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Prokaryotes are the most abundant and diverse group of microorganisms in soil and
mediate virtually all biogeochemical cycles in terrestrial ecosystems. Thereby, they
influence aboveground plant productivity and diversity. In this study, the impact of
rainforest transformation to intensively managed cash crop systems on soil prokaryotic
communities was investigated. The studied managed land use systems comprised
rubber agroforests (jungle rubber), rubber plantations and oil palm plantations within
two Indonesian landscapes Bukit Duabelas and Harapan. Soil prokaryotic community
composition and diversity were assessed by pyrotag sequencing of bacterial and
archaeal 16S rRNA genes. The curated dataset contained 16,413 bacterial and
1679 archaeal operational taxonomic units at species level (97% genetic identity).
Analysis revealed changes in indigenous taxon-specific patterns of soil prokaryotic
communities accompanying lowland rainforest transformation to jungle rubber, and
intensively managed rubber and oil palm plantations. Distinct clustering of the rainforest
soil communities indicated that these are different from the communities in the
studied managed land use systems. The predominant bacterial taxa in all investigated
soils were Acidobacteria, Actinobacteria, Alphaproteobacteria, Betaproteobacteria, and
Gammaproteobacteria. Overall, the bacterial community shifted from proteobacterial
groups in rainforest soils to Acidobacteria in managed soils. The archaeal soil
communities were mainly represented by Thaumarchaeota and Euryarchaeota. Members
of the Terrestrial Group and South African Gold Mine Group 1 (Thaumarchaeota)
dominated in the rainforest and members of Thermoplasmata in the managed land
use systems. The alpha and beta diversity of the soil prokaryotic communities was
higher in managed land use systems than in rainforest. In the case of bacteria,
this was related to soil characteristics such as pH value, exchangeable Ca and Fe
content, C to N ratio, and extractable P content. Archaeal community composition
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and diversity were correlated to pH value, exchangeable Fe content, water content,
and total N. The distribution of bacterial and archaeal taxa involved in biological
N cycle indicated functional shifts of the cycle during conversion of rainforest to

plantations.

Keywords: rainforest conversion, soil microbial community composition, soil prokaryotic diversity, 16S rRNA gene,
soil bacteria, soil archaea, oil palm, Sumatra

INTRODUCTION

Indonesia is one of the world’s top producer and exporters of
palm oil (Koh et al., 2011) and rubber (Marimin Darmawan et al.,
2014). The continuous establishment of productive and profitable
agricultural areas is accompanied by conversion of rainforest
into highly productive agricultural land. This results in severe
negative and irreversible effects on biodiversity and, thereby,
on tropical ecosystem functions (Gibbs et al., 2010). Tropical
rainforests are reckoned as important reservoirs of biodiversity
(Gibson et al,, 2011), which are threatened by anthropogenic
demand for productive land.

Soil microbial communities contain the highest level of
prokaryotic diversity of any environment, drive nearly all
biogeochemical cycles in terrestrial ecosystems and participate
in most nutrient transformations (Daniel, 2005; Falkowski et al.,
2008; Delmont et al,, 2012). It has been reported that land
use and plant species as well as soil characteristics, such as
pH, organic C content, and soil texture, shape soil microbial
community composition and diversity (Nacke et al., 2011; Lauber
et al.,, 2013; Pfeiffer et al., 2013). The conversion of rainforest
to agricultural and plantation systems has a substantial impact
on plant and animal diversity (Soares-Filho et al., 2006; Barnes
et al, 2014). Despite the importance of soil microorganisms
for ecosystem function, the response of microorganisms to
land use change is poorly understood. Little is known on how
environmental differences, e.g., changes in soil characteristics
related to transformation of rainforests to rubber and oil palm
plantations affect the composition, diversity and functions of soil
microbial communities in general and at different spatial scales.
Insights into drivers of microbial communities in tropical land
use systems are limited, as an appropriate experimental design
allowing robust statistical analysis and methods enabling fine
taxonomic resolution are lacking in many studies.

