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Abstract
In this study, tropical peat swamp soils from Giam Siak Kecil-Bukit Batu Biosphere Reserve
(GSKBB) in Indonesia was evaluated to assess the impact of oil palm and rubber plantations on
this unique organic soil through comparisons with soils from a natural forest using a polyphasic
approach (chemical and molecular microbial assays). Changes in the ammonium, nitrate and
phosphate concentration were observed in soils converted to agricultural use. Soil enzyme activities in plantation soils showed reduced β-glucosidase, cellobiohydrolase and acid phosphatase activities (50% - 55% decrease). PCR-DGGE based analysis showed that the soil bacterial community
from agricultural soils exhibited the lowest similarity amongst the different microbial groups
(fungi and Archaea) evaluated (34% similarity to the natural forest soil). Shannon Diversity index
values showed that generally the conversion of tropical peatland natural forest to rubber plantation resulted in a greater impact on microbial diversity (ANOVA p < 0.05). Overall, this study indicated substantial shifts in the soil microbial activity and diversity upon conversion of natural
peatland forest to agriculture, with a greater change being observed under rubber plantation
compared to oil palm plantation. These findings provided important data for future peatland
management by relating changes in the soil microbial community and activities associated to
agricultural practices carried out on peatland.
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1. Introduction
Indonesian peatlands are important natural resources with considerable environmental and economic value. This
is because they are habitats for scarce fauna, provide important sources of water and are crucial for flood control.
With 16.5 - 27 million hectares of peatland, Indonesia has the largest peat swamp area in Asia and the fourth
largest in the world in terms of the global distribution of peat soils [1]. Generally, peat soils are composed of at
least 65% organic matter and less than 35% mineral content [1] [2] and their high organic matter contents are
responsible for the acidic conditions, low nutrient and dissolved oxygen concentrations and slow rates of decomposition in this soils. The majority of the Indonesian peatlands in particular are under tidal influence with
the fluctuating level of sea/river water disturbing the soil water table. Based on the geographic condition of peat
formation, the sulfidic content of the peat is likely to be high. As a result of these factors, only limited areas of
Indonesian peatland are thought to be suitable for agricultural practices [3].
The conversion of Indonesian peat swamp forests for agricultural use is becoming a major concern in terms of
the sustainability of peatlands. Peatland deforestation, degradation and fires are estimated to have increased
carbon dioxide emissions by 0.5 Pg C year−1 [4] [5]. In addition, studies on the impact of agriculture confirm
that methane emissions from paddy cultivations are significantly higher (33%) than those from secondary forest
[6]. Martikainen, Nykänen [7] found that the rates of mineralization of organic matter and soil microbial nitrous
oxide production had also increased in the drier northern peatlands of Finland. Increasing decomposition
processes also result in declining organic particle size, cramped pores and a reduction in water content [8]. This
inevitably leads to adverse effects on their ecological function and the important environmental services they
provide.
The Giam Siak Kecil-Bukit Batu (GSKBB) Biosphere Reverse in Indonesia represents a tropical peat swamp
forest covering around 700,000 ha. This Biosphere Reserve is listed as a World Heritage Forest Sites [9] [10]. It
contains a unique peat swamp forest in which peat depth can reach up to 20 m [11] [12]. This area consists of
primary and secondary forest and peatland being used for agricultural purposes. Many human activities occur in
the GSKBB and surrounding areas; this has resulted in significant ecosystem and ecological disturbance of the
area. The activities include forest clearing, forest fires, illegal logging, industrial forestry replanting and agriculture (mainly for oil palm and rubber plantations). These activities can affect the environment and change microbial diversity and activity causing a significant alteration in soil microbial communities. As a World Heritage
Forest site, it is important to know the impact of human practices especially oil palm and rubber plantations on
this unique fragile ecosystem.
Changes in peatland-use such as the ones occurring in Indonesian peatlands can influence natural biogeochemical cycles, microbial function and diversity; these effects can be assessed through a number of physical,
chemical and biological parameters. Microorganisms play fundamental roles in the biogeochemical cycling of
many elements and in the formation and maintenance of soil structure, soil quality and fertility [13] [14]. Different soil management regimes have been shown to affect the structure and activities of soil microbial communities via changes in the quantity and quality of plant material that enter the soil [15]-[18]. The microbial diversity of peat swamp soil has previously been reported to change as a result of natural and anthropogenic disturbances [19].
Soil enzyme measurements are important as indicators of soil nutrient cycling and metabolic potential and can
provide valuable information on the impact of land use on soil health and the sustainability of particular types of
land management [20]-[22]. Enzyme activities, such as β-glucosidase, cellobiohydrolase, chitinase and acid
phosphatase are involved in C, N and P cycling and catalyze organic matter decomposition and nutrient mineralization. These key soil enzymes have been used extensively in soil research as their activities have been shown
to be sensitive to land-use change [23]-[25]. The availability of soil nutrient to plants is important for ensuring
agricultural sustainability. Therefore, changes in the activity and diversity of the soil microbial community will
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provide significant information relating to the sustainability of agricultural systems in the peat swamp area.
Currently, there is limited information available on the distribution and characteristics of tropical peatlands
compared to boreal and temperate peatland and even less is known about the impact of land management practices [26]. For example, boreal and temperate peatlands have well documented reports of their microbial diversity and activity [27]-[29], differentiation of chemical and microbial diversity in ombrotrophic peat bog [30],
organic matter transformation [31] and nutrient and carbon dynamics of drought gradations [31] [32]. It is important to note here that Indonesian peat swamp forest conversion to agricultural use is currently being carried
out without due consideration to its future impact especially on the sustainability of this unique ecosystem.
Therefore, this paper aims to investigate the impact of oil palm and rubber plantations through comparisons with
soils from a natural forest using chemical and molecular microbial assays. The relationship between microbial
activity and diversity in tropical peat swamp soils in response to peatland use for oil palm and rubber plantations
was assessed.

