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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-yearold secondary forest, and 22-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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Tropical forests only comprise 7–10% of the Earth’s land surface but contain 20% of the planet’s carbon (C) within the first
3 m of their soil [1] and exchange more carbon dioxide (CO2)
with the atmosphere than any other terrestrial ecosystem [2].
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 [3]. Yet, these
important ecosystems are continually under significant threat
from human-driven land-use changes and perturbations, such
as deforestation [4, 5]. The deleterious impacts of tropical
deforestation include a rise in greenhouse gas levels and shifts
in biodiversity and, ultimately, alter the efficiency of C and
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nitrogen (N) utilization and incorporation [2, 6]. 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 [7]. Despite this, soil
microbial organisms have received far less attention compared
to aboveground vegetation and mammalian species [8].
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 [9, 10]. Consequently, this can induce changes in the
nutrient cycling processes of soil organisms, as well as the
subsequent carbon-use efficiency (CUE) [9, 11]. 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 1970s, 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 [12–16].
Although recent remediation strategies have included the development of an extensive array of secondary forests in the
Northern Zone [12, 14, 17], scientists are concerned that these
disturbed forests are not regenerating in a manner that is conducive for CUE [15, 18–22]. 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 [19, 23]. 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 [17,
24]. While this is still succession, this type of regeneration
pathway would presumably affect the CUE and the subsequent release of CO2 into the atmosphere [11]. On the other
hand, tropical soils from abandoned farmlands have successful and accelerated recovery rates if the area is relatively small and has fertile soil with remnant forests in
close proximity, and prior land-use was of low intensity
[20]. 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 [25, 26], there
has not been much work done to examine the potential
forces structuring the soil microbial community patterns
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and the processes they mediate in the tropics, particularly
in secondary growth [22].
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) [27–30]. 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 [30–32]. For example, a biological consortium exists between vegetationderived 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 [9, 33–39]. 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 [33–35, 40, 41]. 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 [9, 33, 42]. 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 [42]. In contrast, many soil fungi including
saprotrophic fungi are capable of decomposing complex organic substrates more efficiently than bacteria, leaving behind
recalcitrant residues that enhance the organic carbon matter in
soil [43–45]. 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 aboveground
plant community via hyphal networks [43, 46]. 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) [9, 47, 48]. 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 [9,
28, 47]. 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 well-known drivers of soil
microbial community composition and structure [9, 10, 49].
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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 Cuse 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 [38,
39, 50]. However, changes in the 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 [51]. Yet, our
understanding of the main drivers of soil microbial communities along secondary forest regeneration in the tropics remains
insufficient, even though this is recognized to be of critical
importance [13, 15, 16, 19, 22]. 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 hypothesized that past landuse 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 hypothesized that particular soil nutrients,
such as forms of inorganic N, would be strongly associated in
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shaping these soil microbial communities across primary and
various ages of secondary forests.

Materials and Methods
Study Site
The San Juan-La Selva Biological Corridor (SJLBC) (Fig. 1a)
[52] 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 [12, 13, 15]. This biological corridor initiative
is an integral part of a much larger biological corridor—the
Mesoamerican Biological Corridor (MBC) [16]. The MBC is
a stretch of internationally protected land ranging from southern Mexico to Panama to conserve biodiversity and link ecologically important habitats [16]. Due to legal and illegal
extraction-based land management practices since the 1970s
in the Northern Zone, the SJLBC was implemented to protect
the Northern Zone ecosystems [15, 16]. Within the SJLBC,
the Maquenque National Wildlife Refuge (MNWLR) (10° 27′
05.7″ N, 84° 16′ 24.32″ W) (Fig. 1b) [52] 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 [15]. This region of the SJLBC conserves the highest
percentage of forest cover and contains the most valuable
habitats for biodiversity [13, 16], making the MNWLR the
core nucleus of the SJLBC for biodiversity. The mean annual
temperature is 27 °C, the mean annual rainfall is 4300 mm,
and the dominant soil type are oxisols [53].