The majority of available data on microbial communities
have been collected in South and Central America such as
Brazil, Ecuador, and Costa Rica (Carney et al., 2004; Rodrigues
et al.,, 2013; Tischer et al.,, 2014). Studies targeting the impact
of land use conversion on microbial community composition
and diversity in tropical Asia are rare (Tripathi et al., 2012; Lee-
Cruz et al,, 2013). The published studies focused on microbial
communities associated with deforestation and logging effects,
and bacterial diversity in oil palm fruit compost (Liew et al.,
2009; Tripathi et al., 2012; Lee-Cruz et al., 2013; McGuire et al.,
2015). It has been suggested that deforestation for agricultural
use alters microbial community composition in tropical regions
(Tripathi et al., 2012, 2013; McGuire et al., 2015). DNA-based
analysis of 16S rRNA genes indicated that soil bacteria of
tropical forests are to some extent resilient to logging, but

conversion to oil palm had a severe impact (Lee-Cruz et al.,
2013). A study in the Brazilian Amazon rainforest showed
that conversion of rainforest to pasture resulted in a strong
response of soil microbial diversity, but in a manner different
from plants and animals. In addition, a net loss of bacterial
diversity was recorded (Rodrigues et al., 2013). Soil pH has been
identified as the major driver of bacterial and archaeal diversity
and community composition in the equatorial tropics (Tripathi
et al,, 2012, 2013). A recent study in Jambi (Indonesia) based
on phospholipid fatty acid analysis showed that soil microbial
biomass did not vary significantly between land use systems,
although bacterial community structure changed (Krashevska
et al., 2015). However, detailed information on composition and
diversity of prokaryotic communities in these land use systems is
still lacking.

The aim of this study was to assess the impact of
agricultural demand-driven rainforest conversion to rubber and
oil palm plantations on soil bacterial and archaeal community
composition and diversity. This study was carried out in two
contrasting landscapes with respect to soil fertility within the
province Jambi of southwest Sumatra (Indonesia): Harapan with
low-fertility loam Acrisol soil and Bukit Duabelas with relatively
high-fertility clay Acrisol soil (Allen et al., 2015). In addition,
we related changes in bacterial and archaeal composition and
diversity to soil properties and abiotic and biotic factors.
In this way, taxa specific-patterns and drivers of community
composition associated with land use change were identified.
We used large-scale amplicon-based pyrosequencing of 16S
rRNA genes to assess prokaryotic community composition and
diversity in the studied land use systems. Overall, we investigated
the following hypotheses: (a) conversion of rainforests changes
the distribution and abundance of dominant prokaryotic groups
in soil, (b) species richness is highest in rainforest and lowest in
managed plantations, (c) richness and diversity of prokaryotes
are similar in rainforest and anthropogenically less-altered jungle
rubber, and (d) rainforest conversion has a large-scale impact
on the abundance of soil microbial groups and community
composition by influencing soil properties and vice versa. Our
study provides insights into the impacts of the rapidly expanding
conversion of lowland rainforests to tree cash-crop plantations
on prokaryotic soil communities.

MATERIALS AND METHODS

Sampling Site Description and Sample

Recovery
The sampling sites are located in the province Jambi of
southwest Sumatra, Indonesia (Figure 1, map data was obtained
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FIGURE 1 | Location of Sumatra Island (Indonesia), location of study sites within the investigated landscapes Bukit Duabelas (B) and Harapan (H), and

from http://www.diva-gis.org/). The two landscapes, Harapan
Rainforest Concession (H) and Bukit Duabelas (b), were
selected for this study. Both landscapes harbor the typical
land use systems in Sumatra, resulting from conversion of
lowland rainforest to managed rubber and oil palm systems.
In addition, suitable lowland rainforest sites (reference sites)
were still present in both landscapes. Soil texture differed, with
primarily loam Acrisol soils in Harapan and clay Acrisol soils
in Bukit Duabelas. Within each landscape we analyzed four
land use systems: secondary lowland rainforest, rubber agroforest
(jungle rubber), rubber plantation, and oil palm plantation.
The rainforest sites represent systems with low anthropogenic
influence. Jungle rubber represents the next higher level of
anthropogenic influenced land use systems. Jungle rubber is a
traditional extensively managed agroforestry system, which is
established by planting rubber trees into secondary rainforest.
The systems with the highest anthropogenic impact are rubber
and oil palm plantations, which are monocultures with high
fertilizer usage and liming. The age of the rubber trees (Hevea
brasiliensis) in jungle rubber and rubber plantation land use
systems ranged from 15 to 40 and 6 to 16 years, respectively.
The age of oil palm trees (Elaeis guineensis) in plantations
varied between 8 and 15 years. The agricultural management for
both plantation types included application of herbicides every
6 months and amendment of 100-300kg ha ~! yr ~! inorganic
NPK fertilizer in rubber plantations and 300-600 kg ha ~! yr !
in oil palm plantations (for details, see Kotowska et al., 2015).
Sampling of soils was carried out from November to
December 2012. The four land use systems lowland rainforest
(core plots BF1-BF4 and HF1-HF4), jungle rubber (core plots

