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Abstract. Tropical peatlands from southeast Asia are under-could distinguish communities not only based on land-use
going extensive drainage, deforestation and degradation fotypes but also their geographic locations, thus providing a
agriculture and human settlement purposes. This is resultinginer resolution than bacterial profiles. Agricultural inputs,
in biomass loss and subsidence of peat from its oxidationsuch as nitrates, were highly associated with bacterial com-
Molecular profiling approaches were used to understand thenunity structure of oil palm plantations, whereas phosphates
relative influences of different land-use patterns, hydrologi-and dissolved organic carbon influenced those from mixed
cal and physicochemical parameters on the state of degradextop plantations and settlements. Our results provide a ba-
tropical peatlands. As microbial communities play a critical sis for adopting molecular marker-based approaches to clas-
role in biogeochemical cascades in the functioning of peatsify peatlands and determine relative importance of factors
lands, we used microbial and metabolic profiles as surrogatethat influence peat functioning. Our findings will be useful
of community structure and functions, respectively. Profilesin peatland management by providing a basis to focus early
were generated from 230 bacterial 16 S rDNA fragments ancefforts on hydrological interventions and improving sustain-
145 metabolic markers of 46 samples from 10 sites, includ-ability of oil palm plantations by adopting mixed cropping
ing those from above and below water table in a contiguouspractices to increase microbial diversity in the long term.
area of 48 krl covering five land-use types. These were de-
graded forest, degraded land, oil palm plantation, mixed crop
plantation and settlements. Bacterial profiles were most in-
fluenced by variations in water table and land-use patterns] Introduction
followed by age of drainage and peat thickness in that or-
der. Bacterial profiling revealed differences in sites, based orPeatlands are formed by the accumulation of partially de-
the duration and frequency of water table fluctuations andcayed vegetation matter over over millennial timescales in
on oxygen availability. Mixed crop plantations had the most low-lying areas that are frequently waterlogged due to heavy
diverse bacterial and metabolic profiles. Metabolic profil- rainfall or periodic inundation (Anderson, 1964). Peatlands
ing, being closely associated with biogeochemical functionsare a highly vulnerable natural resource that cover 50-70 %
of global wetlands (Finlayson et al., 1999) and sequester

Published by Copernicus Publications on behalf of the European Geosciences Union.