Field and Soil Sampling
This study was conducted in the humid Atlantic lowland
rainforests of the MNWLR 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 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, six replicate plots (40 m × 25 m) were
established in each of the three habitats and the distance between these 1000-m2 plots ranged from 25 to 200 m. In each
1000 m2 plot, nine soil profile cores (7.5 cm × 15 cm ×
1.25 cm) were collected in a grid fashion (Fig. S1) from each
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Fig. 1 Map of the a San Juan LaSelva Biological Corridor (shaded
in black) and the b Maquenque
National Wildlife Refuge
(MNWLR in green outlined in
black) [52]

plot and bulked to provide one composite soil sample for each
replicate plot (6 plots × 3 habitats = 18 bulked samples). The
soil core and collection gloves were sterilized with 70% ethanol between each 1000-m2 replicate plot. This approach to
soil sampling was to reduce microsite variability given the
heterogeneous properties in tropical soils [54]. 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 × 9 soil core locations = 27 readings per
plot) (Fig. S1) 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 is as follows:
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, and 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 the manufacturer’s protocol from three 0.33-g replicate subsamples for a

total of 1 g 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.
PCR amplification of eDNA was performed targeting the
v3 and v4 of 16S ribosomal RNA gene region for bacteria and
archaea [55] and the nuclear ribosomal internal transcribed
spacer (ITS) region for fungi [56]. One fragment of the 16S
gene region was amplified by PCR targeting two nonoverlapping variable gene regions v3 (~ 197 bp) and v4 (~ 288 bp)
using one primer set 16Sv3F (5′-ACTCCTACGGGAGC
AGCAG-3′) and 16Sv4R (5′-GGACTACARGGTAT
CTAAT-3′) [57]. The variable ITS1 and ITS2 regions were
amplified including the intercalary 5.8S rRNA gene (>
5 00 bp ) u s i n g o ne pr i m er s e t , I T S 1 F ( 5′ - C T T G
GTCATTTAGAGGAAGTAA-3′) and ITS4 (5′-TCCT
CCGCTTATTGATATGC-3′) [58]. Amplicons were prepared
with a two-step PCR regime. The first step was performed
with the primers listed above. Each PCR amplification
contained 2 μL DNA template, 17.5 μL molecular biology
grade water, 2.5 μL 10× reaction buffer (200 mM Tris-HCl,
500 mM KCl, pH 8.4), 1 μL 50× 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
was 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
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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 that 30 cycles were used for
PCR. All PCRs were done using Eppendorf
Mastercycler ep gradient S thermal cyclers and negative
control reactions (no DNA template) were included in
all experiments. All generated soil amplicon 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 [59]
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 qualityfiltered 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
[60]. Subsequent 16S sequence clusters were taxonomically
identified using the Ribosomal Database Project (RDP) classifier (accessed on December 9th 2014) [61] 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 [59] 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 [60] as described above. Subsequent
99% ITS clustered OTUs were identified using the MEGABLAST algorithm [62] against a reference library of all ITS
sequences downloaded from the GenBank Database
(downloaded on January 15th 2015) with a minimum percent
identity of 90, minimum word size of 28, and a minimum Evalue 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
November 24th 2015; doi:https://doi.org/10.5061/dryad.
972tr).
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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 was 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 [63]
and total nitrogen by the Kjeldahl method, and NH4+ and
NO3−, were measured from 2 M KCl extracts using the spectrophotometric methods of Alef and Nannapieri [64]. To estimate levels of soil microbial biomass C (Cmic) for the 18
composite soil samples, SIR was used following the methods
of Höper [65]. Substrate-induced respiration for measuring
Cmic was preferred as it measures the amount of living microbial biomass C. Soil texture of the soils (% sand, silt, and clay)
from each habitat was determined using standard methods
described in Alef and Nannapieri [64]. 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/environmental 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 were assumed, and
Dunnett’s T3 post hoc analysis was used when unequal variances were assumed.
All multivariate analyses were performed in PRIMER-E v6
[66] and its add-on PERMANOVA+ [67]. Prior to analysis,
draftsman plots (variable pairwise 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
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correct for skewness and then the data were standardized
using the ‘normalize’ parameter in PRIMER-E [66, 67]. 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 one-way (with habitat as
the factor) permutational multivariate analysis of variance
(PERMANOVA) with main and pairwise tests based on unrestricted permutations (9999 permutations). This was performed on the fourth-root-transformed soil bacterial and soil
fungal community Bray-Curtis dissimilarity resemblance matrices [68]. 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 [67, 69]. The CAP performs like a generalized
discriminant analysis but can be performed on any distance
measure of choice [69]. 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 [67, 69]. 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 [67, 69]. Furthermore,
C o h e n ’s d e f f e c t s i z e s w e r e c a l c u l a t e d f o r t h e
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 [70]. 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 [66, 67]. The DistLM is a distancebased 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
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whether adding that particular variable contributes significantly to the explained variation to take into account the covariance between the predictor variables. The advantage in using
the DistLM is that is does not suffer from the problems identified for partial Mantel tests [71, 72].
The DistLMs were performed separately for both the soil
bacterial and fungal community using a stepwise selection
procedure and an AICc (Akaike’s information criterion
corrected) selection criterion with 9999 permutations [73].
The stepwise 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. [67],
if the number of samples (N) is small relative to the number of
predictor variables (v) (small is considered: N/v < 40) [74], 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 [75–77]. 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 [67].
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 distancebased 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.
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
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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 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). 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 μg N/g ± 1.2), intermediate in the primary forest (11.9 μg N/g ± 0.69), and least in
the old secondary forest (9.1 μg N/g ± 0.47) (Table 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). There were no significant differences in
NH4+ concentrations between primary forest and young secondary forest soils (p = 0.168) (Table S1). 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
Table 1 Mean values and
standard errors of the soil abiotic
properties across a primary forest,
an old (32-year-old) secondary
forest, and a young (22-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 letters denote significant
pairwise comparisons between the
three habitat types (p < 0.05) based
on post hoc analyses (Table S1)