2. Materials and Methods
2.1. Study Sites and Soil Sampling
The study sites were selected within the Giam Siak Kecil-Bukit Batu (GSKBB) Biosphere Reverse in SumateraIndonesia. It is located between 0˚44' - 1˚11'N and 0˚11' - 102˚10'E in two districts (Bengkalis and Siak) and one
city (Dumai), in Riau Province [9]. These sites (natural forest (NF), oil palm (OPP) and rubber (RP) plantations)
have peat thickness of around 1.7 - 5.5 m with a water table depth of 11 - 78 cm (Nurulita et al. 2015). Soil
samples were collected in 9 m2 grids, using five sampling points (depth 10 - 15 cm) within each grid (four in the
corner and one in the middle of sampling area). The samples were bulked and transported to Australia for analyses. Further details regarding the sampling are described in Nurulita et al. (2015).

2.2. Ion Concentrations
Ammonium, nitrate, nitrite and phosphate were measured using a Dionex ICS-110 (Thermo Scientific)-ion
chromatography (IC). Soil samples were serially diluted and the 10−3 soil diluent (250 µl) was used for these
elements determination. Analysis was carried out as per the manufacturer’s protocols.

2.3. Enzyme Activities
Four soil enzymes, β-glucosidase and cellobiohydrolase (key enzymes in carbon cycle), chitinase (involved in
both the N and C cycles), and acid phosphatase (involved in P cycle) were selected for study based on their importance in nutrient cycling in soils [33]. The activity of these enzymes were analysed using protocols described
by Tabatabai and Bremner [34] involving the use of p-nitrophenol (p-NP) linked substrates with the colorimetric
determination of pNP released by each enzyme when soil is incubated with a buffered substrate solution. Futher
details regarding the enzyme activity analyses are decribed in Nurulita et al. [35]. Enzyme activity was expressed as nmol p-NP g·soil−1·hour−1.

2.4. DNA Extraction
DNA was extracted from soils (triplicate) using the method described by Steffan, Goksøyr [36] and Nurulita et
al. [35] using glass beads and a miniBeatBeater (Biospec Product-USA) to release DNA from cells. The crude
DNA extract was then cleaned with a GENECLEAN TURBO Clean up kit (MP Biomedicals LLC, USA) as per
the manufacturer’s instructions.