BJ1-BJ4 and HJ1-H]J4), rubber plantations (core plots BR1-BR4
and HR1-HR4), and oil palm plantations (core plots BO1-
BO4 and HO1-HO4) were replicated four times resulting in 32
sampling sites (for georeferences, see Table S1). Soil cores were
recovered from three subplots of each plot, resulting in a total of
96 subplots. After removal of litter and root overlay, three soil
cores (5-7 cm top soil, 10-20 g soil each) were taken with a soil
corer and a shovel from each subplot at an average distance of
1.90 m to adjacent trees (random trees in rainforest). The samples
were stored in sterile plastic bags. Subsequently, the soil samples
were transported in cool boxes on ice packs to the laboratory
in Indonesia within 12h. The three soil samples per subplot
were homogenized and coarse roots and stones (>5mm) were
removed. The composite samples were frozen and stored at a
deep freezer (—40°C) until shipment to Germany. Samples were
transported frozen (cool boxes and ice packs) to the German
laboratory within approximately 25h and stored there at —80°C
until further use. Further information on sampling sites and
experimental design are given in Barnes et al. (2014).

Nucleic Acid Isolation and Amplification of
16S rBRNA Genes

To analyze the prokaryotic community richness and
composition soil DNA was isolated from the four land use
systems by employing the PowerSoil DNA isolation kit
(Dianova, Hamburg, Germany) as recommended by the
manufacturer. The hypervariable regions V3 to V5 of the
16S rRNA gene were targeted in this study. The 16S rRNA
gene amplicons were generated as described by Schneider
et al. (2013). In brief, we employed the forward primer
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V3for_B (5-CGTATCGCCTCCCTCGCGCCATCAG-MID-TA
CGGRAGGCAGCAG-3') (Liu et al, 2007) and the reverse
primer V5rev_B (5'-CTATGCGCCTTGCCAGCCCGCTCAG-
MID-CCGTCAATTCMTTTGAGT-3') (Wang and Qian,
2009) for bacteria. For amplification of archaeal 16S rRNA
genes, the forward primer V3for_ A (5-CGTATCGCCT
CCCTCGCGCCATCAG-MID-CCCTAYGGGGYGCASCAG-3')
(Gantner et al, 2011) and the reverse primer V5rev_A (5'-
CTATGCGCCTTGCCAGCCCGCTCAG-MID-GTGCTCCCCC
GCCAATTCCT-3') (Teske and Serensen, 2008) were used. The
following thermal cycling scheme was used for amplification of
partial bacterial 16S rRNA genes: initial denaturation at 98°C
for 5min, 25 cycles of denaturation at 98°C for 45 s, annealing
for 45s at 65°C, and extension at 72°C for 30s, followed by a
final extension period at 72°C for 5min. For amplification of
the archaeal 16S rRNA genes, the annealing temperature was
adjusted to 60°C. For two subplots (BF4 and HF3) we were
unable to generate archaeal amplicons. All amplicon PCRs were
performed in triplicate and pooled in equimolar amounts for
sequencing. The Goéttingen Genomics Laboratory determined
the sequences of the 16S rRNA gene amplicons by using a 454
GS-FLX sequencer (Roche, Mannheim, Germany) and Titanium
chemistry following the instructions of the manufacturer for
amplicon sequencing.

Bioinformatic Analysis of 16S rRNA Gene

Sequences

The resulting 16S rRNA gene sequences were processed
and analyzed employing QIIME 1.8 (Caporaso et al., 2010).
Initially, sequences shorter than 300 bp, containing unresolved
nucleotides, exhibiting an average quality score lower than 25,
harbor mismatches longer than 3bp in the forward primer,
or possessing homopolymers longer than 8bp were removed
with split_libraries.py. Additionally, we used cutadapt (Martin,
2011) with default settings for efficient reverse primer removal.
Subsequently, pyrosequencing noise was removed by employing
Acacia (Bragg et al, 2012) with default settings. Chimeric
sequences were removed using UCHIME (Edgar et al., 2011) with
Ribosomal Database Project (RDP) (Cole et al., 2014) as reference
dataset (trainset10_082014_rmdup.fasta).

