeorhizomycetaceae Archaeorhizomyces 2.86 1.60 4.65 9.12 10.17 8.23 
Dipodascaceae Geotrichum 23.59 2.58 1.95 3.84 0.27 0.00 
Tremellaceae Cryptococcus 3.72 7.24 5.14 6.38 6.07 2.34 
Xylariaceae Xylaria 3.06 3.50 2.01 1.65 2.79 1.21 
Nectriaceae Calonectria 1.41 1.48 3.16 2.28 2.93 0.00 
Hypocreaceae Trichoderma 0.58 1.94 0.55 0.93 2.63 3.78 
Glomeraceae Glomeraceae_unidentified 2.57 1.57 1.05 3.22 1.01 0.91 
Nectriaceae Gliocladiopsis 0.24 0.43 1.85 0.96 2.09 2.45 
Mycenaceae Mycena 3.08 1.26 0.17 2.49 0.10 0.19 
Amphisphaeriaceae Pestalotiopsis 1.06 1.08 0.80 0.73 0.24 2.34 
Nectriaceae Heliscus 0.00 0.02 0.03 0.01 0.04 5.84 
Nectriaceae Viridispora 0.00 0.01 0.04 0.54 1.82 2.65 
Incertae_sedis_2 Xylogone 1.04 1.04 0.42 0.80 1.31 0.22 
Rhizophydiaceae Rhizophydium 0.53 1.66 0.34 0.72 0.31 0.51 
Marasmiaceae Crinipellis 0.31 0.93 0.29 0.80 0.42 1.30 
Meruliaceae Hyphoderma 0.27 0.28 0.14 0.49 0.17 2.30 
Synchytriaceae Synchytrium 0.50 0.72 0.32 0.68 0.73 0.37 
Mycenaceae Mycena 0.08 1.04 0.09 2.01 0.01 0.08 
Entolomataceae Clitopilus 0.40 1.95 0.00 0.08 0.13 0.16 
Ganodermataceae Ganoderma 0.40 0.50 0.44 0.43 0.29 0.58 
Glomeromycota_unidentified Glomeromycota_unidentified 0.51 0.47 0.20 0.50 0.36 0.49 
Hygrophoraceae Hygrocybe 0.96 0.00 1.15 0.00 0.38 0.00 
Clavicipitaceae Metarhizium 0.51 1.00 0.08 0.17 0.38 0.25 
Kickxellaceae Ramicandelaber 0.10 1.71 0.02 0.20 0.19 0.15 
Incertae_sedis_48 Syzygospora 0.60 0.06 0.25 0.54 0.28 0.00 
Nectriaceae Fusarium 0.04 0.05 0.24 0.05 0.16 0.88 
Chaetosphaeriaceae Chaetosphaeria 0.07 0.20 0.04 0.06 0.81 0.20 
Nectriaceae Gliocephalotrichum 0.07 0.13 0.02 0.04 1.06 0.00 
Amphisphaeriaceae Phlogicylindrium 0.09 0.04 0.26 0.13 0.01 0.73 
Bionectriaceae Clonostachys 0.00 0.03 0.06 0.01 0.02 0.91 
Marasmiaceae Marasmius 0.68 0.09 0.00 0.04 0.03 0.01 
Clavariaceae Clavariaceae_unidentified 0.00 0.65 0.00 0.10 0.03 0.00 



	

	169	

Table 3.7. Analysis of the dissimilarity in overall soil bacterial and fungal community composition across Pentaclethra macroloba tree size within the primary 
forest and within the secondary forest in the MNWR. 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.  
 

Site Soil Community Tree Size Pairwise Comparison Pseudo-F p-value % Dissimilarity Cohen’s d 

Primary Forest 

 Large, Medium 1.2542 0.1317 17.6 0.5279 
Bacteria 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 
Fungi Medium, Small 5.2592 0.0035 51.6 1.0811 
 Large, Small 4.0485 0.0015 49.0 0.9485 

Secondary Forest 

 Large, Medium 3.2642  0.0482 35.6 0.8517 
Bacteria 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 
Fungi Medium, Small 3.9665  0.0067 53.7 0.9389 
 Large, Small 5.5937  0.0048 56.7 1.1149 
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Table 3.8. 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. 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). 
 

Primary Forest: Large vs Medium vs Small Secondary Forest: Large vs Medium vs Small 
Soil Bacterial Community Composition Soil Bacterial Community Composition 
Marginal test: SS(trace) Pseudo-F p-value Prop. Marginal test: SS(trace) Pseudo-F p-value Prop. 
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 Test: AICc Pseudo-F p-value R2 Sequential Test: 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 
Marginal test: SS(trace) Pseudo-F p-value Prop. Marginal test: SS(trace) Pseudo-F p-value Prop. 
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 
NH4

+ 566.05 0.5592 0.7408 0.0337 NH4
+ 3283.9 3.1085 0.0085 0.16268 

NO3
- 894.83 0.9023 0.3958 0.0533 NO3

- 4047.2 4.0122 0.0029 0.20049 
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 
          
Sequential Test: AICc Pseudo-F p-value R2 Sequential Test: AICc Pseudo-F p-value R2 
pH 125.29 2.4506 0.0578 0.13282 NO3

- 127.18 4.0122 0.0044 0.20049 
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Table 3.9. Mean values and standard errors of the soil bacterial and fungal genera alpha diversity indices the across the three Pentaclethra macroloba tree 
sizes—large, medium, and small—in the primary forest and in the secondary forest in the Northern Zone of Costa Rica. Presented with the mean values, are the 
one-way ANOVA results evaluating the differences in the alpha diversity indices across the large, medium, and small Pentaclethra macroloba trees, within the 
primary forest and within the secondary forest. The Pentaclethra macroloba tree size comparisons were analyzed within each habitat, not between habitats. 
Different superscripted letters denote significant pairwise comparisons (p < 0.05) based on post-hoc analyses. Significant post-hoc pairwise comparison results 
can be found in Table’s S3.16, S3.17, S3.18, and S3.19. 
 
 

Site Soil  
Community 

Diversity  
Index Large Medium Small ANOVA 

df F stat p-value 

Primary  
Forest 

Bacteria Margalef (d) 41.01 ± 1.21a 41.98 ± 1.60ab 31.99 ± 1.01c 2, 15 18.03 < 0.0001 
Shannon (H’) 2.76 ± 0.04 2.74 ± 0.03 2.76 ± 0.04 2, 15 0.085 0.9190 

Fungi Margalef (d) 22.91 ± 0.89a 26.10 ± 1.35ab 10.42 ± 3.14c 2, 15 16.48 < 0.0001 
Shannon (H’) 2.41 ± 0.11a 2.66 ± 0.10ab 2.11 ± 0.06ac 2, 15 9.03 0.003 

Secondary  
Forest 

Bacteria Margalef (d) 43.94 ± 5.97a 28.08 ± 4.27ab 15.13 ± 5.57bc 2, 15 7.36 0.006 
Shannon (H’) 2.83 ± 0.13a 2.66 ± 0.09ab 2.30 ± 0.18bc 2, 15 3.80 0.046 

Fungi Margalef (d) 22.51 ± 2.41a 18.17 ± 2.90ab 8.32 ± 1.37c 2, 15 9.86 0.002 
Shannon (H’) 2.54 ± 0.10 2.44 ± 0.11 2.26 ± 0.17 2, 15 1.21 0.325 

 
 
 
 
Table 3.10. Analysis of the dissimilarity in overall soil bacterial and fungal community composition of each Pentaclethra macroloba tree size classes between 
the primary forest and the secondary forest in the MNWR. 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. 
 