2.5. PCR Amplification 16S rDNA
PCR-DGGE was carried out on total bacterial, fungal and Archaeal communities to assess whether the changes
in soil ion concentrations and enzyme activities led to shifting in the soil microbial communities [35]. The 16S
rRNA genes of bacterial community were amplified using universal primers, the 314 F (5’-CGCCCGCCGCGC
GCGGCGGGCGGGGCGGGG-3’) with incorporation of a 40-bp GC clamp in the 5’ primer and 907 R primers
(5’-CCGTCAATTCCTTTRAGTTT-3’) [37]. The bacterial community was amplified using RedTaq polymerase
(Sigma) with the final 50 μl reaction mixture for bacterial amplification containing 5 μl of PCR buffer (Sigma),
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5 μl of RedTaq MgCl2, 1 μl of 10 mmol·l−1 dNTP, 2 μl of 10 pmol (each) of forward and reverse primers, 2.5 μl
of RedTaq polymerase (5 U·μl−1), 0.25 μl of bovine serum albumin [38] and 2 μl of template DNA. The bacterial community PCR protocol was a touch-down thermal program which included an initial denaturation step of
95˚C for 5 min followed by 15 cycles of 94˚C for 30 s, 60˚C for 30 s (with a 1˚C decrease each cycle till 45˚C),
72˚C for 1 min, then by 20 cycles of 95˚C for 45 s, 45˚C for 45 s, 72˚C for 2 min, and a final extension of 72˚C
for 3 min. The fungal community was amplified using a nested PCR, ITS1F primer (5’-CTTGGTCATTTAGAG
GAAGTAA-3’) and ITS4 primer (5’-TCCTCCGCTTATTGATATGC-3’) were used for the first PCR, continued with ITS1F primer (5’-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCTTGGTCAT
TTAGAGGAAGTAA-3’) with incorporation of a 40-bp GC clamp in the 5’ primer and ITS2 primer (5’-GCTG
CGTTCTTCATCGATGC-3’) [39]-[41]. The fungal community was amplified using GoTaq polymerase (Promega) with the final 50 μl reaction mixture containing 10 μl of 5 × PCR buffer (Promega), 3 μl of 25 mmol·l−1
MgCl2, 1 μl of 10 mmol·l−1 dNTP, 2 μl of 10 pmol (each) of forward and reverse primers, 1 μl of 1.25 U of Taq
polymerase (5 U·μl−1), 0.25 μl of bovine serum albumin and 2 μl of template DNA. The fungal community PCR
protocol also used a touch-down thermal program which included an initial denaturation step, 95˚C for 5 min
followed by 10 cycles of 94˚C for 45 s, 68˚C for 45 s (with a1˚C decrease each cycle till 58˚C), 72˚C for 45 s,
then by 24 cycles of 94˚C for 45 s, 58˚C for 45 s and 72˚C for 45 s, and a final extension of 72˚C for 10 min.
The Archaeal community was amplified by PCR using Arc931F primer (5’-AGGAATTGGCGGGGGAGCA-3’)
and Univ 1392R (5’-5’CGCCCGCCGCGCCCCGCGCCCGGCCCG CCGCCCCCGCCCCACGGGCGGTGT
GTAC-3’) with incorporation of a 40-bp GC clamp in the 5’ primer [42]. The Archaeal community was amplified using MyTaq polymerase (Bioline) with the final 50 μl reaction mixture for Archaeal amplification containing 10 μl MyTaq buffer (Bioline), 2 μl of 10 pmol (each) of forward and reverse primers, 0.25 μl of 1.25 U
of MyTaq polymerase (5 U·μl−1), 0.25 μl of bovine serum albumin and 2 μl of template DNA. The Archaeal
PCR protocol included a 2 min initial denaturation at 95˚C, 26 cycles of 94˚C for 45 s, 43˚C for 45 s, 72˚C for
45 s and a final extension (72˚C, 7 min).

2.6. Denaturing Gradient Gel Electrophoresis (DGGE)
DGGE was performed with a D-Code System (BioRad) in accordance with the manufacturer’s instructions. PCR
products were loaded onto polyacrylamide gels (37.5:1, acrylamide/bisacrylamide) in 1.0 × TAE runing buffer
(40 mM Tris-HCl, 40 mM acetic acid, 1 mM EDTA) with a denaturing gradient (where 100% denaturant contains 7 M urea and 40% formamide). The gradients used were 50% - 60% for bacteria, 57% - 63% for fungi and
45% - 60% for Archaea. The polyacrylamide gels were run for 18 h at 60˚C and 60 V, silver stained and scanned
using an EPSON Expression 1600 V. 2.65 E. as described in Nurulita et al. [35].
The digitalized DGGE gels were analysed using UPGMA (unweighted pair-group method with mathematic
average) method using a Phoretix 1D software (United Kingdom) [35]. This software represents the value of
normalization the volume data derived from the DGGE gels for each phylotype (band) within each community
and representation as a proportion of the total volume data for that community (pi). Italso eliminates the background and automatically detects peaks when noise levels and minimum peak thresholds are set. pi values as the
proportion of members that a particular species contribution to the total in the sample were usedto calculatethe
Shannon Weaver index ( H ′ = −Σpi ( ln pi ) ). It was to determine the diversity within each microbial community
sample [33] [40] [43]. Data were subjected to Anova using SPSS22 software and means value was separated
using the least significant difference (LSD) test at 5% level of significance, where the F value was significant.
The standard error (SE) was used where required. Principal-component analysis (PCA) was used using SPSS 22
for DGGE gels and XLstat for correlation analysis.

