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Abstract 23 

Tropical peatlands are globally important for their high carbon storage and unique 24 

biodiversity, but are currently under severe threat in South East Asia from expansion of oil 25 

palm plantations. A large part of this expansion in Peninsular Malaysia arises from small-26 

holder oil palm plantations that follow varied cropping practices, yet their impact on the 27 

environment is largely unexplored. This research aimed to study and evaluate the 28 

environmental and belowground microbial impacts of different smallholder cropping systems 29 

relative to forested peatlands in North Selangor, Peninsular Malaysia. Specifically, GHG 30 

measurements using closed chambers, and peat sampling were carried out in both wet and dry 31 

seasons. Microbial phenotypic community structure was determined using phospholipid fatty 32 

acid (PLFA) analysis. Relative to forested peatlands, the agricultural plantations had 33 

increased pH, temperature and bulk density, decreased organic content, and peat moisture, 34 

with a pineapple intercropping site as the only exception. These effects were most 35 

pronounced in 2nd generation mono-cropping systems. Soil microbial community structure, 36 

dominated by Gram-positive bacteria under all land-use types, differed significantly between 37 

agricultural sites and forest, and also showed significant seasonal variation. There was a 38 

general increase in non-specific fatty acids and a decrease in Gram-positive fatty acids in 39 

agricultural sites from forest, however microbial community structure were similar in most 40 

agricultural sites. CO2 emissions were greatest at the forest site and showed no seasonal 41 

variations, however most of the forest CO2 emissions were most likely due to high 42 

autotrophic contribution from roots. CH4 emissions were under 1 mg m-2 hr-1 for all the 43 

agricultural sites, while forest peat surface absorbed similar low quantity of CH4. Overall, the 44 

changes in peat properties and loss of C was greatest in the 2nd generation mono-cropping, 45 

while the intercropping systems ameliorated these effects by maintaining most of the forest 46 

peat organic content and causing relatively smaller changes in pH, moisture and bulk density. 47 
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It is clear that oil palm intercropping have an ameliorating effect on environmental impacts 48 

caused by the expansion of oil palm plantations into peatlands.  49 

Keywords: Tropical Peatlands; Oil palm mono-cropping; Oil palm intercropping; Microbial 50 

community structure. 51 

 52 

1. Introduction 53 

Tropical peatlands are globally important, yet are endangered ecosystems with high C storage 54 

capability and endemic biodiversity (Jackson et al., 2009; Yule, 2010; Dohong et al., 2017). 55 

Acidic, nutrient-poor and water-logged conditions in natural peatlands inhibit aerobic 56 

microbial decomposition, resulting in the accumulation of partially-decomposed plant 57 

materials arising from their inherently high primary production (Parish et al., 2008; 58 

Sjögersten et al., 2011; Miettinen et al., 2012). Even though natural peatlands are known to 59 

have high methane (CH4) emissions, high carbon (C) storage means that they act as important 60 

long-term C sinks (Page et al., 2011; Schrier-Uijl et al., 2013). About 56% of all tropical 61 

peatlands are in South East Asia (SEA), with greatest cover in Indonesia and Malaysia, 62 

mostly on low-lying coastal plains (Yule, 2010; Lo and Parish, 2013; Rashid et al., 2013; 63 

Hergoualc'h and Verchot, 2014; Xu et al., 2018). SEA peatlands store about 69 Gt of C 64 

(Miettinen and Liew, 2010; Dohong et al., 2017) and absorb at least 2.6 tonnes of carbon 65 

dioxide (CO2) per hectare a year (Norwana et al., 2011).  66 

Anthropogenic disturbances in SEA peatlands over the last few decades increasingly affect 67 

the balance of the environmental, biological and climatic conditions that maintain peatlands, 68 

resulting in their degradation and C loss (Couwenberg et al., 2010). The SEA region has 69 

experienced relatively high deforestation rates in the 21st century, with Malaysia having the 70 

greatest deforestation rate of all the countries in the world (Hansen et al., 2013) and now 71 
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undisturbed peat swamp forest are nearly extinct in Peninsular Malaysia (Miettinen et al., 72 

2016). It is estimated that 25% of all forest degradation in SEA occurs in peatlands (Lo and 73 

Parish, 2013). Most of these anthropogenic disturbances were associated with agricultural 74 

expansion, especially oil palm plantations. Oil palm plantations currently cover 7.6 M ha and 75 

4.6 M ha in Indonesia and Malaysia, respectively (Dislich et al., 2017) and are only expected 76 

to increase (Miettinen et al., 2016). Around 75% of all peat forest loss in Peninsular 77 

Malaysia, Sumatra and Borneo between 2007 and 2015 were due to oil palm expansion 78 

(Miettinen et al., 2016). The establishment of oil palm in peatlands requires draining and 79 

clearing of vegetation, severely altering the peatlands’ physical and environmental conditions 80 