Soil Community Tree Size Site Pairwise Comparison Pseudo-F p-value % Dissimilarity Cohen’s d 
 Large Primary, Secondary 1.3361 0.1059 24.9 0.5449 

Bacteria 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 
Fungi Medium Primary, Secondary 4.0618 0.0035 41.6 0.9501 
 Small Primary, Secondary 3.9038 0.0022 60.2 0.9314 
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Table 3.11. 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 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, and these results can be found in Table S3.20. 
 

Medium Trees: Primary Forest vs Secondary Forest Small Trees: Primary Forest vs Secondary Forest 
Soil Bacterial Community Composition Soil Bacterial Community Composition 
Marginal: SS(trace) Pseudo-F p-value Prop. Marginal: SS(trace) Pseudo-F p-value Prop. 
C 274.31 0.59123 0.7125 0.05582 C 1254.7 1.2241 0.2804 0.10906 
N 343.07 0.75057 0.5609 0.06981 N 1150.7 1.1114 0.3235 0.10002 
C:N ratio 1251.3 3.4166 0.019 0.25465 C:N ratio 1028.9 0.98223 0.3882 0.08943 
NH4

+ 317.63 0.69106 0.6257 0.06463 NH4
+ 4633.2 6.7427 0.0032 0.40273 

NO3
- 558.72 1.2829 0.2439 0.1137 NO3

- 3945.1 5.2189 0.0039 0.34292 
Cmic 590.63 1.3662 0.2412 0.1202 Cmic 1376.3 1.3588 0.2315 0.11963 
pH 858.57 2.1171 0.077 0.17472 pH 2930 3.4172 0.026 0.25469 
Moisture 692.28 1.6398 0.1575 0.14088 Moisture 1881.1 1.9547 0.125 0.16351 
          
Sequential: AICc Pseudo-F p-value R2 Sequential: AICc Pseudo-F p-value R2 
C:N ratio 73.985 3.4166 0.0185 0.25465 NH4

+ 81.536 6.7427 0.0035 0.40273 
     NO3

- 80.062 4.8125 0.0061 0.2081 
          

Soil Fungal Community Composition Soil Fungal Community Composition 
Marginal: SS(trace) Pseudo-F p-value Prop. Marginal: SS(trace) Pseudo-F p-value Prop. 
C 562.67 0.73101 0.6924 0.068122 C 2231.7 1.4828 0.1977 0.12913 
N 597.2 0.77937 0.6469 0.072302 N 2173.1 1.4382 0.2082 0.12574 
C:N ratio 1758.2 2.7042 0.0135 0.21286 C:N ratio 1870.2 1.2134 0.3015 0.10821 
NH4

+ 735.04 0.97682 0.4021 0.08899 NH4
+ 2612.2 1.7806 0.1133 0.15115 

NO3
- 781.4 1.0449 0.3401 0.094603 NO3

- 4782.4 3.8259 0.0019 0.27672 
Cmic 1064.1 1.4788 0.1448 0.12883 Cmic 2017.7 1.3218 0.2435 0.11675 
pH 1090 1.5203 0.122 0.13197 pH 2679.4 1.8349 0.104 0.15504 
Moisture 868.63 1.1752 0.2606 0.10516 Moisture 1838.4 1.1903 0.3083 0.10637 

          
Sequential: AICc Pseudo-F p-value R2 Sequential: AICc Pseudo-F p-value R2 
+C:N ratio 80.872 2.7042 0.015 0.21286 NO3

- 88.716 3.8259 0.0017 0.27672 
-C:N ratio 80.811 2.7042 0.0128 0.21286      
***No best solution***      
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Table 3.12. Mean values and standard errors of the soil bacterial and fungal genera alpha diversity indices of the large, medium, and small Pentaclethra 
macroloba trees between the primary forest and the secondary forest in the Northern Zone of Costa Rica. Presented with the mean values, are the Independent t-
test results evaluating the differences in the soil bacterial and fungal genera alpha diversity indices of large, medium, and small Pentaclethra macroloba trees, 
between the primary forest and the secondary forest. The Pentaclethra macroloba tree size habitat comparisons were analyzed per tree size class, between 
habitats. 
 

Tree Size Soil Community Diversity Index Primary Forest Secondary Forest Independent t-test 
T stat p-value 

Large 
Bacteria Margalef (d) 41.01 ± 1.21 43.94 ± 5.97 0.481 0.641 

Shannon (H’) 2.76 ± 0.04 2.83 ± 0.13 0.503 0.626 

Fungi Margalef (d) 22.91 ± 0.89 22.51 ± 2.41 0.154 0.881 
Shannon (H’) 2.41 ± 0.11 2.54 ± 0.10 0.870 0.405 

Medium 
Bacteria Margalef (d) 41.98 ± 1.60 28.08 ± 4.27 3.051 0.021 

Shannon (H’) 2.74 ± 0.03 2.66 ± 0.09 0.923 0.392 

Fungi Margalef (d) 26.10 ± 1.35 18.17 ± 2.90 2.482 0.042 
Shannon (H’) 2.66 ± 0.10 2.44 ± 0.11 1.471 0.172 