1728 S. Mishra et al.: Hydrology and land-use change affects microbial ecology of peatlands

one-third of the world’s soil carbon (Freeman et al., 2012). In  In most ecosystems, changes in land-use patterns impact
southeast Asia, peatlands cover an area of nearly 25 milliolboth microbial diversity and their activity (Wardle et al.,
ha and store approximately 69 Gt of carbon, which is 77 % 0f1998; Ollivier et al., 2011; Putten 2012). Water table depth,
all the tropical peatland carbon pool (88.6 Gt), of which 65 % which directly affects the oxygen levels in the peat layer
(57.4 Gt of carbon) is in Indonesia itself, distributed within (Lahde, 1969), is an important factor in shaping bacterial
23.4 million ha of peatland (Page et al., 2011). Carbon dencommunity structure. Water table depth also affects water
sity is relatively high in tropical compared to temperate or stress, which has been shown to have direct and indirect
boreal peatlands; this is largely a consequence of deeper peatfluences on soil bacterial community composition (Fierer
layers in the former, with peat thickness up to 20 m (Page eet al., 2003). While geochemical conditions affect microbial
al., 2002). communities, they, in turn, affect their environment. There-
Southeast Asian peatlands are under threat from anthrcfore, it is important to study microbial community composi-
pogenic activities, predominantly due to drainage and defortion. Molecular profiling approaches have been widely used
estation for agriculture and human settlement purposes. Fotto describe microbial diversity in soil, rhizosphere, extreme
est fires and biomass burning linked to land-use change exenvironments, freshwater and mangrove ecosystems (Bai et
acerbate these threats. These fire events in Indonesia crossald, 2012; Chan et al., 2013; He et al., 2012; Nold et al.,
all past records, hitting 371 in the Pollutant Standards Index2000; Xiong et al., 2010). Microbial profiling approaches
(PSI) in Singapore, based on daily average, during the smoghat are now widely used mainly rely on DNA fingerprinting
event that engulfed neighboring countries, such as Singapor&hou, 2003; Nocker et al., 2007; Nazaries et al., 2013) or on
and Malaysia (Schmaltz, 2013). Such land-use changes anglyrosequencing of ribosomal DNA region (Chistoserdova,
hydrological interventions have resulted in a drastic decreas010; He et al., 2010). More recently, metabolic profiling has
in peatland water tables, exposing the biomass sequesteredso emerged as a useful approach to report status of micro-
in the peat to aerobic microbial oxidation. Of the total areabial functions in soil (Bundy et al., 2009) and rhizosphere
of peatlands in Indonesia, at least 2.2 million ha have beer{Lee et al., 2013). Two recent studies of intact, forested peat-
converted to commercial oil palm plantations, which is ex- lands from Thailand (Kanokratana et al., 2011) and Malaysia
pected to increase to 6.2 millionha by 2020 (Miettinen et (Jackson et al., 2009) used pyrosequencing and fingerprint-
al., 2012a). Interspersed within the plantations are small aring approaches to describe their microbial diversity and func-
eas of temporary human settlements. In peninsular Malaysi¢ional properties, respectively. They demonstrated the capa-
and the islands of Sumatra and Borneo, some 60 % of pedhility of such techniques to show broad phylogenetic diver-
swamps had been partly or completely deforested by 2007sity and genetic potential to degrade biomass, respectively.
usually accompanied by some form of drainage, and only In degraded temperate peatlands, i.e., those peatlands that
10% remained in pristine condition (Miettinen and Liew, have undergone massive land-use change due to drainage and
2010). In recent years, rapidly increasing peat carbon lossedeforestation, much is known about the relationship of mi-
from drained peatlands in southeast Asia have been found torobial diversity to peatland functioning and greenhouse gas
contribute significantly to global greenhouse gas emissiongmissions (Opelt et al., 2007; Ausec et al., 2009; Kim et al.,
(Melling et al., 2005; Furukawa et al., 2005; Couwenberg2012; Tveit et al., 2013). In contrast, for tropical peatlands,
et al., 2010). Estimates of net carbon losses and resultarwe have a relatively poor understanding of the relationship of
CO, emissions from peatland drained for agriculture rangemicrobial diversity and factors influencing community struc-
from 30-40tCQha tyr~1 (Murdiyarso et al., 2010; Her- ture for intact as well as tropical peatlands under land-use
goualc’h and Verchot, 2011) to as high as 70 @@ Lyr—1 change. Given both the ecological and economic importance
(Couwenberg et al., 2010; Jauhiainen et al., 2012), excludef these peatlands, it will be useful to understand the differ-
ing forest biomass losses, fire losses and peat organic maences among various land-use patterns in degraded tropical
ter losses in the initial years after drainage. Carbon lossepeatland with respect to microbial ecology. Towards this di-
from such emissions and through fluvial processes have ledection, it is critical to develop scientific methods to manage
to tropical peatlands being transformed from carbon sinks tahe rapid change in land use from pristine conditions of peat-
carbon sources (Moore et al., 2013). The oxidation of drainedands and monitor the progress as well as effectiveness of
peat is causing rapid subsidence by disappearance of the sugeosystem restoration interventions. In conjunction with ex-
face layers in the peat (Kool et al., 2006; Couwenberg andsting methods, such as field surveys of flora and fauna of
Hooijer, 2013). In a recent study from the same region oftropical peatlands that are undergoing land-use change (Posa
Sumatra, peat was reported to subside at a rate of 5chnyr et al., 2011), these combined approaches need to be adopted
of which 92 % loss is due to oxidation and not compaction orto classify peat in order to conserve remaining pristine peat-
plant respiration (Hooijer et al., 2012). Oxidation of organic lands. Our approach is based on the ability of molecular pro-
matter has been shown using mesocosms of boreal peat to lfiéing to capture shifts in community structure and metabolic
due to stimulation of microbial growth, thereby causing the profiling to reflect the functional outcome of metabolic activ-
breakdown of organic matter and release of carbon dioxideties of microbes, plant roots and their exudates, respectively.
in a biogeochemical cascade (Fenner and Freeman, 2011). Using these two microbial profiling approaches, we report
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the effects of water table depth and oxygen availability, land-tation”, depending on land cover in that area; and (5) small
use patterns, age of drainage and peat thickness on bacteriablder mosaic and built-up areas (188%mr 6 %) was clas-
diversity in degraded peatlands of Indonesia. We focus orsified as “settlements”. For this study, the contiguous land-
five land-use patterns from a contiguous study site: (a) deuse types were chosen that were present in Site A and Site B.
graded forest, which includes drained and heavily deforestedntact PSF was not included in this study because of being
peat swamp forest; (b) degraded land, which includes defornon-contiguous.
ested and drained peatlands that have yet to undergo con- The coordinates of sampling locations distributed across
version for agricultural use; (c) oil palm plantation, which two broad areas, referred to as Site A and Site B,
includes peatland area under palm plantations; (d) settlewere 1035352.58 E, 1°4312.47'S and 1034932.23'E,
ments, which includes peatland area under palm plantation$°40'58.24’ S, respectively (Fig. 1). The total areas covered
interspersed with human settlements; and (e) mixed cropy the sites were 42 and 6 Kmrespectively. Out of five
plantation, which includes peatland area under palm planiand-use patterns, degraded land with similar peat physical,
tations, pineapple and tapioca. In order to determine imporgeological and hydrological conditions was present in both
tance of various management practices of these peatlands @ite A and Site B (Fig. 1). All study sites (Fig. 1) have been
the structure and functioning of the bacterial communities,affected by fire in the past. The only exception is the de-
we studied the influences of 11 physicochemical parametergyraded forest (DHFNDeep peat depthHigh water table,
Based on our findings reported here, we make recommendddegradedForest andNew drainage< 10 years; please re-
tions that will help in the classification, improved manage- fer to legends of Fig. 1 for acronyms of site description).
ment and sustainability of tropical peatlands. The fire events have occurred in the past in degraded land
(DHAN) in Site A and B in 2004 and 2005, respectively.
Burning occurred in oil palm and mixed crop plantation sites

2 Materials and methods in Site B (MHPN, DHPN, MHXN and SHXN) in 2004, sites
with oil palm plantations in Site A in low water table depth
2.1 Site description and sampling (MLPO) in 2001, and sites in oil palm plantations (DHPO)

and in settlements (DHTO) in 2000. As part of routine man-
The study area is located in peatlands of the eastern part cigement practices, fertilizers are applied to the sites that
Jambi province, Sumatra, Indonesia (Fig. 1). Forested tropifall within oil palm and mixed crop plantations. The main
cal peatlands are extensive in this area and a variety of landeategories of fertilizer are nitrogen—phosphorus—potassium
use patterns are present due to land intensification activiiNPK 16:16:16) and urea, which are applied three times
ties. Land-cover classification was performed using visuala year, and potassium chloride (KCI), which is applied once
image interpretation and manual on-screen delineation of year.
land-cover polygons. The classification scheme was mainly In order to monitor the hydrological parameters, both rain-
based on variation in physical vegetation characteristics (e.gfall and water table depths were measured periodically us-
height, sparseness, etc.) and included the main phases of tlg rain gauges at strategic locations and dipwells in each
tropical peatland conversion and degradation processes (Miransect. The dipwells consisted of perforated PVC pipes an-
ettinen et al., 2012b). The Landsat image and base mapshored into peat, reaching the mineral subsoil. These dip-
of field sites were obtained from the University of Jambi, wells were used to monitor water table depth changes every
Jambi, Indonesia. The coordinates of monitoring sites werdwo weeks, since 2009. Rainfall measurements were moni-
recorded using handheld global positioning system (GPS}ored on a daily basis. Average water table depths and total
devices. The coordinates of these sites were inserted onto thainfall were calculated for every month. Data from August
base maps using ArcView and ArcMap programs (ArcGIS-2009 to August 2010 are being reported in this study. Sam-
Esri, CA, USA). pling was performed in March 2010, preceding which the