Soil abiotic
property

C (%)
N (%)
C:N
NO3− (μg N/g)
NH4+ (μg N/g)
Cmic (μg C/g)
pH
Moisture (%)
Elevation (m)
Sand (%)
Silt (%)
Clay (%)

concentration (851.92 μg C/g ± 94.05), intermediate in the old
secondary forest (614.09 μg C/g ± 19.22), and least in the young
secondary forest (532.24 μg C/g ± 36.84) (Table 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). 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) followed by post hoc
analyses (all p > 0.05) (Table S1). Furthermore, land management in this 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).
The Pearson correlations with the PCO axes (Fig. 2) showed
that soil NO3− was 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 weakly correlated with soil Cmic (|r| < 0.35) across the forest
types (Table S2). 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 2(a)).
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. 3).

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

Primary

5.83 ± 0.21
0.47 ± 0.02
12.45 ± 0.16
31.55 ± 8.07
11.86 ± 0.69a
851.92 ± 94.05a
5.70 ± 0.03
56.72 ± 1.16
58.75 ± 0.59
55.56 ± 0.62
5.91 ± 0.88
41.50 ± 1.27

Old secondary

6.16 ± 0.35
0.48 ± 0.02
12.44 ± 0.55
34.51 ± 2.87
9.10 ± 0.47b
614.09 ± 19.22ab
5.89 ± 0.05
59.72 ± 1.95
58.93 ± 0.41
54.92 ± 1.41
6.10 ± 0.69
40.0 ± 0.67

Young
secondary

5.69 ± 0.18
0.45 ± 0.01
12.60 ± 0.11
23.20 ± 4.88
14.74 ± 1.16ac
532.24 ± 36.84bc
5.82 ± 0.08
53.97 ± 3.37
59.92 ± 1.72
57.03 ± 1.03
6.89 ± 0.69
39.56 ± 2.37

ANOVA
d.f.