Small 
Bacteria Margalef (d) 31.99 ± 1.01 15.13 ± 5.57 2.979 0.014 

Shannon (H’) 2.76 ± 0.04 2.30 ± 0.18 2.457 0.034 

Fungi Margalef (d) 10.42 ± 3.14 8.32 ± 1.37 0.613 0.560 
Shannon (H’) 2.11 ± 0.06 2.26 ± 0.17 0.057 0.439 
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Fig. 3.1 Map of the (left) San Juan La-Selva Biological Corridor and the (right) Maquenque National Wildlife 
Refuge (MNWR outlined in black and shaded green) (Cove et al. 1994). 
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Fig. 3.2 The Canonical Analysis of the Principal Coordinates (CAP) showing the strength of the dissimilarity in the 
soil bacterial community composition across the large, medium, and small Pentaclethra macroloba tree-soils and 
their respective habitat, in the MNWR. The CAP 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 9,999 permutations (Pseudo-F = 2.97, p 
= 0.0001) (Table S3.14). 
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Fig. 3.3 The Canonical Analysis of the Principal Coordinates (CAP) showing the strength of the dissimilarity in the 
soil fungal community composition across the large, medium, and small Pentaclethra macroloba tree-soils and their 
respective habitat, in the MNWR. 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 9,999 permutations (Pseudo-F = 4.07, p = 0.0001) 
(Table S3.15). 
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Fig. 3.4 The Distance-based redundancy analysis (dbRDA) ordination plot of the DistLM sequential test results 
based on the soil abiotic variables fitted to the variation in the soil bacterial community between large, medium, and 
small Pentaclethra macroloba tree-soils within the primary forest. Soil % moisture was the best predictor variable 
out of the model and explained 16% of the total variation observed in the soil bacterial community patterns across 
the three P. macroloba tree sizes within the primary forest (Pseudo-F = 3.04, p = 0.0012, AICc = 97.22). 
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Fig. 3.5 The Distance-based redundancy analysis (dbRDA) ordination plot of the DistLM sequential test results 
based on the soil abiotic variables fitted to the variation in the soil fungal community between large, medium, and 
small Pentaclethra macroloba tree-soils within the primary forest. Soil pH was the best predictor variable out of the 
model and explained 13.3% of the total variation observed in the soil fungal community patterns across the three P. 
macroloba tree sizes within the primary forest (Pseudo-F = 2.45, p = 0.0578, AICc = 125.29). 
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Fig. 3.6 The Distance-based redundancy analysis (dbRDA) ordination plot of the DistLM sequential test results 
based on the soil abiotic variables fitted to the variation in the soil bacterial community between large, medium, and 
small Pentaclethra macroloba tree-soils within the primary 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 
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).  
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Fig. 3.7 The Distance-based redundancy analysis (dbRDA) ordination plot of the DistLM sequential test results 
based on the soil abiotic variables fitted to the variation in the soil fungal community between large, medium, and 
small Pentaclethra macroloba tree-soils within the primary forest. Soil NO3

- was the best predictor variable out of 
the model and explained 20% of the total variation observed in the soil fungal community patterns across the three 
P. macroloba tree sizes within the primary forest (Pseudo-F = 4.01, p = 0.0044, AICc = 127.18). 
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Fig. 3.8 The Distance-based redundancy analysis (dbRDA) ordination plot of the DistLM sequential test results 
based on the soil abiotic variables fitted to the variation in the soil bacterial community of Pentaclethra macroloba 
medium tree-soils between the primary forest and the secondary forest. Soil C:N ratio was the best predictor variable 
out of the model and explained 25.5% of the total variation observed in the soil bacterial community patterns 
between the primary forest P. macroloba medium tree-soils and the secondary forest P. macroloba medium tree-
soils (Pseudo-F = 3.42, p = 0.0185, AICc = 73.985). 
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Fig. 3.9 The Distance-based redundancy analysis (dbRDA) ordination plot of the DistLM sequential test results 
based on the soil abiotic variables fitted to the variation in the soil bacterial 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 soil bacterial 
community patterns between the primary forest P. macroloba small tree-soils and the secondary forest P. macroloba 
small tree-soils (NH4

+:  Pseudo-F = 6.74, p = 0.0035, AICc = 81.54, and NO3
-: Pseudo-F = 4.01, p = 0.0061, AICc = 

80.06). 
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Fig. 3.10 The Distance-based redundancy analysis (dbRDA) ordination plot of the DistLM sequential test results 
based on the soil abiotic variables fitted to the variation in the soil fungal community of Pentaclethra macroloba 
small tree soils between the primary forest and the secondary forest. Soil NO3

- was the best predictor variable out of 
the model and together, explained 27.7% of the total variation observed in the soil fungal community patterns 
between the primary forest P. macroloba small tree-soils and the secondary forest P. macroloba small tree-soils 
(Pseudo-F = 3.83, p = 0.0017, AICc = 88.72). 
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Supplementary Material 
 
Table S3.1. The Tukey HSD post-hoc results for soil abiotic properties across the three soil zones for the medium 
Pentaclethra macroloba tree-soils in the primary forest of the MNWR. 
 

    95% Confidence Interval 
Soil Abiotic Property Soil Zone p-value Lower Bound Upper Bound 

C (%) 

1 2 0.084 -0.0817 1.4351 
3 0.018 0.1516 1.6684 

2 1 0.084 -1.4351 0.0817 
3 0.709 -0.5251 0.9917 

3 1 0.018 -1.6684 -0.1516 
2 0.709 -0.9917 0.5251 

N (%) 

1 2 0.076 -0.0054 0.1187 
3 0.020 0.0113 0.1354 

2 
1 0.076 -0.1187 0.0054 
3 0.768 -0.0454 0.0787 

3 1 0.020 -0.1354 -0.0113 
2 0.768 -0.0787 0.0454 

 
 
Table S3.2. The Tukey HSD post-hoc results for the soil abiotic properties across the three soil zones for the large 
Pentaclethra macroloba tree-soils in the secondary forest of the MNWR. 
 

    95% Confidence Interval 
Soil Abiotic Property Soil Zone p-value Lower Bound Upper Bound 

NO3
- (µgN/g) 

1 2 0.174 -2.4881 15.9081 
3 0.031 0.8936 19.2898 

2 1 0.174 -15.9081 2.4881 
3 0.615 -5.8164 12.5798 

3 1 0.031 -19.2898 -0.8936 
2 0.615 -12.5798 5.8164 

Cmic (µgC/g) 

1 2 < 0.0001 -1340.75796 -495.18522 
3 0.155 -743.05573 102.51702 

2 1 < 0.0001 495.18522 1340.75796 
3 0.006 174.91586 1020.48861 

3 1 0.155 -102.51702 743.05573 
2 0.006 -1020.48861 -174.91586 

 
 
Table S3.3. The Tukey HSD post-hoc results for the different soil abiotic properties across the three soil zones for 
the medium Pentaclethra macroloba tree-soils in the secondary forest of the MNWR. 
 

    95% Confidence Interval 
Soil Abiotic Property Soil Zone p-value Lower Bound Upper Bound 

Cmic (µgC/g) 

1 2 0.654 -99.01474 202.47730 
3 0.001 122.73157 424.22362 

2 1 0.654 -202.47730 99.01474 
3 0.004 71.00029 372.49234 

3 1 0.001 -424.22362 -122.73157 
2 0.004 -372.49234 -71.00029 
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Table S3.4. The Tukey HSD and Dunnett T3 post-hoc results for the soil abiotic properties between the large, 
medium, and small Pentaclethra macroloba tree-soils within the primary forest of the MNWR. 
 