The overall mapped area in the eastern part of Jambhighest monthly rainfall (378 25 mm) in the period studied

comprised a total of 3390 kfn(Fig. 1), out of which wa-  was recorded in February 2010.
ter/seasonal water comprised 11%nor 0.3% of total At each sampling location, a 1%rpit was dug. Three
mapped area. The land-cover classes used in Miettinen etquidistant pits were used for sampling in each transect.
al. (2012b) were regrouped and reclassified for this studyThese transects ranged between 120 and 550 m at differ-
The land cover comprising (1) slightly and moderately de-ent sampling locations. We took samples at a predetermined
graded peat swamp forest (PSF) (1656kar 49 % of to-  distance from the water table along the wall of the pit. At
tal mapped area) was classified as “intact PSF”; (2) heavthis distance, we reached horizontally 10 cm into the peat to
ily degraded PSF and secondary forest (543kar 16%)  collect least disturbed samples. This process was repeated
was classified as “degraded forest”; (3) shrubs, fern/gras$or each of the four walls of the pit at the same distance
and clearance area (712 knor 21 %) was classified as “de- from the water table. A composite was then prepared us-
graded land”; (4) commercial plantations (279%rar 8 %) ing these four samples. The number of specified distances
was classified as “oil palm plantation” or “mixed crop plan- in sampling varied according to the water table depths in
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Fig. 1. Map showing Sumatra Island in Indonesia (top left) and land cover present in the eastern part of Jambi province (right). Study
sites in this region of Jambi, Site A and Site B, are located at geographical locatict&3B®58' E, 1°4312.47' S and 1034932.23' E
1°40'58.24' S, respectively. Abbreviations are as follows: D, deep peat thicknegs(); M, medium peat thickness (3—7 m); S, shallow peat
thickness & 3 m); H, high water table (0—45 cm); L, low water table45 cm); F, degraded forest; A, degraded land; P, oil palm plantations;

T, settlements; X, mixed crop plantations; N, drainagelQ years); O, drainage-(10 years). Land-use patterns described in this study are
indicated within brackets in italics in the legend box above.

different sites. Samples using the above mentioned strategglantation was flooded; hence, only one sample was collected
were collected at a distance of 20—-30 cm above water tablBWT and none from the AWT position. Peat water samples
(AWT) and from 20-30 cm below water table (BWT) in ster- for metabolic profiling were collected from dipwells adjacent

ile 50 mL tubes from all sites, with exceptions at 4 sites. At to each pit. All samples were shipped on ice to the laboratory
three oil palm plantation sites in the MLPO transect (Fig. 1), and processed immediately. In order to analyze the oxygen
the water table was extremely low (80 cm below peat sur-availability at each sampling point, an OX-N Clark-type oxy-
face level); hence samples were collected from 20-30 cm anden sensor (Unisense, Aarhus, Denmark) was used and data
50 cm AWT, respectively. One location within a mixed crop were recorded manually

Biogeosciences, 11, 1727741, 2014 www.biogeosciences.net/11/1727/2014/



S. Mishra et al.: Hydrology and land-use change affects microbial ecology of peatlands 1731

2.2 Bacterial community structure (terminal calcium using an ion chromatography analyzer (ICS-5000,
restriction fragment length polymorphism Dionex).
(T-RFLP) analysis) Peat water samples were run through a Solid Phase Extrac-

tion cartridge using an Oa$isHLB cartridge (1 cc/30 mg;
Bulk peat gDNA was extracted using a ZR Soil Mi- 30um, Waters, USA) in order to extract, concentrate and
crobe DNA MidiPrep” extraction kit (Zymo Research clean up the metabolites (Parab et al., 2009). The samples
Corporation, Irvine, USA) based on the manufacturer'swere analyzed using ultra-performance liquid chromatogra-
protocol, with minor modifications. The extracts were phy (UPLC) in a Waters ACQUITY UPLC system (Wa-
guantified spectrophotometrically (Nanodrop ND-1000, ters Corp., MA, USA), equipped with a binary solvent
Nanodrop Technologies, Wilmington, DE, USA). Bacterial delivery system and an autosampler. The chromatography
16S rRNA genes were amplified using universal primer,was performed on a Waters ACQUIT®1g 1.7 um column
BSF517-GCCAGCAGCCGCGGTAA and BSR1541/20- (100x 2.1 mm). Mass spectrometry was performed based on
AAGGAGGTGATCCAGCCGCA (Wilmotte et al., 1993). MS conditions using a mass spectrometer equipped with an
For T-RFLP analysis, forward primer was labeled with electrospray ionization source (UPLC-TOF-Bruker Dalton-
6-carboxyfluorescein (FAM) at the’5end and reverse ics). Data were extracted using Bruker Daltonics profile anal-
primer was labeled with photo-induced electron transferysis software.
(PET) at the 8end. PCR was performed in triplicate (50 pL
reaction) using 50ng of template DNA and the following
parameters: initial denaturation at 95 for 10 min, followed
by denaturation 95C for 1 min, annealing at 58C for 30's,
extension at 72C for 1 min and final extension at 72 for To analyze the variation in bacterial community structure as
7 min. Agarose gel electrophoresis, followed by stainingwell as difference in metabolic functions, due to influence
of products with SYBR Green (Invitrogen, USA) was per- from analyzed parameters (namely, water table, land-use pat-
formed to check amplified product size and concentrationterns, age of drainage and peat thickness), multivariate sta-
Amplicons from three replicates of PCR were pooled andtistical techniques (PRIMER 6, PRIMER-E, Ltd., Plymouth,
cleaned up using NucleoS@inExtract Il according to  United Kingdom) were used to calculate distance matrices
the manufacturer’s instructions. Five hundredng of eachusing Bray—Curtis similarity indices and one-way ANOSIM
amplicon were digested with restriction enzyn#da | and (Analysis of Similarity) coefficients (Legendre and Legen-
Bsu RI (Fermantas) at 37C for 16 h. Digests were then dre, 1998). Unconstrained ordination plots with 100 iter-
purified using the NucleoSpthExtract Il kit, and an aliquot ~ ations using nonmetric multidimensional scaling (nMDS)
of 1uL was mixed with 8.5uL HiDi formamide (Applied based on Bray—Curtis similarity were used to represent the
Biosystems, Foster City, CA, USA) and 0.5 L of internal outcome (Kruskal 1964, Shepard 1962). To analyze the rel-
size standard (Applied Biosystems) for T-RFLP reactions.ative influence of different parameters over bacterial com-
The labeled terminal-restriction fragments (TRFs) weremunities, two-way ANOSIM (Clarke, 1993) was used. The
detected on an ABI 3730XL automatic DNA sequencing global R statistic value (generated using one-way or two-
machine (Applied Biosystems) in the GeneScan modeway ANOSIM) indicates the degree of separation between
For data collection from the DNA sequencing machine, the two communities, with values close to unity indicating
GeneMapper software (Applied Biosystems) was used tamore separation and a zero value indicating no difference be-
compare relative lengths of TRFs with the internal size stantween the groups.
dard. For profile comparison, minimal and maximal cut-offs  To analyze influences of geochemical traits on the bacte-
of 50 and 600 bp, respectively, were set and fragments withrial community structure, CCA (Canonical Correspondence