F stat

p
value

2, 15
2, 15
2, 15
2, 15
2, 15
2, 15

0.867
1.893
0.066
1.061
11.751
7.825

0.440
0.185
0.936
0.371
0.001
0.005

2, 15
2, 15
2, 15
2, 12
2, 12
2, 12

3.135
1.451
0.343
1.023
0.469
0.404

0.073
0.265
0.715
0.389
0.636
0.676

The values in bold indicate a significant difference (p <0.05) in the mean values of the soil abiotic properties
measured across the habitats, as per the one-way ANOVA. Different superscripted letters denote significant
pairwise comparisons in the mean values of the soil abiotic properties between the three habitat types (p <0.05)
based on Dunnett's T3 post-hoc analysis (Table S1)
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Table 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 MNWLR, 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)

Fig. 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 MNWLR. The vectors represent the
Pearson correlations of the eight soil variables examined (% C, % N, C/N,
NO3−, NH4+, pH, % moisture, and elevation). Soil NO3− was moderately
correlated to soil Cmic (|r| = 0.50) (Table S2)

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
3(a)). 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 3(a)). The soil
bacterial community composition of the primary forest and
young secondary forest was the least dissimilar in composition
at 5.04% and was not significantly different in soil bacterial
community composition (pseudo-F = 1.0535, p = 0.38, d =
0.4839) (Table 3(a)). 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 3(a)). The
results of the CAP analysis indicated that the soil bacterial
community compositions of the three habitats are mostly different from one another (Fig. 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. 4). The
distance-based linear modeling marginal tests were not significant for any of the soil abiotic properties (Table 2(b)). 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

(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
C:N ratio

0.012492
1.016
25.556
56.435

0.000890
0.072735
2.0551
5.3721

0.9795
0.7672
0.1671
0.037

0.0000556
0.0045254
0.11383
0.25136

11.413
4.5082

0.85693
0.32786

0.3664
0.571

0.050836
0.02008

12.448
0.93916
AICc
Pseudo-F
45.01
5.3721
NO3−
(b) Soil bacterial community composition
Marginal test:
SS (trace)
Pseudo-F

0.3361
p value
0.033

0.055443
Prop. var.
0.2514

p value

Prop. var.

C
N
C:N ratio

49.459
90.619
10.858

0.38021
0.71068
0.081948

0.6252
0.4902
0.9359

0.023211
0.042528
0.005095

NH4+
NO3−
Cmic
pH
Moisture

171.36
84.268
13.591
62.95
22.617

1.3992
0.65882
0.10271
0.48708
0.17165

0.3248
0.4522
0.933
0.6016
0.7309

0.08042
0.039548
0.0063783
0.029543
0.010614

Elevation
27.231
0.20712
Sequential test:
AICc
Pseudo-F
89.22
1.3992
Including NH4+
+
88.18
1.3992
Excluding NH4
(c) Soil fungal community composition
Marginal test:
SS (trace)
Pseudo-F

0.748
p value
0.32
0.33

0.01278
Prop. var.
0.08042
0.08042

p value

Prop. var.

C
N
C:N ratio
NH4+
NO3−
Cmic
pH
Moisture

442.76
621.18
344.46
647.86
1155.1
455.72
353.52
437.39

1.314
1.9065
1.004
1.9987
3.95
1.3557
1.032
1.2968

0.1735
0.0381
0.4122
0.032
0.0001
0.1521
0.3753
0.187

0.075891
0.10647
0.059043
0.11105
0.198
0.078113
0.060594
0.074971

Elevation
Sequential test:
NO3−

267.04
AICc
104.89

0.76748
Pseudo-F
3.95

0.7083
p value
0.0001

0.045772
Prop. var.
0.198

NH4+
NO3−
pH
Moisture
Elevation
Sequential test:

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 2(b)), and accounted for only 8% of the
total variation observed in the soil bacterial community composition (Fig. S2).
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Fig. 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)