    95% Confidence Interval 
Soil Abiotic Property Tree Size p-value Lower Bound Upper Bound 

C (%) 

Large Medium 0.025 0.15110 2.33223 
Small 0.901 -0.90779 1.27334 

Medium Large 0.025 -2.33223 -0.15110 
Small 0.058 -2.14945 0.03167 

Small Large 0.901 -1.27334 0.90779 
Medium 0.058 -0.03167 2.14945 

C:N Ratio 

Large Medium 0.001 0.41559 1.19111 
Small 0.562 -1.64885 0.73364 

Medium Large 0.001 -1.19111 -0.41559 
Small 0.041 -2.45681 -0.06510 

Small Large 0.562 -0.73364 1.64885 
Medium 0.041 0.06510 2.45681 

pH 

Large Medium 0.338 -0.71007 0.22396 
Small 0.094 -0.06853 0.91576 

Medium Large 0.338 -0.22396 0.71007 
Small 0.002 0.33469 0.99864 

Small Large 0.094 -0.91576 0.06853 
Medium 0.002 -0.99864 -0.33469 

Moisture (%) 

Large Medium 0.998 -8.31908 7.54130 
Small 0.085 -28.19996 1.82552 

Medium Large 0.998 -7.54130 8.31908 
Small 0.087 -27.66848 2.07182 

Small Large 0.085 -1.82552 28.19996 
Medium 0.087 -2.07182 27.66848 
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Table S3.5. The Tukey HSD and Dunnett T3 post-hoc results for the soil abiotic properties between the large, 
medium, and small Pentaclethra macroloba tree-soils within the secondary forest of the MNWR. 
 

    95% Confidence Interval 
Soil Abiotic Property Tree Size p-value Lower Bound Upper Bound 

C (%) 

Large Medium 0.006 0.50483 3.01183 
Small 0.012 0.35317 2.86017 

Medium Large 0.006 -3.01183 -0.50483 
Small 0.947 -1.40517 1.10183 

Small Large 0.012 -2.86017 -0.35317 
Medium 0.947 -1.10183 1.40517 

N (%) 

Large Medium 0.011 0.02405 0.18373 
Small 0.024 0.01183 0.17151 

Medium Large 0.011 -0.18373 -0.02405 
Small 0.917 -0.09206 0.06762 

Small Large 0.024 -0.17151 -0.01183 
Medium 0.917 -0.06762 0.09206 

C:N Ratio 

Large Medium 0.050 0.00110 1.68077 
Small 0.037 0.04886 1.72853 

Medium Large 0.050 -1.68077 -0.00110 
Small 0.988 -0.79207 0.88760 

Small Large 0.037 -1.72853 -0.04886 
Medium 0.988 -0.88760 0.79207 

NO3
- (µgN/g) 

Large Medium 0.098 -1.08621 14.25955 
Small 0.001 5.64656 20.99233 

Medium Large 0.098 -14.25955 1.08621 
Small 0.090 -0.94010 14.40566 

Small Large 0.001 -20.99233 -5.64656 
Medium 0.090 -14.40566 0.94010 

pH 

Large Medium 0.002 -0.59422 -0.15023 
Small 0.002 -0.57755 -0.13356 

Medium Large 0.002 0.15023 0.59422 
Small 0.979 -0.20533 0.23866 

Small Large 0.002 0.13356 0.57755 
Medium 0.979 -0.23866 0.20533 

Cmic (µgC/g) 

Large Medium 0.007 172.57405 719.52150 
Small 0.611 -372.74214 815.94861 

Medium Large 0.007 -719.52150 -172.5740 
Small 0.549 -825.04527 376.15619 

Small Large 0.611 -815.94861 372.74214 
Medium 0.549 -376.15619 825.04527 

Moisture (%) 

Large Medium 0.079 -1.13658 19.10880 
Small 0.205 -3.33188 17.31076 

Medium Large 0.079 -19.10880 1.13658 
Small 0.707 -7.98371 3.99037 

Small Large 0.205 -17.31076 3.33188 
Medium 0.707 -3.99037 7.98371 
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Table S3.6. Canonical Analysis of Principal Coordinate misclassification table of the 72 soil samples for the soil 
bacterial community composition, based on 9,999 permutation. The CAP was able to correctly allocate only 20 out 
of the 72 (27.78%) soil samples to their original group for a misclassification error of 72.22% out of 9,999 
permutations (Pseudo-F = 1.63, p = 0.0001). Presented are the individual misclassified samples. 
 

Sample Original Group Classified Group 
MPP11 Primary Medium Zone 1 Primary Large Zone 1 
MPP41 Primary Medium Zone 1 Primary Medium Zone 3 
MPP12 Primary Medium Zone 2 Primary Medium Zone 1 
MPP42 Primary Medium Zone 2 Primary Medium Zone 1 
MPP52 Primary Medium Zone 2 Primary Large Zone 2 
MPP62 Primary Medium Zone 2 Primary Medium Zone 3 
MPP13 Primary Medium Zone 3 Primary Large Zone 2 
MPP23 Primary Medium Zone 3 Primary Medium Zone 2 
MPP33 Primary Medium Zone 3 Primary Medium Zone 1 
MPS11 Secondary Medium Zone 1 Secondary Medium Zone 2 
MPS21 Secondary Medium Zone 1 Secondary Medium Zone 3 
MPS31 Secondary Medium Zone 1 Secondary Medium Zone 2 
MPS51 Secondary Medium Zone 1 Secondary Medium Zone 3 
MPS61 Secondary Medium Zone 1 Secondary Medium Zone 2 
MPS12 Secondary Medium Zone 2 Secondary Large Zone 2 
MPS22 Secondary Medium Zone 2 Secondary Medium Zone 3 
MPS42 Secondary Medium Zone 2 Secondary Medium Zone 1 
MPS52 Secondary Medium Zone 2 Secondary Medium Zone 3 
MPS62 Secondary Medium Zone 2 Secondary Medium Zone 1 
MPS13 Secondary Medium Zone 3 Secondary Medium Zone 2 
MPS33 Secondary Medium Zone 3 Secondary Medium Zone 2 
MPS43 Secondary Medium Zone 3 Secondary Medium Zone 1 
MPS63 Secondary Medium Zone 3 Secondary Medium Zone 1 
OPP11 Primary Large Zone 1 Primary Large Zone 2 
OPP31 Primary Large Zone 1 Primary Large Zone 3 
OPP41 Primary Large Zone 1 Primary Medium Zone 2 
OPP51 Primary Large Zone 1 Primary Large Zone 2 
OPP61 Primary Large Zone 1 Primary Large Zone 2 
OPP12 Primary Large Zone 2 Primary Large Zone 1 
OPP22 Primary Large Zone 2 Primary Large Zone 1 
OPP42 Primary Large Zone 2 Primary Medium Zone 1 
OPP52 Primary Large Zone 2 Primary Large Zone 3 
OPP62 Primary Large Zone 2 Primary Large Zone 1 
OPP13 Primary Large Zone 3 Primary Large Zone 1 
OPP23 Primary Large Zone 3 Secondary Large Zone 3 
OPP43 Primary Large Zone 3 Primary Medium Zone 2 
OPP53 Primary Large Zone 3 Primary Medium Zone 1 
OPP63 Primary Large Zone 3 Primary Large Zone 1 
OPS21 Secondary Large Zone 1 Secondary Large Zone 2 
OPS31 Secondary Large Zone 1 Secondary Large Zone 3 
OPS41 Secondary Large Zone 1 Secondary Large Zone 3 
OPS51 Secondary Large Zone 1 Primary Large Zone 2 
OPS61 Secondary Large Zone 1 Secondary Large Zone 2 
OPS22 Secondary Large Zone 2 Secondary Large Zone 1 
OPS32 Secondary Large Zone 2 Primary Large Zone 2 
OPS42 Secondary Large Zone 2 Secondary Large Zone 1 
OPS52 Secondary Large Zone 2 Primary Large Zone 2 
OPS62 Secondary Large Zone 2 Secondary Large Zone 3 
OPS13 Secondary Large Zone 3 Secondary Large Zone 1 
OPS43 Secondary Large Zone 3 Secondary Large Zone 1 
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Table S3.7. Canonical Analysis of Principal Coordinate misclassification table of the 72 soil samples for the soil 
fungal community composition, based on 9,999 permutation. The CAP was able to correctly allocate only 12 out 72 
(16.67%) soil samples to their original group for a misclassification error of 83.33% out of 9,999 permutations 
(Pseudo-F = 2.42, p = 0.0001). Presented are the individual misclassified samples. 
 