(Luskin and Potts, 2011). Degradation of these peatlands not only emits large quantities of 81 

CO2, but also maintains high methane emissions through drainage ditches (Schrier-Uijl et al., 82 

2011). Increased use of fertilizers in oil palm plantations are known to increase both nitrous 83 

oxide (N2O) and CO2 emissions (Mohd Kusin et al., 2015; Comeau et al., 2016). Thus, the 84 

expansion of oil palm plantations into peatlands contributes to climate change, with increased 85 

emissions of three potent greenhouse gases. 86 

Though industrial plantations are the leading land-use type for oil palm cultivation (Azhar et 87 

al., 2011), about 3.5 M ha (22.4%) of peatlands in peninsular Malaysia, Sumatra and Borneo 88 

are small-holder plantations, and make up half of the managed peatlands in Peninsular 89 

Malaysia (Miettinen et al., 2016). Unlike industrial plantations, smallholder farmers follow a 90 

diverse range of management practices and cropping systems such as intercropping, 91 

depending on personal convenience and their local needs (Global Environment Centre, 92 

personal communication). The smallholders' plantations are less productive and lack modern 93 

infrastructure (Azhar et al., 2011), but have greater landscape heterogeneity (Azhar et al., 94 

2015). Microbial communities are an important biological factor for the formation and 95 

maintenance of peatlands and peat functions, by directly controlling C turnover and nutrient 96 
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mineralization supporting high primary production (Andersen et al., 2013). Most of the C 97 

utilised by bacterial groups in tropical peatlands is obtained via dissolved organic C leaching 98 

from the surface leaf-litter layers (Yule, 2010). Several studies have shown that oil palm 99 

plantations lack leaf litter and a humus layer (Bruhl and Eltz, 2010; Fayle et al., 2010; 100 

Cusack, 2011; Faruk et al., 2013), and lack the leaf-litter heterogeneity that forests provide 101 

through high plant biodiversity. This could have detrimental effects on peat microbial 102 

communities, impacting nutrient cycling and biodiversity dependent on the microbial C food 103 

chain. The multiple cropping systems could influence the microbial communities in broadly 104 

two ways: (1) Above- and below-ground linkages through rhizosphere microbial 105 

communities, root exudates and through quality and quantity of vegetative C sources added to 106 

the soil (Aneja et al., 2006; Jin et al., 2010); (2) changes in microhabitat and microclimatic 107 

conditions due to the heterogeneity of aboveground plant structure (Zhang et al., 2010). 108 

Given the importance of microbial communities in tropical peatlands and the anthropogenic 109 

pressure they are exposed to, there is an increasing need to understand how land-use change 110 

in tropical peatlands affects these microbial communities and their consequent effects on 111 

biogeochemical cycles. The impact of different oil palm cropping systems in peatlands 112 

remain poorly understood.  113 

Most of the published studies on GHG emissions have been limited to peat forest and 114 

industrial oil palm monoculture, ignoring the different kinds of management and cropping 115 

systems increasingly used by oil palm smallholders throughout SEA. Microbial community 116 

composition in tropical peatlands are generally poorly understood, while their responses to 117 

land use change, seasonal variations and their relationship with GHG emissions are virtually 118 

unknown (Yule, 2010). The aim of this study was therefore to determine the changes and 119 

seasonal variations in peat properties and the responses of peat microbial community 120 
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structure and functions, specifically GHG emissions and C storage in different oil palm 121 

cropping systems.  122 

We hypothesised that peat properties are altered in oil palm plantations relative to forest, and 123 

predict that peat properties such as organic matter content, moisture content, bulk density, pH 124 

and temperature are progressively affected more from 1st to 2nd generation cropping systems, 125 

while the intercropping systems (with their more complex microhabitats and litter inputs) are 126 

anticipated to ameliorate such damage to peat properties. We postulated the impact on peat 127 

properties in turn influences soil microbial communities and GHG emissions, which are 128 

additionally impacted by the difference in above ground vegetation in different cropping 129 

systems. We hypothesised seasonal changes in rainfall also impact soil microbial 130 

communities, subsequently effecting changes in GHG emissions, given the short response 131 

time of microbial communities to environmental changes (Andersen et al., 2013). 132 

2. Material and Methods 133 

2.1 Study sites 134 

The study sites are located in a single big peat dome in North Selangor, Malayasia. They are 135 

the largest peatlands in the state of Selangor with an area of 81,304 ha with the main peat soil 136 

areas comprising 2 protected forest reserves namely Raja Musa forest reserve, Sungai Karang 137 

forest reserve (Selangor State Forestry Department, 2014). The peat depth at the sites ranged 138 

from 1.3 to 6 m. The mean annual rainfall in NSPSF varies from 1359 mm to 2480 mm, 139 

peaking in October-November and driest in May-September (Global Environmental Centre, 140 