3. Results
3.1. Effect of Land Use on Soil C, N and P Concentration
Analysis of the soil samples confirmed that substantial changes in soil N concentration occurred due to changing
land practices (Table 1). Nitrate concentration in soils from both oil palm and rubber plantations were 2 - 5
times higher than the concentrations in the natural forest soil. Phosphate concentrations in the oil palm and rubber plantations soils were also differed significantly from one another (63.3 and 72 mg·kg−1) (p < 0.05), but not
to the forest soil sample.
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Table 1. N and P ion concentrations in tropical peat swamp soil samples under different land management practices.
mg·kg−1
Sample
Ammonium
NF

*

OPP

17.6 ± 1.0b

RP

214.8 ± 1.7

Nitrite

Nitrate

Phosphate

2.9 ± 1.4

138.9 ± 2.1

c

63.3 ± 2.2ab

*

273.6 ± 0.6b

61.0 ± 1.3b

*

a

72.0 ± 1.5a

a

363.2 ± 1.3

Notes: Data are reported as mean and standard error of mean for three replicate. NF: Natural forest; OPP: Oil palm plantation of 8 - 10 years; RP:
Rubber plantation of 5 - 10 years. Note: Samples with the different letter a, b, and c are significantly different (ANOVA p < 0.05). *concentration was
below the detection limit of the instrument.

3.2. Effects of Land-Use on Soil Enzyme Activities
Having observed significant differences in the availability of the readily soluble N in the soils, the activities of
four soil enzymes in all tropical peat swamp soil samples were investigated (Figure 1). The ability of the soil
microbial community to utilize carbohydrate substrates represented by β-glucosidase, chitinase, cellobiohydrolase and acid phosphatase activities was investigated. Agricultural practices resulted in changes in enzyme activities compared with the natural forest. A significant decrease (p < 0.05) in β-glucosidase, cellobiohydrolase and
acid phosphatase activities was observed in soils from both the rubber and oil palm plantations compared with
the forest soil (13.3% - 85% decrease) but an increase in chitinase activity (6%) in the RP soil was observed
(Figure 1).

3.3. Influence of Land-Use Change on the Soil Microbial Community
Measurement of the changes in the diversity of microorganisms in peat swamp soil caused by agricultural practices showed that changes were substantial (Figure 2). The bacterial community showed the greatest changes
amongst the different microbial groups evaluated with both oil palm and rubber plantation soils indicating only
34% similarity to the original soil. However, fungal and Archaeal communities from oil palm and rubber plantations also showed similar divergence (44% and 52% similarity for oil palm soil and 33% and 44% similarity for
rubber plantation soil fungal and Archaeal communities respectively compared to NF soil).
Principal component analysis (PCA) confirmed the trend observed in the UPGMA dendrogram result (Figure
3). PCA of tropical peat swamp soil samples showed that there were two distinct bacterial community clusters
associated with oil palm and rubber plantation practices compared with natural forest, along the second principal
component axis (∆). Furthermore, on the first principal component axis, communities from soil taken from oil
palm plantations (fungi and Archaea) were in the same cluster as the natural forest soil sample communities
(fungi and Archaea). However, communities from rubber plantation soil (fungi and Archaea) clustered individually confirming that rubber plantation management caused a greater shift in the diversity of fungal and Archaeal communities in the GSKBB peat swamp soil than observed in oil palm plantation soil.
In terms of the bacterial community, the diversity of both agricultural soils was assessed. The Shannon
diversity index (H’) values were significantly decreased (9.9% for OPP and 8.3% for RP) compared with the
natural forest soil. With respect to fungal diversity, OPP soil was not significantly different from NF soil; in
contrast Archaeal diversity in this soil showed a significant reduction (7.45%). The RP soil showed a significant
decrease in fungal diversity (7.73%) but increased Archaeal diversity (6.47%) compared to the NF soil (Table 2).