2.4 Data analysis

peak height below 75 were removed as filter noise. Analysis) was performed using Canoco (version 4.5 for
Windows, PRI Wageningen, the Netherlands) (LepS and
2.3 Chemical analysis Smilauer, 2003). Presence/absence of TRFs was used as

“species” data. Geochemical data (anions, cations, DOC and
Five grams of peat were mixed with 40 mL of analytical inorganic carbon) were included in the analysis as “envi-
grade water. The mixture was shaken at 200 rpm overnight teonmental” variables. Ordination biplots approximating the
obtain a bioavailable extract for microorganisms from peatweighted differences between the individual communities (T-
(Reynolds and Clarke, 2008). These extracts were used foRFLP patterns) with respect to each of the geochemical fac-
analysis of total dissolved organic carbon (DOC) and inor-tors (represented as arrows) were drawn. The relative impor-
ganic carbon using a total organic carbon analyzer (TOC-Vtance of geochemical factors in explaining variation in the
CPH E200V 220V, Shimadzu). Aliquots from the same re- bacterial T-RFLP profiles was explained by the length of the
maining extracts were also analyzed for anions such as fluoeorresponding arrows, and the angle between arrows indi-
ride, chloride, nitrite, nitrate, phosphate, sulfate and cationated the degree to which they were correlated. The impact
such as sodium, ammonium, potassium, magnesium, andf geochemical variables over bacterial community structure
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was calculated using a Monte Carlo permutation test base@ Results
on 1000 random permutations (Rasche et al., 2011).
To predict the phylogeny of the bacterial species at the3.1 Influences of peat characteristics on bacterial
taxa level from the TRFs of 16 S rDNA, Fragment Sorter community structure
Suite (FRAGSORT) (ver. 5.0; Agricultural Research and De-
velopment Center, Ohio State University) and Phylogenetic3.1.1 Oxygen availability and water table
Assignment Tool (PAT) (Kent et al. 2003) were used, adopt-
ing the methodology described in Lefebvre et al. (2010). Mi- Oxygen availability was lower in the BWT samples com-
crobial Community Analysis (MiCA) — a virtual digest pro- pared to AWT samples by a factor of three or more (Fig. 2a).
gram (Shyu et al., 2007) — was used to construct a referencEhe BWT oxygen levels were similar across all land-use

database for each set of primers. types. Based on this, henceforth, we use the terms “oxic” and
. _ “anoxic” conditions to refer to oxygen availability in AWT
2.5 Clone library sequencing of 16 S rDNA gene and BWT zones, respectively. Effects of oxygen levels on

. , , bacterial DNA profiles were analyzed (Fig. 2b). In the ordi-
In order to validate the presence of predicted species evals4tion plot, samples from the low-water-table sites (across

uated from FRAGSORT analysis, a clone library using o oj| paim plantations) tended to cluster together, regard-
16 S rDNA from two randomly chosen sites that differed in |55 of oxic and anoxic zones. The remaining samples clus-

water table, land-use pattern and oxic conditions was préereq roughly into oxic and anoxic zones, although samples
pared. The sites chosen belong to settlements with high wateg degraded land from anoxic zones were mixed within

table and oil palm plantations with low water table. The sam- i zones. BWT points found within AWT group are of

ples were taken from bpth oxic and. anoxic zones of s_ettlewtwO types. One of these BWT groups is in a cluster that is
ments and only from oxic zones .Of oil palm plantation sites. highly influenced by low water table (as shown in Fig. 2b).
The cleaned PCR product (u_smg same non-labeled primeyig explains why this subgroup has both AWT and BWT
sequences as described earlier) of 16S rDNA from Sety,inis all coming from low-water-table sites. Of the remain-
tiements and oil palm plantation sites was cloned intojny g BWT points within the AWT group, 3 belonging to oil
3956 bp pCR 4-TOPC® vector using TOPO TA Cloning palm plantation sites are right at the periphery of the BWT-

kit for sequencing (Invitrogen, USA) according to the man- gnecific group. Another one sample (marked by arrow) is an
ufacturer's protocol. One SHb{TOP 10 Competent Cells o ylier which was due to flooding. This leaves 4 BWT points