The top 5 bacterial orders represented across land-use types
were Acidobacteria Grp 1, Grp 3, Rhizobiales, Spartobacteria,
and Acidobacteriales (Table 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) was most abundant in the
primary and young secondary and least abundant in the
old secondary forest soils. The RPP of Burkholderiales
was most abundant in the primary forest, then young secondary forest, and then the old secondary forest (5.10,
2.36, 3.93%), while that of Verrucomicrobia (consisting
of the orders Spartobacteria and Subdivision 3) was most
abundant in old secondary forest soils (11.72 and 5.27%,
respectively) and least in primary and young secondary
forest soils (Table 3). 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 3 Analysis of the dissimilarity in the overall soil (a) bacterial and
(b) fungal community structure between three 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

(a) Bacteria

(b) Fungi

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 that the differences in the composition of the soil fungal community composition across the habitats were significant and biologically important (Table 3(b)).
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 3(b)). The soil fungal
communities of the primary and young secondary were the
least dissimilar in composition at 24.68% and this was not
statistically significant; however, given the Cohen’s d value

Habitat pairwise groups

Pseudo-F

p value

% Dissimilarity

Cohen’s d

Primary, old secondary
Primary, young secondary
Old secondary, young secondary
Primary, old secondary
Primary, young secondary
Old secondary, young secondary

1.3170
1.0535
1.3644
3.2285
1.8139
4.1181

0.0057
0.38
0.005
0.0018
0.0665
0.0034

13.098
5.039
13.211
27.34
24.68
28.60

0.541
0.4839
0.5506
0.847
0.6349
0.9566

The values in bold indicate pairwise comparison (p <0.05) based on the PERMANOVA pairwise tests of the soil bacterial and fungal community
compositions between the three habitats
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Fig. 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

Table 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 MNWLR
Bacterial order

Primary

Old secondary

Young secondary

Group 1
Group 3
Rhizobiales
Spartobacteria
Acidobacteriales

21.25
16.75
7.24
7.14
6.96

14.76
8.90
13.01
11.72
5.02

22.23
17.65
7.45
6.75
7.89

4.90
0.20
5.36
5.10
3.98
3.02
2.38
2.33
2.98
1.79
1.94
0.92
1.55
1.47
0.40

5.27
13.27
3.48
2.36
3.46
1.88
1.17
1.72
1.50
2.23
1.75
2.87
1.35
1.08
1.28

4.87
0.19
5.32
3.93
3.57
3.90
3.30
2.11
1.43
1.65
1.55
0.84
1.46
1.37
0.48

Subdivision 3
Sphingomonadales
Group 2
Burkholderiales
Rhodospirillales
Solibacterales
Ktedonobacterales
Group 5
Sphingobacteriales
Syntrophobacterales
Xanthomonadales
Planctomycetales
Chromatiales
Myxococcales
Actinomycetales
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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

of ~ 0.64, this could still suggest a moderate biologically important difference (pseudo-F = 1.8139, p = 0.0665, d =
0.6349) (Table 3(b)). 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 3(b)). The results of the CAP analysis indicate that the fungal communities
of the three habitats are clearly distinguishable from one another (Fig. 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. 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. 5). The soil fungal
community composition DistLM marginal tests were significant for N, NH4+, and NO3− (Table 2(c)), 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
2(c)), and NO3− accounted for 19.8% of the total variation

158

McGee K. M. et al.

Fig. 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

observed in the soil fungal community as visualized by a
distance-based redundancy analysis (Fig. 6).
The top 5 fungal families represented across habitats were
Mortierellaceae, Nectriaceae, Hypocreaceae, Gomphaceae,
and Xylariaceae (Table 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 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 5).