3.4. Key Relationship between Land-Use Change and Measured Parameters
PCA analysis of all data collected was carried out to quantify the relative contribution of agricultural land-use
management to soil activities and diversity (Figure 4). The first and second principal components explain the
substantial variation between these soil samples considering all measured parameters (F1 varied by 61.31% while
F2 varied by 38.69%). Higher nitrite and lower nitrate concentrations were associated with NF soil characteristics;
concomitantly, ammonium and phosphate concentrations were the most relevant factors for RP characteristics.
While NF and RP soils characteristics were dependent on all hydrolase enzymes, the properties of OPP soil were
not related to any enzyme activity. Focusing on microbial diversity, each soil sample type depended on specific
microbial group’s (NF, OPP and RP were associated with H’ bacteria, H’ fungi and H’ Archaea respectively).
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Enzyme activity (µmol pNP g-1 h -1 )

6
NF

OPP

RP

a

5
4

a

3
b
2

b
b
a

1
ab b

b

a

b

c

0
β-glucosidase

Chitinase

Cellobiohydrolase Acid phosphatase
Enzyme

Figure 1. The activities of selected hydrolytic enzymes from the microbial community of
tropical peat swamp soil (n = 3) using p-nitrophenol (pNP) linked substrates. NF: Natural
forest, OPP: Oil palm plantation of 8 - 10 years old, RP: Rubber plantation of 5 - 10 years
old. Note: bars topped by the same letter (a, b, and c) do not differ.

Figure 2. UPGMA dendrogram of microbial communities based on 16S rDNA DGGE
profiles of tropical peat swamp soil samples generated with Phoretix software (Non-Linear
Dynamics, Durham, USA). NF: Natural forest, OPP: Oil palm plantation with the age of oil
palm plants 8 - 10 years and RP: Rubber plantation with the age of rubber plants 5 - 10
years, while 1, 2 and 3 refer to triplicate samples.
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Figure 3. Principal component analysis (PCA) based on 16S rDNA and ITS DGGE profiles
of tropical peat swamp soil samples generated with SPSS v21. NF: natural forest, OPP: Oil
palm plantation with the age of oil palm plants 8 - 10 years and RP: Rubber plantation with
the age of rubber plants 5 - 10 years, while 1, 2 and 3 refer to sample replicates, B ▲:
bacterial community; F ■ : fungal community and A • : Archaeal community.
Biplot (axes F1 and F2: 100.00 %)
4

OPP

3
H' Fungi

F2 (38.69 %)

2

Nitrate

1
0

RP

Cellobiohydrolise

-1

Ammonium

NF

-2

β-glucosidase
Nitrite

Chitinase
Phosphate

H' Bacteria

-3

H' Archaea

Acid
phosphatase

-4
-5

-4

-3

-2

-1

0

1

2

3

4

5

F1 (61.31 %)

Figure 4. Principal Component Analysis (PCA) based on biological and physico-chemical
characteristic data; abbreviation correspond to soil samples, NF: natural forest, OPP: Oil
palm plantation with the age of oil palm plants 8 - 10 years and RP: Rubber plantation with
the age of rubber plants 5 - 10 years. Total N: total nitrogen; Total C: Total Carbon. H’
Bacteria, H’ Fungi and H’ Archaea are Shannon Diversity indexes of microbial diversities.

Conversion of peat swamp forest to agriculture resulted in changes in microbial functionality.