Sample Original Group Classified Group 
MPP21 Primary Medium Zone 1 Primary Large Zone 3 
MPP31 Primary Medium Zone 1 Primary Large Zone 2 
MPP61 Primary Medium Zone 1 Primary Medium Zone 2 
MPP12 Primary Medium Zone 2 Primary Medium Zone 1 
MPP32 Primary Medium Zone 2 Primary Medium Zone 3 
MPP42 Primary Medium Zone 2 Primary Medium Zone 3 
MPP52 Primary Medium Zone 2 Primary Medium Zone 3 
MPP62 Primary Medium Zone 2 Primary Medium Zone 1 
MPP13 Primary Medium Zone 3 Primary Medium Zone 1 
MPP23 Primary Medium Zone 3 Primary Medium Zone 2 
MPP43 Primary Medium Zone 3 Primary Medium Zone 2 
MPP53 Primary Medium Zone 3 Primary Medium Zone 1 
MPS11 Secondary Medium Zone 1 Secondary Medium Zone 2 
MPS21 Secondary Medium Zone 1 Secondary Medium Zone 3 
MPS31 Secondary Medium Zone 1 Secondary Medium Zone 2 
MPS41 Secondary Medium Zone 1 Secondary Medium Zone 2 
MPS12 Secondary Medium Zone 2 Secondary Medium Zone 1 
MPS22 Secondary Medium Zone 2 Secondary Medium Zone 3 
MPS32 Secondary Medium Zone 2 Secondary Large Zone 3 
MPS42 Secondary Medium Zone 2 Secondary Medium Zone 3 
MPS52 Secondary Medium Zone 2 Secondary Medium Zone 1 
MPS62 Secondary Medium Zone 2 Secondary Medium Zone 1 
MPS13 Secondary Medium Zone 3 Secondary Medium Zone 2 
MPS23 Secondary Medium Zone 3 Secondary Medium Zone 2 
MPS33 Secondary Medium Zone 3 Secondary Medium Zone 2 
MPS53 Secondary Medium Zone 3 Secondary Medium Zone 1 
MPS63 Secondary Medium Zone 3 Secondary Medium Zone 1 
OPP11 Primary Large Zone 1 Secondary Large Zone 1 
OPP21 Primary Large Zone 1 Primary Large Zone 2 
OPP41 Primary Large Zone 1 Primary Large Zone 2 
OPP51 Primary Large Zone 1 Primary Medium Zone 1 
OPP61 Primary Large Zone 1 Primary Large Zone 2 
OPP12 Primary Large Zone 2 Primary Large Zone 1 
OPP22 Primary Large Zone 2 Primary Large Zone 1 
OPP32 Primary Large Zone 2 Primary Large Zone 3 
OPP42 Primary Large Zone 2 Primary Medium Zone 2 
OPP52 Primary Large Zone 2 Primary Large Zone 3 
OPP62 Primary Large Zone 2 Primary Large Zone 3 
OPP13 Primary Large Zone 3 Primary Medium Zone 1 
OPP23 Primary Large Zone 3 Primary Large Zone 1 
OPP33 Primary Large Zone 3 Primary Large Zone 1 
OPP43 Primary Large Zone 3 Primary Large Zone 2 
OPP53 Primary Large Zone 3 Primary Large Zone 2 
OPP63 Primary Large Zone 3 Primary Medium Zone 1 
OPS21 Secondary Large Zone 1 Secondary Large Zone 2 

OPS53 Secondary Large Zone 3 Primary Large Zone 2 
OPS63 Secondary Large Zone 3 Secondary Large Zone 2 
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OPS31 Secondary Large Zone 1 Secondary Large Zone 2 
OPS41 Secondary Large Zone 1 Secondary Large Zone 3 
OPS51 Secondary Large Zone 1 Secondary Large Zone 3 
OPS61 Secondary Large Zone 1 Secondary Large Zone 2 
OPS12 Secondary Large Zone 2 Secondary Large Zone 1 
OPS22 Secondary Large Zone 2 Secondary Large Zone 3 
OPS32 Secondary Large Zone 2 Secondary Large Zone 3 
OPS52 Secondary Large Zone 2 Primary Medium Zone 2 
OPS62 Secondary Large Zone 2 Secondary Medium Zone 2 
OPS13 Secondary Large Zone 3 Secondary Large Zone 2 
OPS23 Secondary Large Zone 3 Secondary Large Zone 2 
OPS33 Secondary Large Zone 3 Secondary Large Zone 2 
OPS43 Secondary Large Zone 3 Secondary Large Zone 2 
OPS53 Secondary Large Zone 3 Primary Medium Zone 1 
OPS63 Secondary Large Zone 3 Secondary Large Zone 2 
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Table S3.8. Analysis of the dissimilarity in overall soil bacterial (a) and fungal community composition (b) across 
the three soil zones for Pentaclethra macroloba large trees within the primary forest in the MNWR. 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. No significant 
differences were observed for these comparisons. 
 

 Zone Pairwise Comparison Pseudo-F p-value % Dissimilarity Cohen’s d 
 1, 2 0.8126 0.7334 20.4 0.4249 
(a) Bacteria 1, 3 0.9077 0.5803 20.4 0.4491 
 2, 3 0.7256 0.8628 20.2 0.4016 
 1, 2 0.2558 1 35.4 0.2384 
(b) Fungi 1, 3 0.5011 0.9885 35.2 0.3337 
 2, 3 0.4886 0.9695 35.6 0.3295 

 
 
 
Table S3.9. Analysis of the dissimilarity in overall soil bacterial (a) and fungal community composition (b) across 
the three soil zones for Pentaclethra macroloba medium trees within the primary forest in the MNWR. 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. No significant 
differences were observed for these comparisons. 
 

 Zone Pairwise Comparison Pseudo-F p-value % Dissimilarity Cohen’s d 
 1, 2 0.9759  0.4823 19.6 0.4657 
(a) Bacteria 1, 3 1.3849  0.1152 19.6 0.5548 
 2, 3 0.7224  0.8482 19.8 0.4007 
 1, 2 0.5854  0.9406 33.4 0.3607 
(b) Fungi 1, 3 0.7795  0.7923 32.3 0.4162 
 2, 3 0.4374  0.9762 31.3 0.3118 

 
 
 
Table S3.10. Analysis of the dissimilarity in overall soil bacterial (a) and fungal community composition (b) across 
the three soil zones for Pentaclethra macroloba large trees within the secondary forest in the MNWR. 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. No significant 
differences were observed for these comparisons. 
 