(Invitrogen, USA) was used in order to transform the re- yeonging to degraded land, which we believe have high wa-
combinant plasmid. DNA Sequencing was performed on g aple fluctuations as the water table is not controlled by
DNA sequencer (ABI 3130 Genetic Analyzer) using for- yqrojogical interventions. While forested areas are also not
ward or reverse M13 primers, on plasmid DNA extracted managed, they are unlikely to have large fluctuations due to

using Wizar® Plus sv Mi_n?Prep DNA Purification System  |55eq canopy. Thus, the degraded forest BWT point falls in
(Promega, USA) from |n_d|V|duaI c_Iones. DNA sequence datayhe gWT specific group. Anoxic zones supported more com-
were analyzed as described previously (Reuben etal., 2012)0, hacterial communities than oxic zones, although this

Briefly, sequences were trimmed and edited using MEGAS, 55 ot the case for samples from degraded land (Table 1).
(Tamura et al., 2011). MAFTT (Katoh et al.,, 2009) was the pH values measured from all sites did not show any sig-

used for aligning the sequences and identifying reverse Orinisicant correlation with Shannon diversity indices from dif-

entation. Sequences were then reverse-complemented Usifgrant land-use types at both oxic and anoxic zones.
MEGAS. Vector contamination was checked using the vec-  cqniinuous monitoring of the water table and rainfall re-

tor screening tool in Sequirhitp://www.ncbi.nlm.nih.gov/eqieq that variation in water table over the period (August
Sequin/sequin.hip.htipland a chimera check was performed »009_august 2010) was influenced by rainfall in that period,

using Bellerophon (Katoh et al., 2009) followed by Mallard | ith maximal rainfall in February 2010 of 32925 mm, av-
1.2. (Ashelford et al., 2006). Sequences of 302 clones Werraged over all sites (Fig. 3a). Sampling was performed dur-

submitted to GenBank, and the nucleotide sequence data g5 the time when water table was highest in the entire pe-
ported in this paper are published in the GenBank nucleotidgjoq ynder study. Variation in the water table pattern was
database under accession numbers JF739556-JF739857. ginmilar for all sites (DHFN, DHPO, DHAN, DHTO, SHXN

MHXN, DHPN and MHPN) except for five oil palm plan-
tation sites (MLPO) that had low water table- 50 cm).
The water table in sites with high water table depths fluc-
tuated from—0.1 to—0.7 m in the period under study. How-
ever, these fluctuations ranged fren®.75 to—1.6 m in the
sites with low water table depths in the same period, hence
exposing the low-water-table sites to different durations of
oxic and anoxic regimes compared to high-water-table sites.

Biogeosciences, 11, 1727741 2014 www.biogeosciences.net/11/1727/2014/
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Fig. 2. Oxygen levels $O»), mm Hg(a) and nonmetric multidimensional scaling (hnMDS) ordination plot based on Bray—Curtis similarities
calculated from presence/absence data of 16 S rDNA TRFs abund@mcasabove (oxic zones) and below (anoxic zones) water table
positions in different land-use types. Level of significancéahis * p < 0.05, ** p < 0.01, and*** p < 0.001, andn =total number of
independent measurements.

Table 1. Shannon diversity indices for different land-use patterns table differences for both oxic and anoxic zones were sig-
based on 16 S rDNA and metabolic diversity. nificant across land use, peat thickness and age of drainage
(Table 2: two-way ANOSIM values).

Above  Below

water  water 3.1.2 Land-use pattern, age of drainage and peat
Land-use table table Metabolic thickness
patterns (oxic  (anoxic  diversity

zones)  zones) Unlike the oxic zone, where water table was the predomi-
Degraded forest 3.14 353 4.07 nant factor influencing bacterial community structure, in the
Degraded land 344 327 4.28 anoxic zone, land-use pattern had equally as strong an in-
Settlements 3.19 3.38 4.24 fluence as water table on bacterial community structure (Ta-
Oil palm plantations 2.62 2.68 4.33 ble 2). In such anoxic zones, the bacterial diversity decreased
Mixed crop plantations ~ 3.48 3.62 4.47 in different land-use types in the following order: mixed

crop plantations- degraded forest settlements- degraded

Average diversity indices for different land-use patterns based on 16 S rDNA X . X
were within+0.17 anct0.08 in the oxic and anoxic zones, respectively. land> oil palm plantations (Table 1). In both oxic and

anoxic zones, highest diversity of bacterial communities was

found in mixed crop plantations, whereas least diversity was
Between-site comparisons of bacterial community composi{present in oil palm plantations.
tion showed statistically significant clustering based on water Age of drainage and peat thickness had a weaker yet sta-
table level in oxic zones (Fig. 3b; Table 2: one-way ANOSIM tistically significant effect as compared to water table and
values) land-use patterns in shaping the bacterial community profiles

Water table depth greatly influenced bacterial diversityin both oxic and anoxic zones (Table 2: One-way ANOSIM

in both oxic and anoxic zones, with the influence beingvalues). In the ordination plot of the bacterial communities
greater in the oxic zone. In order to determine the rela-based on age of drainage, two sub-groups dominated by low-
tive influences of different peat characteristics, we analyzedvater-table sites and mixed crop plantations, respectively, re-
pair-wise combinations of peat characteristics using two-wayvealed that these two parameters had additional influences
ANOSIM analysis. It revealed major influence of water table (Supplement Fig. S1). Similar to age of drainage, in the or-
and land-use pattern over other characteristics, namely, agdination plot based on peat thickness, there was a sub-group
of drainage and peat thickness (Table 2: two-way ANOSIM of low-water-table sites in oxic zones (Fig. 3b).
values). The variations in bacterial communities due to water
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Table 2.0ne-way (bold letters in diagonal cells) and Two-way (non-bold letters in off-diagonal cells) ANOSIM showing variation in bacterial
community structure due to an individual parameter across other parameters tested in oxic and anoxic zones. The top value in each white
cell refers to influence by the individual parameter across others (left to right), whereas the bottom value in the same white cell shows the
converse (right to left). Values in white cells can be directly compared within same white cells or between white cells of oxic and anoxic
zones. As an example of within-white cell comparison: in oxic zones, the influence of water table was much higher across different land-use
patterns (global R: 0.702), peat depth (0.946) and age of drainage (0.609) than vice versa (0.189, 0-38409%.:respectively. However,

in anoxic zones, land-use pattern had high influence across water table (0.468), peat depth (0.636) and age of drainage (0.532), respectivel;