4. Discussion
4.1. Effect of Land Use on Soil Ion Concentrations
The low decomposition rate that is characteristic of peat soils represents a significant obstacle in terms of the
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Table 2. The Shannon Diversity index (H) of microbial communities based on 16S rDNA and ITS DGGE profiles of tropical
peat swamp soil samples from Indonesia.
The Shannon diversity index (H)
Sample
Bacteria
NF

Fungi

2.52 ± 0.03

a

b

OPP

2.27 ± 0.03

RP

2.31 ± 0.04b

Archaea

2.88 ± 0.07

a

2.55 ± 0.02b

2.92 ± 0.06

a

2.36 ± 0.14c

2.66 ± 0.10b

2.71 ± 0.03a

NF: Natural forest, OPP: Oil palm plantation with the age of oil palm plants 8 - 10 years and RP: Rubber plantation with the age of rubber plants 5 10 years. Data are reported as means and standard errors of the means. Samples with the different letter a, b, and c are significantly different (ANOVA
p < 0.05).

potential for the sustainability of agricultural practices in these soils. Plants require nutrients from soil microbial
decomposition activities, but the fact that undisturbed peatlands represent significant carbon sinks suggests that
decomposition activity is generally low in these soils. Zech et al. [44] described 2 phases of decomposition;
firstly, the dominant process of mineralization of labile components and secondly, a slower mineralization due
to the accumulation of refractory molecules. Nitrogen, one of the main plant growth nutrient is released during
the decomposistion of organic matter. Nitrate concentrations in the agricultural soil samples (with no known
records of fertilizer addition) were significantly higher (2 - 5 times) compared with the NF soil samples (Table 2,
p < 0.05). The increased levels of soil nitrate may be due to greater availability of nitrification substrates derived
from local peat substances. Aerobic nitrification represents an important process in wetlands, although in peatland soils this process is far slower than seen in mineral soil due to limiting nitrifying microorganisms as a result
of low low pH and oxygen availability. Nurulita et al. [45] reported that agricultural soils such as the ones used
for this study exhibited reduced soil moisture content (10% - 20%) and a greater depth of water table (61 - 78
cm). Low moisture content and drier soil can result in increased nitrification [7] [18], as observed in the more
oxidized agricultural areas compared with natural forest peatland soils. With regards to the concentration of
phosphate in agricultural soils, these were no significantly differences compared with the natural forest (average
66.5 mg·kg−1) (p < 0.05).

4.2. Effects of Land-Use on Soil Enzyme Activities
Microorganisms catalyze biogeochemical shifts through changes in enzyme production [46]. In terms of enzyme
activity, the activities in soils of peat swamp forest and those converted to agricultural land were found to vary
considerably (0.13 - 4.96 µmol p-NP g−1·h−1) (Figure 1). Comparing the data from the current study with other
reported soil enzyme activities in other environments, the values reported here were lower in terms of β-glucosidase, but higher for acid phosphatase [47]. Generally, for mineral soil, enzyme activities in arable soil are
higher than enzyme activities of forest soils; however, Kanokratana et al. [48] reported that metagenomicanalysis showed that for peat swamp forest soils, the number of genes encoding polysaccharide degrading enzymes
was significantly higher than that found in sludge and farm soil. This study shows that apart from chitinase activities, conversion of peatland for agricultural use resulted in a reduction of β-glucosidase, cellobiohydrolase
and acid phosphatase activities. The relatively high chitinase activity suggests a high metabolic demand for N
released during chitin turnover [49]. Although not significantly different, the slightly higher acid phosphatase
activity in NF and RP soils may have be driven by microbial C demand, considering the relatively large
P-availability [50]. Currently there is comparatively limited information available on enzyme activities in peatlands and the impact of conversion to agricultural use. Bowles, Acosta-Martínez [15] stated that variation in enzyme activities could not be explained simply by soil type due to the narrow range of soil textures in peatland
soil. The nutrient requirements of soil microbiota are dependent not only on the microbial community but also
on the physical and chemical environment surrounding their habitats. Studies such as this are therefore important in generating baseline information on enzyme activities in converted tropical peatlands in addition to assessing the effects of peatland conversion.