Operational taxonomic unit (OTU) determination was
performed at a genetic divergence of 3% (species level) with
pick_open_reference_otus.py using the Silva NR SSU 119 database
as reference (Quast et al., 2013). Taxonomic classification
was  performed  with  parallel_assign_taxonomy_blast.py
against the same database. OTU tables were created using
make_otu_table.py. Singletons, chloroplasts, unclassified OTUs
and extrinsic domain OTUs were removed from the table
by employing filter_otu_table.py. Singletons were removed
to improve comparability and avoid possible inclusion of
artificial sequences (Zhou et al, 2011). Sample comparisons
were performed at the same surveying effort (bacteria 6800 and
archaea 2000 sequences). Diversity estimates and rarefaction
curves were generated by employing alpha_rarefaction.py.
Non-metric multidimensional scaling (NMDS) and statistical
tests were performed with the vegan package (Oksanen et al,
2015) in R (R Development Core Team, 2013) and based on

weighted Unifrac (Lozupone et al, 2011) distance matrixes.
Significance was determined using the envfit function of vegan
package in R (Gergs and Rothhaupt, 2015) to fit environmental
vectors and factors onto the NMDS. Significance of tested
variables are indicated in brackets. Profile clustering networks
were constructed based on complete and subsampled OTU tables
using the QIIME script make_otu_network.py.

Soil Characteristics

Soil parameters and properties, i.e., pH, P, N, C, C to N ratio, Al,
Ca, Fe, K, Mg, Mn, Na, effective cation exchange capacity (ECEC)
and base saturation for all analyzed samples were retrieved from
Allen et al. (2015). Furthermore, basal respiration, microbial
biomass, and soil moisture were retrieved from Krashevska et al.
(2015). These data were used for statistical tests as detailed
in Table S1. Data was tested for normal distribution with
shapiro.test of stats package in R (R Development Core Team,
2013). Data that did not pass normality test (P < 0.05) was
log transformed and normality test was repeated. Only data that
passed normality test was used for further analyses. ANOVA
analyses were performed with the aov function of stats package in
R (R Development Core Team, 2013). Comparisons of land use
soil characteristics were performed with Tukey’s HSD (Honestly
Significant Difference) by using HSD.test function of agricolae
package in R (Mendiburu, 2015; Table S2).

Accession Numbers

The 16S rRNA gene sequences were deposited in the National
Center for Biotechnology Information (NCBI) Sequence Read
Archive (SRA) under accession number SRP056374.

RESULTS AND DISCUSSION

Study Site and General Soil Characteristics
The study formed part of the “Ecological and Socioeconomic
Functions of Tropical Lowland Rainforest Transformation
Systems” (EFForTS) collaborative research center, which analyzes
various aspects of tropical lowland rainforest conversion
to agricultural systems in Indonesia, including the impact
on aboveground and belowground biodiversity, soil fertility,
nutrient fluxes and greenhouse gas emissions as well as the
economic, social, cultural and political dimensions (Barnes et al.,
2014; Guillaume et al., 2015; Krashevska et al., 2015). We
analyzed an agricultural management gradient with increasing
intensity from jungle rubber over rubber plantations to oil palm
plantations in two landscapes (Bukit Duabelas and Harapan).
Soils from lowland rainforest sites served as reference. The
soils comprised relatively fertile, clay loam Acrisol soil in Bukit
Duabelas and less fertile, loam Acrisol soil in Harapan (Table S1).

Although the investigated systems were non-artificial, the
soil parameters showed clear patterns for the land use systems
(Table S1 and Figure S1). The analyses of soil characteristics
between land use systems by ANOVA and Tukey’s HSD showed
that the soils of the analyzed land use types did not vary
significantly in N, C, basal respiration, microbial biomass,
moisture and silt content (Table S2). Significant differences
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between land use types were observed for pH values, P content
and clay content (Table S2). Soil pH increased slightly from an
average of 4.21 to 4.45 from rainforest to oil palm plantations
in both landscapes, which likely is due to liming. Bioavailable
micro- and macroelements, i.e., Mn, Na, C, Ca, Fe, Mg, and N
had an overall higher concentration in Bukit Duabelas soils than
in Harapan soils (see Table S1 and Figure S2). Organic carbon
was generally lower in the managed systems rubber and oil palm.
Soil moisture was roughly three-fold higher in Bukit Duabelas
than in Harapan (Table S1).