Global R statistics

Above-water-table (oxic) zones Below-water-table (anoxic) zones
Water Land Peat Age of Water  Land Peat Age of
table use depth drainage table use depth drainage
0.702 0.94@ 0.609 0542 0878 0.66

Water table 0.52F @ 0348 0009 Water table 0.35¢ 0468 0266 0247
0.48% 0.36P 0.63¢ 0.53%F
Land use 0267  ore 078 Land use 0.41F 0.268  0.101
0.43% 0.569
Peat depth 0.214 0.570 Peat depth 0.168  ',p
Age of drainage 0.38¢ Age of drainage 0.192

Level of significance i€ p < 0.05,° p <0.01, ¢ p <0.001

a) &5& Q@ » & ® &S NI {'9 JESINS 0;'9 b) Above water table (oxic) zones
PP AP AN < AR SR A AR AR\ AP SR A AR A AT
Sampling time
A
0.2 400
® o © o
-0.4 350 o o o
2 ¢ o 0,00
E-O.G —3005 . ® * . o o
Y 3
= c
:@ 0.8 250 s ° *
= >
2 =
T | = *
2 1 200 <
£
12 1150 £ 2D Stress: 0.15
[
14 100 O Medium peat (3-7m) - Low water table
& Deeppeat(>7m) - High water table
-16 50 ® Medium peat (3-7m) - High water table
—e—Low water table —a—High water table -#- Total monthly rainfall (mm) A Shallow peat (<3m) - High water table
-1.8 0

Fig. 3. (a) Rainfall and water table data from August 2009 to August 2010 at all sampling locations from Site A and Site B. The locations
are shown in Fig. 1. Water table levels were averaged across locations within high water table (0—45cm) and low watedSatte), (
respectively. The averaged values are represented as “high water table” and “low water table”, resgegtivetynetric multidimensional

scaling (nMDS) ordination plot, based on Bray—Curtis similarities calculated from presence/absence data of 16 S rDNA TRFs abundances,
showing variation between bacterial community across different water table depth and peat thickness, from above (oxic zones) water table
positions. Low-water-table (LWT), high-water-table (HWT) and different peat thickness samples are represented by open symbols, closed
symbols and different shapes, respectively.

3.2 Distribution of bacterial taxa date the taxa group identified, a clone library was created that
revealed differences in abundance of taxa based on water ta-

In order to identify the dominant members of the bacterial ble, Iand-l_Jse patt_ern and oxygen a‘_’a"?‘b"'ty ('_I'able 3), which
was consistent with our previous findings (Figs. 2 and 3b).

communities, we predicted the taxa using the TRFs. To vali-
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Table 3. Correspondence of clone data in comparison to predicted species. “AWT": above-water-table samples; “BWT": below-water-table
samples.

MLPO-AWT ( from oxic zones) DHTO-AWT (from oxic zones) DHTO-BWT (from anoxic zones)
(Medium peat-low water table-oil (Deep peat-high water table- (Deep peat-high water table-
palm plantations-drainage 10 years) settlements-drainagd 0 years) settlements-drainagd 0 years)
Species No. of No. of % No. of No. of % No. of No. of %
distribution clones predicted coverage clones predicted coverage clones predicted coverage
(taxonomic level) (202) taxa by (104) taxa by (96) taxa by
FRAGSORT FRAGSORT FRAGSORT
Environmental 71 313 22.7 60 278 21.6 74 281 26.3
unclassified
Gammaproteobacteria 19 34 56.7 25 28 89.3 15 23 65.2
Alphaproteobacteria 5 45 11.2 10 41 24.4 3 41 7.3
Acidobacteria 5 5 100.0 73 3 100.0 2 2 100.0
Actinobacteria 0 53 0.0 1 49 2.0 0 22 0.0
Betaproteobacteria 2 44 4.5 2 37 5.4 2 41 4.9
Planctomycetes 0 12 0.0 1 9 111 0 14 0.0
Proteobacteria 0 4 0.0 2 3 66.7 0 1 0.0

Acidobacteria had 100 % similarity with the predicted taxa mainly associated with DOC, ammonium and phosphates.
as mentioned above for all the sites sampled for clone librarySalinity had some influence on bacterial communities from
The coverage between the predicted taxa and clones identsites with mixed crop plantations and settlements; the latter
fied for Gammaproteobacteria ranged from 56.7 to 89.3 %corroborated the identified salinity-associated species from
between the sites sampled. The highest coverage betweesettlements.

the predicted taxa and clones identified was found in the site  Metabolic profiling of peat water from different land-use
with settlements in oxic zones. Based on sequence databagatterns was performed (Fig. 5) and was compared with
searches with the clone sequences, two species were identiacterial profiling (Fig. 2b) to directly evaluate the effects

fied based on identities to known entries. Out of whigfe- of bioavailable organics that influence the bacterial com-
vundimonasp., reported initially from saline soils (Wang et munities. Bacterial communities from anoxic zones were
al., 2012), was found abundant in settlements. marginally separated based on land-use patterns (Fig. 2b).

Oxygen availability had a strong influence on the abun-The communities were separated based on habitat, as re-
dance of bacterial taxa in high and low water table depthsvealed by significant separation of the flooded site (indi-
(Supplement Fig. S2). In the oxic zones, the water tablecated by arrow) from the non-flooded sites of mixed crop
did not affect taxa abundance, whereas, in the anoxic zoneglantations (Fig. 2b). When comparing the functional data
all major taxa were more abundant in the low-water-tablefrom metabolic profiling (Fig. 5), distinct clusters of different
sites. Among the five most abundant taxa, (8- and y- land-use types were formed. Metabolic profiling not only dif-
Proteobacteria, Actinobacteria and Firmicutes Bacillales)ferentiates the land-use patterns but also clearly distinguishes
Actinobacteria had the largest difference in abundance besamples based on geographical sampling position. For exam-
tween high and low water table sites in both oxic and anoxicple, two sites from degraded land in Site B formed a distinct

zZones. cluster from the other two sites from degraded land in Site A
(DHAN in Fig. 1). Similarly, two oil palm plantation sam-

3.3 Relationship of environmental and geochemical ples (extreme left of Fig. 5), though belonging to different

parameters with bacterial community structure peat thickness (MHPN and DHPN in Fig. 1), were clustered

very close as they were from the same transect.