Fig. 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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Table 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 MNWLR
Family

Primary

Old secondary

Young secondary

Mortierellaceae

36.01

18.31

27.66

Hypocreaceae

19.55

38.55

18.47

Nectriaceae
Hygrophoraceae

21.14
2.95

4.45
2.08

38.17
8.79

0.88
9.87

11.40
0.54

0.49
0.26

Gomphaceae
Xylariaceae
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
Annulatascaceae

0.35
0.04

1.83
2.51

0.68
0.04

Dipodascaceae
Trichosporonaceae
Rhizophydiaceae
Arachnomycetaceae

1.89
1.57
0.38
0.00

0.02
0.26
1.35
0.01

0.13
0.13
0.14
1.66

Baeomycetaceae

0.00

1.19

0.30

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 5). In contrast,
the RPP of sequences from Hypocreaceae, Hygrophoraceae,
Gomphaceae , Glomeraceae, Metschnikowiaceae,
Aspergillaceae, Kickxellaceae, Annulatascaceae,
Rhizophydiaceae, and Baeomycetaceae was the greatest in the
old secondary forest soils (Table 5).

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
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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 MNWLR, 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 Cuse 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 warrant
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 undergoing 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 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 do remove the top layers from the 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 [78–80]. One could
speculate that there was an increased amount/activity of N-

160

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 the 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 [81–83]. Increases in these complex decomposition
activities typically occur when forest understory vegetation
and soil biota increase in abundance and diversity during succession, resulting in an increased accumulation and complexity of organic debris on the forest floor [79, 81, 84–86].
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 is 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 that 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 [39] to corroborate this finding.

Changes in Soil Bacterial and Fungal Community
Composition
Our results demonstrated that the soil bacterial and fungal
community compositions were mostly significant across our
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land-use types, and this is consistent with similar studies in the
tropics [7, 87–91] and subtropics [92, 93]. 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
on what is available for use in the environment [94]. 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 [40, 41, 44]. 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 [48]. 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 [34, 40, 41, 44]. 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 compositions
across primary and secondary forests that is most likely associated with changes in the vegetation community.
The current study showed similar results to others [88, 90] 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 [95–97], and Actinomycetales have also been
linked to forest humus formation [98–100], 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
tend 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,
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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 Nfixation 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
affect. Free-living Rhizobiales (or other free-living N-fixers)
could be compensating for the lack of a dominant N-fixing plant
species, Pentaclethra macroloba, in the old secondary forest
[101, 102].
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)
[103–105] but had the least cumulative proportion of complex
carbon-decomposing fungi (Annulatascaceae,
Arachnomycetaceae, Kickxellaceae, Marasmiaceae,
Mortierellaceae, Rhizophydiaceae, and Xylariaceae)
[106–110] (Fig. S2). In contrast, the primary forest had the
greatest cumulative proportion of complex carbondecomposing 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. S2). This suggests that in the later stages of secondary forest development,
soil ECM increase in abundance, and the complex Cdegrading fungal group abundances decrease. 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 decrease,
which have been previously observed in other forests [111,
112]. 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 [44, 113–116]. Consistent
with this pattern, in this study, as nitrate increases during secondary forest soil development, there are 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 occur elsewhere for
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some time [33–35, 40, 41, 93]. 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. S3). This suggests that 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 toward 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 landuse 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 the 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 [33–36, 38, 39]. The soil inorganic N
stimulates increased production of more labile root-derived
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 [34, 40,
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44, 117, 118]. Thus, the current results strongly suggest that
the implications of how land management affects 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 [88, 91, 119–123]. 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 ammoniumoxidizing and N-fixing microbes (both free-living and root
nodule symbionts). The different forms of inorganic N are
important for amino acid buildup 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.
There is certainly other supporting evidence for biogeochemical factors structuring soil fungal communities [120,
124, 125], but there is mixed evidence of which specific soil
abiotic factor shapes these communities. For example, 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 [120]. 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 [124]. Thus, the roles of

McGee K. M. et al.

specific soil abiotic factors in shaping soil fungal community
structure appear 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 [126], 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
[126] 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 Nfixing tree, P. macroloba; however, the old secondary forest
did not contain any representatives of this tree [101, 102]. 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.

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
makeup 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
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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 what
is found in this study between pH 5.2 and 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 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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