Effect of Rainforest Transformation on
Bacterial Diversity and Community
Composition

DNA from each subplot was used for amplification of the V3-V5
hypervariable region of the bacterial 16S rRNA gene. Sequencing
and quality filtering resulted in 1,367,923 high-quality 16S rRNA
gene sequences from all subplots. After removal of singletons, the
dataset comprised 16,413 OTUs at 97% genetic identity. After
subsampling (6800 sequences per sample), the average number
of OTUs per subplot was 1160 =+ 245 ranging from 604 (BF4b) to
1825 (HO2b) OTUs (Table S3).

Soil bacterial diversity significantly responded to land use
change from rainforest to plantations (P = 0.001, 2 = 0.7875).
Richness and diversity incrementally rose with increasing
management intensity from rainforest to oil palm plantations
(rainforest < jungle rubber < rubber plantations < oil palm
plantations, see Figure $3). This was different from the responses
of animals and plant diversity to land use conversion, which

showed the opposite trend (Barnes et al.,, 2014). Accordingly,
Shannon indices of diversity of the bacterial communities
differed between rainforest in relation to the managed land use
systems (P = 0.001, r* = 0.5956, Table S$3). Phylogenetic
diversity (PD, P = 0.001, 2 = 0.7349) showed a similar
trend, indicating highest diversity in the managed land use
systems (Table S3). Rarefaction curves showed slight saturation
at the same surveying effort, which indicates that the datasets
covered all main bacterial groups thriving in the investigated
land use systems (Figure S3). In addition, the bacterial diversity
slightly varied between the two studied landscapes. In all
land use systems the diversity was slightly higher in the
Harapan than in the Bukit Duabelas region. Landscape alone
had no significant effect on bacterial community composition
(P > 0.8).

The analysis of the bacterial community composition and
abundance of taxa within the different land use systems revealed
the main bacterial groups thriving in the studied systems
and their different abundances (Figure 2). The composition of
soil bacterial communities varied between the different land
use systems, but was very similar within a land use system.
The most abundant phyla in all samples were Acidobacteria
(42.7%) followed by Proteobacteria (37.7%), Actinobacteria
(12.6%), and to a lesser degree Candidate Division WD272
(1.6%), Firmicutes (1.2%), Chloroflexi (1.0%), Nitrospirae (0.9%),
Gemmatimonadetes (0.8%), and Bacteroidetes (0.6%). These
bacterial phyla and Candidate Division are common in a variety
of different soils, including non-tropical forest, grassland and
agricultural soils (da C Jesus et al., 2009; Nacke et al., 2011; Lauber
et al,, 2013; Tripathi et al., 2014).

|
|
|

Acidobacteria Chloroflexi
O Acidobacteria — Acidobacteriales [EAnaerolineae — Anaerolineales
DAc?dobacteria — Subgroup 13 Firmicutes
= — [[J Acidobacteria — Subgroup 2 [ Bacill — Bacillales
% [ Acidobacteria — Subgroup 3
. [ Acidobacteria — Subgroup 4 Gemmatimonadetes )
< — I i i B Gemmatimonadetes — Gemmatimonadales
- — — [ Acidobacteria — Subgroup 6
c —
3 [l Holophagae — Subgroup 7 Nitrospirae
: l B Acidimicrobiia — Acidimicrobiales [ Nitrospira — Nitrospirales
>
= Actinobacteria Proteobacteria
& [CJActinobacteria — Corynebacteriales [CJAlphaproteobacteria — Caulobacterales
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[[Actinobacteria — Streptomycetales [[Betaproteobacteria — Burkholderiales
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Bukit Harapan [CIThermoleophilia — Solirubrobacterales [MlBetaproteobacteria — SC-I-84
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FIGURE 2 | Bacterial community composition based on relative abundances separated by landscape and land use system. The results of all analyzed
samples of each land use system in a landscape were summarized (for individual results, see bacterial OTU table Data Sheet 1).
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Soil bacterial communities in rainforest sites of both studied
landscapes were very similar (Figure 2). The same was found
for the communities in the other land use systems of both
landscapes, indicating a management-specific shift of the
bacterial community structure. Differences between the studied
land use systems were mainly encountered at higher taxonomic
resolution (Figure 3).