Canonical correspondence analysis was used to identify

the association of environmental and geochemical traits

with bacterial communities from different land-use patterns4 Discussion

(Fig. 4a, b and Supplement Table S1). Bacterial communi-

ties from the oil palm plantations were associated with ni- Bacterial and metabolic markers that represent the complex
trate levels in both oxic (Fig. 4a) and anoxic (Fig. 4b) zones.nature of bacterial communities and metabolic processes of
Nitrate levels were lower in the anoxic zones compared todiverse biota, respectively, provided the resolving power to
oxic zones by a factor of 20-30, which is likely to drive dif- distinguish different habitats. This resolution ranged from
ferences in their community structures. Bacterial communi-centimeter scale in depth measurements to kilometer scale,
ties in the mixed crop plantations, on the other hand, werewhere sites were distributed within the 48%mwf the study
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Fig. 4. Canonical correspondence analysis of 16 S rDNA gene based T-RFLP data sets and environmental data in different land-use pattern:
from oxic (a) and anoxic(b) zones. Geochemical data, represented with arrows, are nitrates, dissolved organic carbon (DOC), dissolved
inorganic carbon, chloride, magnesium, ammonium, sodium, calcium, sulfate and phosphate. Test of significalned ¢f all canonical

axes is 0.05 and 0.009 in oxfa) and anoxidb) zones, respectively.

2D Stress: 005 for understanding variation at large scales of spatial distribu-
tion. Both sets of molecular markers distinguished different
land-use types, but with different levels of resolution. Com-
o pared with microbial profiles, those of metabolites were ad-
ditionally able to differentiate land-use types from locations
o that are separated by nearly 8 km distance. Our findings about
@oa bacterial profiling have led us to identify geochemical factors
o Oil paim plantation sites that influence the state of degraded peatlands. In addition,
withlow water {able depth metabolic profiling, which relies on markers derived from
functions of diverse biotic communities and not just bacte-
ria, provide a finer classification of peatland sites. Metabolic
profiling can, therefore, be used in developing better prac-
Fig. 5. Nonmetric multidimensional scaling (hnMDS) ordination tices for mapping pefatlands, which can be a tool for both
plot, based on Euclidean distance calculated from intensity ofanagement and policy development.
metabolites extracted from peat water of different land-use patterns. While there have been reports of effects of land-use
The arrow represents the flooded site with mixed crop plantations. change and hydrology on GON2O and CH emissions
(Jauhiainen et al., 2008, 2012a, b) and hydrology on sub-
sidence (Hooijer et. al., 2010, 2012), our approach allows
area. Thus, the same set of molecular markers provided a dynultiple parameters to be evaluated simultaneously using a
namic range of resolution at four orders of magnitude. Mi- single molecular profiling approach. Our findings show that
crobial markers have been extensively used to study altermicrobial profiles from peatland sites are most influenced by
ation in community structures due to changes in land-usevariations in water table and land-use patterns. These two are
patterns at large scales of spatial distribution, such as in P&ollowed by age of drainage and peat thickness in influencing
cific Northwest marine sediment communities (Braker et al.,the bacterial community structure. Across degraded peatland
2000), in high levels of nuclear-waste-contaminated vadoséhat are under hydrological management, water table fluctu-
sediments at the Hanford Site in the US (Fredrickson et al.ates due to drainage, rainfall and other physical parameters
2004), in western Amazon soils (Jesus et al., 2009) and iJauhiainen et al., 2008; Hooijer et al., 2010). The ability
Antarctic dry valley (Chan et al., 2013), among other bio- of microbial markers to distinguish the low- and high-water-
geographic locations. In comparison, there are relatively fewtable sites shows their robustness to capture differences in
studies that have used metabolites as function-based markeeemmunity structures despite the differences in the range of