 Zone Pairwise Comparison Pseudo-F p-value % Dissimilarity Cohen’s d 
 1, 2 0.2473 0.9464 27.7 0.2344 
(a) Bacteria 1, 3 0.3123 0.8231 28.5 0.2634 
 2, 3 0.2482 0.9161 27.9 0.2349 
 1, 2 0.6910 0.8029 40.2 0.3919 
(b) Fungi 1, 3 0.7236 0.7555 40.2 0.401 
 2, 3 0.3655 0.9900 38.5 0.285 
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Table S3.11. Analysis of the dissimilarity in overall soil bacterial (a) and fungal community composition (b) across 
the three soil zones for Pentaclethra macroloba medium trees within the secondary forest in the MNWR. 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. No significant 
differences were observed for these comparisons. 
 

 Zone Pairwise Comparison Pseudo-F p-value % Dissimilarity Cohen’s d 
 1, 2 0.5548 0.8041 31.6 0.3511 
(a) Bacteria 1, 3 0.3474 0.914 31.3 0.2778 
 2, 3 0.3268 0.949 29.9 0.2695 
 1, 2 0.5260  0.8945 41.2 0.3419 
(b) Fungi 1, 3 0.3480  0.9655 40.4 0.2781 
 2, 3 0.3720  0.9527 40.4 0.2875 
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Table S3.12. Mean values and standard errors of the soil bacterial and fungal genera alpha diversity indices the across the three soil zones of Pentaclethra 
macroloba large and medium sized tree-soils within the primary forest of the MNWR. Presented with the mean values, are the one-way ANOVA results 
evaluating the differences in the alpha diversity indices across the three soil zones of the large and medium Pentaclethra macroloba tree-soils, within the primary 
forest. There were no significant differences in the soil bacterial and fungal genera alpha diversity indices between the three soil zones of the large and medium 
Pentaclethra macroloba tree-soils, within the primary forest. No significant differences were observed for these comparisons. 
 

Tree size Community Diversity Index Soil Zone 1 Soil Zone 2 Soil Zone 3 ANOVA 
df F stat p-value 

Large 
Bacteria Margalef (d) 30.44 ± 1.75 32.75 ± 0.96 29.13 ± 1.61 2, 15 1.54 0.247 

Shannon (H’)  2.73 ± 0.05 2.78 ± 0.05 2.67 ± 0.03 2, 15 1.72 0.213       

Fungi Margalef (d) 15.02 ± 0.92 16.94 ± 1.54 15.17 ± 0.83 2, 15 0.878 0.436 
Shannon (H’)  2.15 ± 0.18 2.33 ± 0.27 2.23 ± 0.11 2, 15 0.203 0.818 

Medium 
Bacteria Margalef (d) 31.92 ± 0.51 32.57 ± 2.47 28.77 ± 1.91 2, 15 1.231 0.320 

Shannon (H’)  2.75 ± 0.02 2.72 ± 0.04 2.69 ± 0.05 2, 15 0.866 0.441 

Fungi Margalef (d) 16.47 ± 1.51 18.96 ± 1.08 19.58 ± 0.85 2, 15 1.957 0.176 
Shannon (H’)  2.52 ± 0.16 2.54 ± 0.17 2.57 ± 0.06 2, 15 0.033 0.968 

 
 
Table S3.13. Mean values and standard errors of the soil bacterial and fungal genera alpha diversity indices the across the three soil zones of Pentaclethra 
macroloba large and medium sized tree-soils within the secondary forest of the MNWR. Presented with the mean values, are the one-way ANOVA results 
evaluating the differences in the alpha diversity indices across the three soil zones of the large and medium Pentaclethra macroloba tree-soils, within the 
secondary forest. There were no significant differences in the soil bacterial and fungal genera alpha diversity indices between the three soil zones of the large and 
medium Pentaclethra macroloba tree-soils within the secondary forest. No significant differences were observed for these comparisons. 
 

Tree size Community Diversity Index Soil Zone 1 Soil Zone 2 Soil Zone 3 ANOVA 
df F stat p-value 

Large 
Bacteria Margalef (d) 32.93 ± 4.49 33.00 ± 4.39 33.19 ± 4.79 2, 15 0.001 0.999 

Shannon (H’)  2.76 ± 0.13 2.84 ± 0.12 2.79 ± 0.13 2, 15 0.084 0.920 

Fungi Margalef (d) 16.11 ± 2.11 14.95 ± 2.00 14.95 ± 1.68 2, 15 0.119 0.889 
Shannon (H’)  2.36 ± 0.78 2.24 ± 0.24 2.41 ± 0.08 2, 15 0.334 0.721 

Medium 
Bacteria Margalef (d) 20.85 ± 3.71 20.56 ± 3.51 21.25 ± 3.50 2, 15 0.009 0.991 

Shannon (H’)  2.68 ± 0.10 2.58 ± 0.10 2.62 ± 0.09 2, 15 0.279 0.761 

Fungi Margalef (d) 12.27 ± 2.04 12.74 ± 2.46 13.25 ± 2.07 2, 15 0.049 0.952 
Shannon (H’)  2.10 ± 0.17 2.50 ± 0.08 2.40 ± 0.10 2, 15 2.942 0.084 
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Table S3.14. Canonical Analysis of Principal Coordinate misclassification table based on 9,999 permutations for the 
soil bacterial community composition of the P. macroloba soil samples per tree size and per habitat.  Individual 
samples that were misclassified. The CAP 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 9,999 permutations (Pseudo-F = 2.97, p = 0.0001). 
 
 

Sample Original Group Classified Group 
MPP3 Primary Medium Primary Large 
MPP5 Primary Medium Primary Large 
MPS1 Secondary Medium Secondary Small 
OPP4 Primary Large Primary Medium 
OPS5 Secondary Large Primary Large 
OPS6 Secondary Large Secondary Small 
SPP6 Primary Small Secondary Large 
SPS1 Secondary Small Primary Large 

 
 
 
 
 
Table S3.15. Canonical Analysis of Principal Coordinate misclassification table based on 9,999 permutations for the 
soil fungal community composition of the P. macroloba soil samples per tree size and per habitat.  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 9,999 permutations (Pseudo-F = 4.07, p = 0.0001). 
 

Sample Original Group Classified Group 
OPS5 Secondary Large Primary Medium 
OPS6 Secondary Large Secondary Medium 
SPP5 Primary Small Secondary Large 
SPP6 Primary Small Primary Large 
SPS1 Secondary Small Secondary Large 
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Table S3.16. The Tukey HSD post-hoc results for the soil bacterial community composition alpha diversity indices 
across the large, medium, and small Pentaclethra macroloba tree-soils, within the primary forest of the MNWR. 
 