A comparison of Acidobacteria at order level revealed that
the relative abundances of subgroups 2, 4, 5, 6, and 7 were
higher in soils of the managed systems than in rainforest
soils. Acidobacteriales showed the highest abundance in jungle
rubber, followed by rubber, oil palm plantations, and rainforest.
Additionally, our results indicate a general pH optimum for
most of the encountered acidobacterial groups at a pH of
approximately 4.4 (data not shown). Within the Actinobacteria,
Acidimicrobiales exhibited significant higher relative abundances
in rainforest and oil palm than in jungle rubber and rubber
plantations. Frankiales, Streptomycetales, and Corynebacteriales

were more abundant in rainforests than in the managed land use
systems.

Among Alphaproteobacteria, Rhizobiales were abundant in
all land use systems, whereas Caulobacterales revealed a
higher abundance in rainforest than in the managed land
use systems. Rhodospirillales showed the opposite trend. The
betaproteobacterial Burkoholderiales (i.e., Burkholderia tropica;
Reis et al., 2004) were more abundant in rainforest (up to
20.5% in Harapan rainforest soils) compared to the managed
systems (<1.5%). Burkholderia seems to be one of the key
bacterial groups for nitrogen-fixation in rainforest soils, since
several species are known as plant-associated nitrogen-fixing
bacteria (Estrada-De Los Santos et al., 2001). The decrease of
Burkholderia species followed the increased use of fertilizer in the
plantation systems. The increase of bioavailable nitrogen through
fertilization in intensively managed soils provides other bacterial
taxa with improved growth conditions. This leads to a decrease
of nitrogen-fixing bacteria. This observation is confirmed by
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studies on N availability in the investigated land use systems,
which decreased along the described land use gradient (Allen
et al, 2015). Members of the Nitrosomonadales and SC-1-84
were almost absent in rainforest soils, but showed an increasing
abundance (up to 1%) along the gradient from unmanaged
rainforest to intensively managed oil palm plantations. The
increased abundance of Nitrosomonadales, which are known as
ammonia-oxidizing bacteria (Shen et al., 2012), also followed
the increase of fertilizer treatment in the intensively managed
plantations.

The main representatives of the Deltaproteobacteria were the
fungi-like Myxococcales (Soriangium and Haliangium) and GR-
WP33-30, which were slightly more abundant in the managed
soils. The increased abundance of myxobacteria in managed
systems is another indication of increased anthropogenic
influence (fertilization, dung) within managed land use systems
(Brenner et al., 2005). Within the Gammaproteobacteria, the
Xanthomonadales were the predominant order, however, their
abundance did not differ significantly between the analyzed
land use systems. Interestingly, conversion to fertilized soils in
plantations did not increase the abundance of potentially harmful
Gammaproteobacteria in soils, as recently shown for Mexican
agricultural soils fertilized with wastewater (Broszat et al., 2014).

Despite the higher diversity in the managed land use systems,
several phylogenetic groups were specific for the rainforest soils
and not present in other soils, including several genera within
the Alphaproteobacteria and Actinobacteria. Thus, conversion
of rainforests leads to a loss of rainforest endemic bacterial
groups. However, several taxa thrive only in managed soils,

which is likely due to higher pH and higher nutrient availability
derived from fertilization. Other effects can also be accounted
for the occurrence of certain taxa, i.e., the abundance of
photosynthetic Cyanobacteria and Rhodospirillales increased in
oil palm plantations. This is presumably due to the more
open canopy (monocultures) in oil palm plantations compared
to rainforest, which results in higher light levels on the
ground supporting growth of photosynthetically active bacterial
groups. Other examples were members of the Bacteroidetes,
i.e., uncultured Chitinophagaceae, which were slightly more
abundant in managed systems. Members of this family are known
as chitin degraders and the higher abundance might be linked
to an increase in fungal abundance in managed systems (jungle
rubber and rubber plantations), as shown by Krashevska et al.
(2015).