4.3. Influence of Land-Use Change on the Soil Microbial Community
The changes in the soil microbial community in soils sampled from the different sites were assessed using a
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biomolecular approach. The results showed that bacterial community diversity was most affected by agricultural
practices (only 30% similarity compared with the microbial community present in the NF soil sample). Previously, it has been reported that there were greater shifts in the bacterial community in response to the conversion of tropical forest soils to oil palm plantations than logging activities [51] as well as long term fertilizer
amendments [52]. The microbial diversity of the RP soil sample was significantly different (41% different from
fungal community and 50% different from Archaeal community) and occurred in a different cluster in PCA
analysis compared with NF (Figure 3). The microbial community of the OPP soil sample showed greater similarity (43% for fungal community and 51% Archaeal community) than the RP soil sample and was in the same
cluster as the NF soil sample. The results suggest that in these tropical peat swamp soils, rubber plantation practices showed the greatest influences on microbial diversity compared to oil palm plantation practices.
Shannon Diversity index values confirmed that generally RP soil showed a greater impact on microbial diversity (8.3% and 7.6% decrease in bacterial and fungal diversity respectively, and a 5.9% increase in Archaeal diversity) (Table 2). Schweitzer et al. [53] reported that plant gene diversity may alter soil microbial communities
and their activities, which may have extended consequences for soil fertility. Patterns of soil microbial community are also dependent on soil moisture [54]. These factors could have played some role in the changes in the
microbial diversity observed in this study.
Microbiological processes can be influenced directly by soil chemical properties through nutrients as well as
carbon supply. Fungi as major decomposer [55] in acidic soils [56] have been suggested to play a dominant role
in aerobic decomposition [29]. Interestingly, although the soil fungal and Archaeal diversity of the OPP soil
sample showed similar diversity to that observed in the NF soil sample (Figures 2(b)-(c)), these soils did not
exhibit the same potential to degrade carbon substrates. There was a substantial decrease in the enzyme activities
determined in the OPP soil sample (13.3% - 85.3%) and in the levels of total N (i.e. an increased C:N ratio value)
compared with the NF soil sample. In addition to low quality organic litter, reduced enzyme activities can be
caused by an increase in the N ion concentration (ammonium and nitrate).

4.4. Key Relationship between Land-Use Change and Measured Parameters
Linking a large number of soil parameters to microbial community assessment may help in understanding the
regulation of the activities of a microbial population. Such research can lead to the generation of ecological
theories which may help predict peatland response to global change and anthropogenic disturbances. However,
interpreting interactions between microbial diversity and function remain complex and challenging [57], yet it
remains potentially a useful tool. Analysis of all the parameters in this study indicate that all peat swamp soils of
GSKBB are clustered individually (Figure 4). A high C:N ratio is characteristic of OPP soils, suggesting that
low decomposition rates may occur as a result of oil palm plantation practices on peat swamp soil. The palm
monoculture system can result in considerable changes in the soil, such as topsoil damage, soil compaction and
erosion [58] [59]. These changes sometimes correspond with diversity reduction, especially for decomposer
species [60] [61]. High nitrite and low nitrate concentrations are associated with peat swamp natural forest soil
(NF) (Pearson correlation coefficients −0.918, data not shown). Nurulita et al. (2015) found that agricultural
practices on the GSKBB peat swamp soil resulted in a significant reduction in the moisture content of peat
swamp soils. Decreasing soil moisture content can potentially result in increased nitrate loading if floodwaters
quickly recede within a wetland [18].
The peat swamp natural forest soil is characterized by comparatively high enzyme activities with the exception of chitinase. Although fungi are suggested to play a major role in decomposition in natural forest peat soils
[29] [55] [56], it appears not to be the case in this study. The composite PCA figure reveals that the peat swamp
natural forest in the GSKBB biosphere reserve shows high correlation between bacterial diversity and enzyme
activities (β-glucosidase, cellobiohydrolase and acid phosphatase) with Pearson correlation coefficients ranging
from 0.948-0.972 (data not shown). Bacterial abundance using conventional and molecular microbial methods
have been reported in some studies to show a strong positive correlation with enzyme activities and also organic
matter content [22]. However, Torsvik and Øvreås [62] state that although the relationship between microbial
diversity and their function in soil is largely unknown, biodiversity is assumed to influence ecosystem stability,
productivity and resilience towards stress and disturbance. Typically, soils show considerably functional redundancy [63] and it may yet be the case in some of the samples analysed in this study, although functional redundancy in microbial communities present in samples used for this study is not specifically investigated.
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In conclusion, the polyphasic approach used in this study involving soil chemical analysis and soil enzyme
activities integrated with molecular microbial tools allowed us to assess the impact of oil palm and rubber plantations on the soil microbial community. This study indicated substantial shifts in soil microbial activity and diversity upon conversion of natural peatland forest to agricultural use. However, each soil exhibited a unique
range of characteristics. These findings were important in generating baseline data on the effects of peatland
conversion to agricultural use and in the development of peatland management strategies by providing information relating to the resilience of the soil microbial community and how tropical peat swamp ecosystems respond
to agricultural practices.
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