    95% Confidence Interval 
Alpha Diversity Index Tree Size p-value Lower Bound Upper Bound 

  Margalef (d) 

Large Medium 0.856 -5.7436 3.7870 
Small 0.001 4.2480 13.7786 

Medium Large 0.856 -3.7870 5.7436 
Small < 0.0001 5.2264 14.7570 

Small Large 0.001 -13.7786 -4.2480 
Medium < 0.0001 -14.7570 -5.2264 

 
 
 
 
Table S3.17. The Tukey HSD and Dunnett T3 post-hoc results for the soil fungal community composition alpha 
diversity indices across the large, medium, and small Pentaclethra macroloba tree-soils, within the primary forest of 
the MNWR.  
 
 

    95% Confidence Interval 
Alpha Diversity Index Tree Size p-value Lower Bound Upper Bound 

Margalef (d) 

Large Medium 0.209 -7.88427 1.51094 
Small 0.025 1.94162 23.02672 

Medium Large 0.209 -1.51094 7.88427 
Small 0.008 5.13247 26.20920 

Small Large 0.025 -23.02672 -1.94162 
Medium 0.008 -26.20920 -5.13247 

Shannon (H’) 

Large Medium 0.169 -0.58202 0.08836 
Small 0.082 -0.03452 0.63586 

Medium Large 0.169 -0.08836 0.58202 
Small 0.002 0.21231 0.88269 

Small Large 0.082 -0.63586 0.03452 
Medium 0.002 -0.88269 -0.21231 
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Table S3.18. The Tukey HSD post-hoc results for the soil bacterial community composition alpha diversity indices 
across the large, medium, and small Pentaclethra macroloba tree-soils, within the secondary forest of the MNWR. 
 
  

    95% Confidence Interval 
Alpha Diversity Index Tree Size p-value Lower Bound Upper Bound 

Margalef (d) 

Large Medium 0.122 -3.68284 35.39284 
Small 0.004 9.27166 48.34734 

Medium Large 0.122 -35.39284 3.68284 
Small 0.230 -6.58334 32.49234 

Small Large 0.004 -48.34734 -9.27166 
Medium 0.230 -32.49234 6.58334 

Shannon (H') 

Large Medium 0.685 -0.34383 0.67249 
Small 0.042 0.01884 1.03516 

Medium Large 0.685 -0.67249 0.34383 
Small 0.186 -0.14549 0.87083 

Small Large 0.042 -1.03516 -0.01884 
Medium 0.186 -0.87083 0.14549 

 
 
Table S3.19. The Tukey HSD post-hoc results for the soil fungal community composition alpha diversity indices 
across the large, medium, and small Pentaclethra macroloba tree-soils, within the secondary forest of the MNWR. 
 
 

    95% Confidence Interval 
Alpha Diversity Index Tree Size p-value Lower Bound Upper Bound 

Margalef (d) 

Large Medium 0.403 -4.16055 12.85055 
Small 0.002 5.68278 22.69388 

Medium Large 0.403 -12.85055 4.16055 
Small 0.023 1.33778 18.34888 

Small Large 0.002 -22.69388 -5.68278 
Medium 0.023 -18.34888 -1.33778 
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Table S3.20. The Distance-based linear modeling (DistLM) marginal and sequential tests describing the relationship 
of the soil abiotic variables and the patterns in the (a) soil bacterial and (b) fungal community composition of large 
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 criterion (Prop. var. = proportion of 
variation out of total variation). 
 

(a) Soil Bacterial Community Composition 
Marginal test: SS(trace) Pseudo-F p-value Prop.  
C 307.01 0.90339 0.4944 0.08285 
N 259.24 0.75225 0.5607 0.06996 
C:N ratio 345.83 1.0294 0.4239 0.09333 
NH4

+ 125.16 0.3496 0.9818 0.03377 
NO3

- 273.96 0.79838 0.5062 0.07393 
Cmic 309.78 0.91231 0.4357 0.08360 
pH 377.67 1.1349 0.2486 0.10193 
Moisture 586.78 1.8816 0.0845 0.15836 
Sequential test: AICc Pseudo-F p-value R2 
+Moisture 72.056 1.8816 0.0855 0.15836 
-Moisture 71.192 1.8816 0.0924 0.15836 
***No best solution***     
     
(b) Soil Fungal Community Composition 
Marginal test: SS(trace) Pseudo-F p-value Prop. 
C 684.19 1.1613 0.2422 0.10404 
N 606.93 1.0168 0.4245 0.09229 
C:N ratio 673.87 1.1418 0.2704 0.10248 
NH4

+ 404.1 0.65474 0.9246 0.06145 
NO3

- 586.29 0.97884 0.4805 0.08915 
Cmic 597.55 0.99951 0.4298 0.09086 
pH 585.09 0.97664 0.441 0.08897 
Moisture 670.73 1.1358 0.28 0.10200 
Sequential test: AICc Pseudo-F p-value R2 
+C 79.69 1.1613 0.2455 0.10404 
-C 78.075 1.1613 0.241 0.10404 
***No best solution***     
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Fig. S3.1 Soil sampling schematic for the Pentaclethra macroloba tree soil zones in the primary forest and the 
secondary in the MNWR, for large and medium sized P. macroloba trees. Four transects (North, South, East, West) 
and three sampling zones (10%, 20%, and 30%) were constructed based on the TPZ radius for P. macroloba. One 
soil core will be taken at each zone in each of the four cardinal directions/transects, and then bulked by zone. This 
resulted in three composite soil samples for each tree, one soil sample per zone. 
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Fig. S3.2 The Canonical Analysis of the Principal Coordinates (CAP) showing the strength of the dissimilarity of 
the overall soil bacterial community composition of the three P. macroloba soil zones per tree size, and per habitat. 
The CAP had a very low success rate in correctly allocating the soil samples to their original groups. The CAP was 
able to correctly allocate only 20 out of the 72 (27.78%) soil samples to their original group for a misclassification 
error of 72.22% out of 9,999 permutations (Pseudo-F = 1.63, p = 0.0001) (Table S3.6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	

199		

 
 
 
 
 
Fig. S3.3 The Canonical Analysis of the Principal Coordinates (CAP) showing the strength of the dissimilarity of 
the overall soil fungal community composition of the three P. macroloba soil zones per tree size, and per habitat. 
The CAP had a very low success rate in correctly allocating the soil samples to their original groups. The CAP was 
able to correctly allocate only 12 out 72 (16.67%) soil samples to their original group for a misclassification error of 
83.33% out of 9,999 permutations (Pseudo-F = 2.42, p = 0.0001) (Table S3.7). 
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GENERAL CONCLUSIONS 

 

Throughout Central and South America Nitrogen-fixing tree species are being used to recuperate soil C, N, fertility, 

and biomass development in previously forested lands that have been cleared. In particular, planting Inga edulis and 

Erythrina poeppigiana are used as a restoration strategy in various locations throughout Costa Rica. However, recent 

preliminary work (personal communication—K. McGee and W. Eaton) suggests that P. macroloba is more efficient 

at soil C, N, biomass, and CUE, enhancement. The results of this dissertation strongly suggest that land managers 

consider plant P. macroloba as a restoration strategy in the MNWR. This research both supports, and identifies, 

some of the factors and unexplained stochasticity affecting the soil bacterial and fungal community composition, C 

and N metrics, and biomass development, and CUE enhancement associated with P. macroloba-soils in the MNWR. 