Influence of Soil Attributes on Prokaryotic

Communities

NMDS confirmed that the dissimilarities in community
composition were driven by conversion of rainforest to
agriculturally managed systems (Figure4A). Soil bacterial
communities in managed systems such as rubber and oil palm
plantations clearly separated from those of rainforest soils.
The rainforest communities formed a distinct cluster. From
all measured biotic and abiotic soil parameters, environmental
parameters, such as soil pH and base saturation (pH, P = 0.001,
r2 = 0.4465; base saturation, P = 0.001, ¥ = 0.4573), and to
a lesser extent exchangeable Ca and Fe content, C to N ratio,
and extractable P content correlated with bacterial community
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composition (Ca, P = 0.003, r* = 0.3861; Fe, P = 0.011,
r* = 0.2957; C to N ratio, P = 0.003, r* = 0.3078; P, P = 0.042,
r?> = 0.1801). It is known that soil pH is one of the major
drivers of bacterial community structure (Lauber et al., 2009;
Rousk et al., 2010; Nacke et al., 2011), but in the here analyzed
landscapes base saturation exhibited a higher impact. Since
base saturation is closely connected to soil pH, this effect was
expected. The exchangeable Ca content generally increased
from rainforest to oil palm plantation due to liming. The C
to N ratio, a predictor for nitrogen availability, was lower in
managed soils due to fertilizer usage. In addition to plants, also
specialized bacterial taxa use the supplied nitrogen fertilizer. This
was indicated by the increase in ammonia-oxidizing bacteria
(Nitrosomonadales) in plantations. Exchangeable Fe was higher
in rainforest soils possibly due to the higher acidity. Thus,
fertilization temporarily increased bacterial diversity, however,
recovery potential of managed soils was not investigated in this
study. To analyze the recovery potential of agriculturally used
rainforest soils the absence of fertilization for longer time periods
would be a requirement.

As recorded for bacterial communities, NMDS analysis of
the soil archaeal community composition also showed that
the dissimilarities were driven by conversion of rainforest to
managed systems (Figure 4B). The soil archaeal communities
in managed land use systems also clearly separated from that
in rainforest soils and showed distinct clustering. Soil pH was
also related to archaeal community structure but compared to
bacteria to a lesser extent (pH, P = 0.002, 2 = 0.3768).
Additionally, less significant association of archaeal communities
was observed for Fe content (P = 0.020, r* = 0.2599), water
content (P = 0.029, ¥2 = 0.2526), and total N (P = 0.034,
r? = 0.2058). This suggests a negative correlation of archaeal taxa
with an increase of soil moisture, Fe and N content, indicating
the preference of certain archaea for habitats with harsher (more
extreme) conditions such as low pH values, low water content,

and limited availability of nutrients and energy sources (Chaban
et al., 2006).

Effect of Rainforest Transformation on
Archaeal Diversity and Community
Composition

Archaea are important members of soil prokaryotic
communities, but constitute on average only about 2% of
the prokaryotic soil community (Bates et al., 2011). The entire
curated dataset of all analyzed plots contained 438,500 archaeal
16S rRNA gene sequences and comprised 1679 OTUs at species
level (97% genetic identity). The average number of OTUs per
sample was 113 £ 41 and ranged from 53 (BR3a) to 234 (H]J2a)
OTUs (Table S4). Archaeal diversity was generally higher in
the Harapan region compared to the corresponding land use
systems of the Bukit Duabelas region. The archaeal communities
of Harapan soils followed roughly the same trend as the bacterial
communities and diversity increased in the managed systems
(Figure S4 and Table S4). The communities in the soils from
the Bukit Duabelas region revealed a different behavior, as the
archaeal communities in both rubber land use systems showed a
lower diversity compared to rainforest and oil palm plantations.
This difference might be linked to the lower humidity and
reduced availability of nutrients and energy sources in the
Harapan soils (see Figure 4B and Table S1).

The most abundant archaeal phyla in all samples were
Thaumarchaeota  (54.6%) and  Euryarchaeota  (45.3%).
Crenarchaeota were present in all land use systems but
only in very low amounts (<0.1%). Archaeal diversity varied
among landscapes and land use systems. A distinct shift from
Thaumarchaeota to Euryarchaeota was observed from rainforest
to the managed land use system in both landscapes. This
effect was more pronounced in the Bukit Duabelas landscape
(Figure 5).
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FIGURE 5 | Archaeal community composition based on relative abundances separated by landscape and land use system. The results of all analyzed
samples of a land use system in a landscape were summarized (for individual results, see archaeal OTU table Data Sheet 2).
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Thaumarchaeota contain important taxa involved in the
soil N cycle such as Nitrososphaera species. Nitrososphaera
species have been recently isolated and characterized. Members
of these species are involved in nitrification by performing
oxidation of ammonia (Spang et al,, 2012). The abundance
of uncultured members of Candidatus Nitrososphaera, which
is part of Soil Crenarchaeotic Group (SCG), increased almost
five-fold from rainforest to oil palm (0.2-0.9%). Thus, the
abundance of nitrogen-oxidizing Thaumarchaeota rose with
increasing fertilization performed in the managed plantations
(rubber and oil palm plantations). This trend was coupled
with a concurrent increase in ammonia-oxidizing bacteria
(Nitrosomonadales, see above). This suggested interactions
between these groups and functional changes in the biological N
cycle during transformation of rainforest into plantations (Bates
etal., 2011).