Settlement " Degraded land Degraded forest [ Oil palm plantation O Mixed crop plantation
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fluctuations in water level at these sites. Fluctuations in wa-sites. From sites in the Sumatran region, peat subsidence
ter table are likely to influence bacterial community structurethat is considered a proxy for carbon loss is indeed higher
through oxygen and nutrient availability on the one hand andin low-water sites (water table depth:0.7+ 0.2 m; subsi-
selection of bacteria that can withstand drying—wetting cy-dence rate: % 2.2 cmyr 1), when compared to high-water-
cles on the other hand. Such changes in microbial communityable sites (water table depth:0.56+ 0.06 m; subsidence
structure along a hydrological gradient have been reportedate: 3.9+ 0.5 cmyr 1) (Couwenberg and Hooijer, 2013).
in other natural ecosystems, such as in forested, temperate In contrast to the oxic zones in low-water-table sites that
pine wetlands (Yu and Ehrenfeld, 2010). However, temporalexperience fluctuations, the anoxic conditions present in the
fluctuations in water table in high- and low-water-table siteswater-saturated zones of low- and high-water-table sites af-
leading to rapid drying and wetting, as seen here, were nofect microbial communities through possibly different mech-
present in the pine wetland study. Hence, microbial profil-anisms. The first is through exposure of microbial commu-
ing presents a practical approach to monitor peat responsatties to prolonged stable anoxic conditions. Such conditions
to both rapid short-term and long-term hydrological changescan support both high bacterial diversity and abundance, as
Mechanisms by which water table influences microbial shown in this study. Consistent with our findings, similar in-
communities are likely to be different in a depth profile, crease in bacterial diversity with decreasing oxygen avail-
depending on oxygen availability. In the oxic zones, low- ability along a depth profile has been reported in a stratified
water-table sites undergo more pronounced cycles of dryfake (Garcia et al., 2013). The second mechanism is through
ing and wetting compared to high-water-table sites. Dryingdirect effects of water saturation in the anoxic zones, where
and wetting of peat leads to alternating aerobic and anaeradissolved organic matter becomes freely available for micro-
bic physiological responses of the microbes. Thus, drying-bial communities. Availability of dissolved organic matter in
wetting process selectively enriches those resilient memberthe water-saturated anoxic zone plays a major role in shap-
of microbial communities that can tolerate these changesng microbial communities, through its quantity and com-
both in physical environment and physiological functions. position. Both root exudation from plant communities and
Examples of such successful resilient bacterial taxa are Actidegradation products of lignocellulosic materials contribute
nobacteria and Firmicutes that have a very thick peptidogly-to the dissolved organic matter that drives microbial assem-
can layer to withstand changes in the physical environmenblages (Farrar et al., 2003). Hence, dissolved organic matter
and adapt to a broad range of oxygen availability. Hence provides a critical link between the above- and below-ground
they thrive well in diverse and extreme environments from communities (Wardle et al., 2004). Microbial and metabolic
deep sea to dry deserts (Cowan and Tow, 2004; Bull, 2011)profiling approaches in our study, therefore, capture the out-
Actinobacteria and Firmicutes were the most representeddomes of these plant—microbial—-peat interactions. Such inter-
taxa groups in all our study sites, irrespective of water tableactions are heavily impacted by changes in land-use patterns,
depth, land-use pattern or oxygen availability. Physiologi-where different plant communities support their land-cover-
cally, aerobic—anaerobic cycling can affect both nitrogen andspecific microbial populations (Bardgett et al., 2005).
carbon metabolism. Denitrifying assemblages are favored The nutrient pool for microbes is influenced not only by
under the wetter and low-oxygen conditions of the drying—root exudates and lignocellulosic degradation products, but
wetting cycles, as shown in clay loam of wetland mesocosmslso by the carbon products resulting from fire events. Both
(Peralta et al., 2013). Likewise, in carbon metabolism, thisaliphatic and aromatic carbons are added to the pool of dis-
cycling is known to activate different pathways in oxic and solved organic matter present in the ecosystems that have ex-
anoxic conditions. Enzyme systems, such as phenol oxidasperienced fire events, as shown for pine forest (Czimczik et
and B-glucosidase that are involved in the degradation of re-al. 2003) and boreal ecosystems (Neff et al., 2005). All our
calcitrant phenolic (lignin and its derivative) and cellulosic sites, with the exception of degraded forest, also have fire his-
materials, respectively, are active in high-oxygen conditionstories of 5-10 years, which likely contributed fire-related car-
(McLatchey and Reddy, 1998). On the other hand, activitiesbon forms to the nutrient pools. While such carbon joins the
of many hydrolases that degrade complex carbon polymersarbon pool after fire events, as expected, there is a concomi-
are high under low-oxygen conditions, such as in boreal rivetant decrease in abundance and activity of microbial commu-
systems (Sinsabaugh et al., 1992), in anaerobic sludge diities immediately after the fire events in forest soils (Cer-
gester (Nybroe et al., 1992) and in the rumen of cattle (Leetini, 2005). The present state of microbial assemblages at our
et al., 1999). Such activation of different groups of enzymessites, therefore, reflects the recovered and adapted commu-
in drying—wetting has been reported from mesocosms of peatities over a period of time. Southeast Asian peatlands have
in the boreal region (Fenner and Freeman, 2011). Combined unique history of experiencing repeated fires, which both
oxidation of recalcitrant and labile carbon, accompanied withcan be spatially extensive and can affect specific sites at mul-
outgassing of carbon dioxide can lead to direct loss of peattiple occasions. Our findings that the bacterial communities
This extrapolation directly predicts that peat loss will be and metabolic profiles could not separate the sites based on
higher in low-water sites, where these pronounced cycles ofire history indicates resilience of the microbial communi-
drying—wetting are prevalent, compared to high-water-tableties to recover over a 5-10-year period, since the sites first
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experienced a fire event. This duration of recovery is con-has been reported for many cases suchaisim, Trifolium

sistent with that reported for boreal forest fires (Dooley andspp.,Plathymenia Sudan grass and tall fescue (Marilley et

Treseder, 2012). Whether functionally important, yet non-al., 1998; Meimei et al., 2008; Pagano et al., 2009; Zarea

resilient bacteria are lost in this process cannot be ascertainegt al., 2009). Similarly, microbial diversity is lower in fal-

from our current approach and will require metagenomics apiow and woodland, when compared to grassland with multi-

proaches. ple plant communities on temperate peatlands (Brake et al.,
Anthropogenic chemical inputs, such as by fertilization, in 1999). Low bacterial diversity in oil palm plantations, as seen

these managed peatlands had a great influence on bacterial our study, can be sensitive to environmental pressures,

community structure. Nitrates and phosphates, contributedhereby leading to a reduction in productive period of planta-

by application of fertilizers, were among the top three factorstions. These findings provide a good basis to adopt microbial

that influenced overall bacterial diversity in oil palm plan- ecology principles to encourage mixed crop planting in the

tations. A similar influence of organic manure and mineral existing plantations, in order to increase their microbial di-

fertilizer treatment occurs on the abundance and diversity ofversity, especially of beneficial microbes, which can lead to

gram-negative bacteria, Actinobacteria and fungal commu-sustainable use of these plantations.

nities in the red soil of China (Zhong et al., 2010). Since

nitrogenous fertilizers are heavily used in the management

of plantations on tropical peatlandsp® is likely to be re-  Supplementary material related to this article is

leased, as demonstrated from other agricultural lands, sucBvailable online athttp://www.biogeosciences.net/11/

as from agricultural soils in Australia (Dalal et al., 2003), 1727/2014/bg-11-1727-2014-supplement.pdf

India (Aggarwal, 2008) and Africa (Hickman et al., 2011).

One of the most abundant taxa in our study, Actinobacteria

have been shown to actively reduceNto No not only in
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