 

Chapter 1 highlights that the N-fixing plant P. macroloba, may be an important factor in structuring the soil 

bacterial and fungal community composition. However, it also appears that the overall abundance and functional 

diversity of important complex-carbon degrading decomposers of the vegetation are strong drivers of the soil 

biomass C. The soil bacterial and fungal community compositions were similar between the young secondary forest 

and the primary forest. Yet, there is less plant diversity and abundance in the young secondary forest than the 

primary forest, as indicated by a previous study. Thus, if plant diversity alone is a strong driver of soil microbial 

community composition, then these soil communities should be the same between the young secondary forest and 

the primary forest, but this was not the case. In addition, soil nitrate was the best predictor soil variable in shaping 

the soil Cmic and soil fungal community composition. As many forms of nitrate are produced through nitrogen-

fixation processes, it is not a surprise that P. macroloba may be playing an important role in secondary forest 

recuperation in the MNWR. These findings lead to Chapter 2, where I compared the bacterial- and fungal-

microbiome community composition and C-biomass levels between the soils of a primary forest dominant N-fixing 

tree (P. macroloba), a dominant non-N-fixing tree (Dipteryx panamensis), and the primary forest bulk soil. 

 

The soil bacterial- and fungal-microbiome community composition was different across all three soils, P. 

macroloba, Dipteryx panamensis, and primary forest bulk soil. Moreover, the primary forest bulk soil and the P. 

macroloba soil had greater C-biomass than that associated with Dipteryx-soils, with the P. macroloba-soils and 
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primary forest soils having statistically the same levels of C-biomass. As such, this demonstrates that even differing 

soil bacterial and fungal community compositions can stimulate different levels of soil Cmic. This is most likely 

associated with soil ammonium that is an important component of nitrification, and therefore, the availability of 

nitrate in soils that are important for amino-acid and protein synthesis. This can be corroborated by the DistLM 

results in that the soil ammonium was found to structure the soil microbiome community compositions and the soil 

Cmic across the associated-soils. However, the levels of ammonium were greater in the P. macroloba and primary 

forest bulk soils than in the Dipteryx-soils. This consistent with the literature which identifies that ammonium is the 

preferred N source for Dipteryx, while nitrate is the preferred N source for P. macroloba. Thus, P. macroloba 

appears to be a driver of both the soil microbiome community structure and the level of C-biomass development. 

This further supports the idea of the use of P. macroloba as a restoration strategy. 

 

Given that Chapter 2 only examined conditions associated with trees and bulk soil in a primary forest, what was not 

known is how the specific microbiomes and C-biomass develop in association with different ages of P. macroloba 

in primary (intact) versus secondary (disturbed) forests of the same soil type and structure. This is addressed in 

Chapter 3. There were trends observed of decreasing ammonium levels and increasing nitrate levels occurring in 

soils with increasing distance from the P. macroloba trees which may have implications as the soil fingerprint of P. 

macroloba approaches that of the bulk soil. Moreover, the C-biomass were similar in the soil of the large trees were 

similar between trees in the primary and the secondary forests. This demonstrates that P. macroloba appears to 

facilitate the development of similar levels of soil C-biomass over tree developmental time, regardless of the tree 

starting growth in the primary or the secondary forests. Again, this highlights the potential great efficacy of P. 

macroloba to recuperate damaged soils in this area of Costa Rica. This chapter also highlights that as the P. 

macroloba trees increased in age, regardless of habitat, the soil microbiome community composition changed, 

however, the soil bacterial community composition of the primary and secondary forest soils became more similar 

over tree developmental time, whereas the fungal community composition did not. This suggests that the soil 

bacterial community composition can become more similar over tree developmental time, regardless of the different 

contrasting conditions in the starting habitat; but the soil fungal communities may take more time to become similar. 

The soil edaphic factors (i.e., pH and moisture) appeared to be driving the soil microbiome composition along the 

tree age gradient in the primary forest, however, the levels of inorganic N were driving the soil microbiome 
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composition along the tree age gradient in the secondary forest. Thus, what drives the microbiome community 

potential composition is context dependent, that is present in the primary or the secondary forest. The ammonium 

and nitrate were important in structuring the soil microbiomes of the sapling trees in the primary and secondary 

forests. The ammonium levels were lower and nitrate levels greater in the sapling soils in the primary forest than in 

the secondary forest. The microbiomes differed in these sapling soils, driven by the ammonium and nitrate, which 

explained 60% of the differences in the microbiome communities between the two forest types. Even though in early 

successional stages there may be extensive stochastic activity, P. macroloba is a strong ecological force towards 

developing a microbiome composition along a trajectory towards greater C-biomass development and enhanced 

CUE. In the soil in the immediate vicinity of large P. macroloba trees in the secondary forest, the C-biomass was 

greater than found in the secondary forest bulk soil. As well, there has been demonstrated to be far less understory 

vegetation diversity and abundance in the secondary forest than in the primary forest, where there is little difference 

in the soil C-biomass near the large P. macroloba compared to the bulk soil. Most studies show that microbiomes 

are non-randomly structured, and are resource-based—this is evident by the unique soil microbial community 

compositions that have established across tree size and habitat. It is possible that in the secondary forest, the soil 

microbial populations between the tree soil microbiomes, are randomly structured, and as distance between these 

soil microbiomes increase, this increases the chances of distance to resources, and thus, possible increased chance of 

death. The space or distance between resources in the secondary are presumably more random and unstable, with 

also, less complexity and abundance of plant litter and diversity. This highlights that inorganic N may play a large 

role in determining the soil microbial populations that coalesce to form the soil microbiome community, and may be 

conducive for CUE, but then as a forest becomes more established and the soil nutrients are allocated more toward 

biomass development, the nutrients become more limiting as they are immobilized. Therefore, it is only logical that 

the fluctuations in the soil climatic factors would be a stronger driver of soil microbial community composition than 

nutrients. However, this need not discount the importance of soil inorganic N in any forest type. 

 

In summary, this work demonstrates that P. macroloba facilitates development of the microbiome community 

composition and the C-biomass in the soils of these damaged forests, both in the primary and secondary forests. 

However, it is also clear that a greater level of abundance and taxonomic and functional diversity of understory 

vegetation is required, along with the influence of P. macroloba, for these soils to achieve their greatest potential for 
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enhancing soil CUE. Thus, a significant recommendation for soil ecosystem restoration in these damaged lands 

would be planting P. macroloba in mixed tree species plantations rather than in monoculture (i.e., intercropping 

versus mono-dominant) stands. 

 

 

 

 

 

 

 