For the Bukit Duabelas landscape soils, the Thaumarchaeota
and Euryarchaeota showed distinct differences in relative
abundances between rainforest and the other land use systems
(Figure 6). A comparison of Thaumarchaeota at order level
revealed that the relative abundance of the Terrestrial Group
was higher in rainforest than in managed soils. This also applied
for subgroups SAGMGC-1 and SCG whereas Terrestrial Hot
Spring Group (THSCG) and Miscellanous Crenarchaeotic Group
(MCQG) increased in managed soils. Members of SAGMGC-
1 include ammonia-oxidizing archaea and prefer low pH
environments (Auguet and Casamayor, 2013). This was also
observed for Harapan soils, but in comparison to Bukit Duabelas

soils the change from Thaumarchaeota to Euryarchaeota was less
pronounced. Additionally, the THSCG only slightly increased
in abundance from rainforest to oil palm. The MCG was
more abundant in Harapan than in Bukit Duabelas soils.
The predominant Thermoplasmatales was Candidate Group
A10, which was absent from rainforest soils. Interestingly,
the dominant OTUs of this group have relatives in extreme
environments like sediments of thermoacidophilic volcanic
springs (Eme et al., 2013; Wemheuer et al.,, 2013), indicating
that the effect of pH outweighed the influence of temperature.
Unfortunately, little is known on the metabolic potential of
the other archaeal taxa and possible traits cannot be deduced
currently.

CONCLUSION

According to our hypothesis (a), the conversion of rainforest
to managed systems significantly impacts soil prokaryotic
(bacteria and archaea) community structure, diversity and
correspondingly, functional traits. Distinct clustering of the
rainforest soil communities indicated that these are different
from the communities in the studied managed land use systems.

The soil communities in the low-intensity managed jungle
rubber system were more closely related to that in the plantation
systems than to that in rainforest. This is in contrast to
our hypothesis (c), that prokaryotes in rainforest and jungle
rubber sites are more similar. However, jungle rubber sites are
considered as the intermediate system between rainforest and
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plantation sites. Additionally, the jungle rubber soil communities
showed greater similarity to those in rubber plantations than to
those in rainforest soils, indicating a management and possibly
tree species impact.

We recorded an increase of soil prokaryotic diversity from
rainforest to oil palm plantations. This is in contrast to animals,
fungi, and plants and our hypothesis (b) stating that rainforest
conversion to agriculturally managed systems negatively impacts
prokaryotic diversity. Several bacterial and archaeal taxa were
specific for rainforest soils and not present in the other land
use systems. Thus, despite an increase in diversity in the
managed systems the conversion of rainforests to managed
systems leads to a net loss in prokaryotic biodiversity, which is
coupled to a loss of traits (Rodrigues et al., 2013). The long-term
effect of this loss is not known and has to be determined in
long-term studies, e.g., analysis of the recovery potential of soil
prokaryotic communities after reforestation or in the absence
of management treatments like fertilization. In particular, it is
unknown whether the rainforest endemic taxa are truly locally
extinct or still present in the managed land use systems, but
in such low abundance that they were not detected by our
surveying effort. However, saturation of the rarefaction curves
indicated that we provided a comprehensive survey of soil
prokaryotic communities in the studied systems. Nevertheless,
we also observed unique prokaryotic taxa in the other land use
systems, resulting in highest diversity in oil palm plantations. It
will be awarding to evaluate if traits from endemic species exist
in other taxa that are present in the soil communities of other
land use systems, as redundancy for many biogeochemical
and other gene families across soil microbial groups
exists.

In accordance with our hypothesis (d), the conversion of
rainforests resulted in significant changes of the prokaryotic
community composition. The reduction of nitrogen-fixing
bacterial community members in plantations due to fertilizer
usage may negatively impact soil fertility on the long term.
In addition, it is indicated that treatment-induced changes of
soil characteristics, especially vigorous fertilization in oil palm
plantations, support prokaryotic diversity.

In the near future, we will focus on the analysis of temporal
and treatment-induced (e.g., pesticide treatment) changes of
the soil microbial community structures and their functions
along the different land use systems in the tropics. In addition,
interaction networks between different prokaryotic functional
groups and other soil organisms including fungi will be
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