2014). In the sampling periods during 2016-2017, it rained several times a week during wet 141 

season measurements, with rainfall in the region amounting for 442.9 mm, 270.8 mm and 142 

482.5 mm for November 2016, December 2016 and January 2017 respectively (World 143 

Weathers Online, 2018), while it had rained only twice during the whole sampling period for 144 
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the dry season, with rainfall in the region accounting for 127.4 mm in July 2017 (World 145 

Weathers Online, 2018) 146 

The forest site (3°41'39.5"N 101°11'05.4"E) is located in the northern edge of Sungai Karang 147 

forest reserve that received protection status in 1990 (Tonks, 2017). The site has not been 148 

logged for at least last 40 years, but still contains old channels for timber extraction, many of 149 

which are blocked today. The forest vegetation is composed of Macaranga pruinosa (Miq.) 150 

Müll.Arg, Campnosperma coriaceum (Jack) Hallier f., Blumeodendron tokbrai (Blume) 151 

Kurz, Shorea platycarpa F.Heim, Parartocarpus venenosus Becc., Ixora grandiflora Ker 152 

Gawl, Pternandra galeata Ridl., Stenoclaena palustris (Burm. f.) Bedd., Asplenium 153 

longissimum Baker, Nephrolepsis biserrata (Sw.) Schott, Crytostachys sp., Cyperus rotundus 154 

L., and Pandanus atrocarpus Griff. (Yule and Gomez, 2009). The forest floor surface was 155 

covered with leaf litter. There was no observable change in the physical environment above 156 

ground such as vegetation, water level and leaf litter, at this site between wet season and dry 157 

season sampling periods. All the other study sites are small-scale agricultural plantations in 158 

Kampung Raja Musa village, located at the southern edge of Raja Musa forest reserve. Site 159 

description and locations are given in Table 1, in the order of age of conversion from forest, 160 

starting from 1st generation oil palm mono-cropping. Site pictures are given in Supplementary 161 

information 1. All the smallholding agricultural plantations in the village are of similar size at 162 

about 2 ha, that includes all the non-forest sites in this study. The sampling area in the forest 163 

were larger than 2 ha, covering 6 different locations around the area shown in Fig.1.  164 

2.2 Sampling strategy 165 

Sampling was carried out during both the wet and dry season. The wet season sampling was 166 

carried out during November 2016 to January 2017 and the dry season sampling was carried 167 

out during July 2017. Each site was visited three times during each season. At each time, 168 

samples were collected from 25 random points distributed over the site. Complete random 169 
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sampling as described in Dhandapani et al. (2019) was used over other sampling methods to 170 

quantify the impact of ecosystem or land-use type as a whole, opposed to identify any 171 

particular effects. At each sampling point, greenhouse gas measurements were taken and the 172 

surface peat (0-5 cm) samples were collected for laboratory analyses. This resulted in 150 173 

independent sampling points per site, with 75 samples from each season. Of these, five 174 

random samples were taken from each visit for phospholipid fatty acid (PLFA) analysis and a 175 

different set of 10 random samples from each visit were used for CN analysis.  176 

2.3 Peat analysis 177 

All the procedures used for laboratory peat analysis were described Dhandapani et al. (2019). 178 

Peat temperature and moisture were measured in situ, using a digital thermometer from 179 

Fischer Scientific (Loughborough, UK) and a digital volumetric moisture meter, theta probe® 180 

(Delta-T Devices, Cambridge, UK) respectively. For some sampling times peat samples were 181 

collected for measuring gravimetric moisture due to failure of theta probe. For this fresh peat 182 

was dried in an oven at 105oC for 48 hours. The gravimetric moisture was calculated as 183 

follows. Bulk density samples were collected by inserting a tube of known volume (20 ml) 184 

into the peat surface. The collected peat was then dried in an oven at 105oC for 48 hours and 185 

the dry weight was recorded. The calculated gravimetric moisture was then converted to 186 

volumetric moisture using bulk density data. 187 

For pH measurements, about 5 ml volume of peat sample was diluted in 10 ml deionised 188 

water in a centrifuge tube and shaken in a rotary shaker for 30 minutes. The pH of the 189 

supernatant was then measured using a pH meter (Mettler Toledo Leicester, UK). 190 

Oven dried peat samples (105oC for 48 h) were used to calculate the organic matter content. 191 

Dried peat samples were placed in silica crucibles and then transferred to a muffle furnace 192 

and maintained at 550oC for 4 h. The organic matter content was then determined by 193 
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calculating the loss on ignition as follows, organic matter content (%) = [(weight of oven 194 

dried soil – weight of ash) / weight of oven dried soil] ×100. 195 

For analysing total C and N content, all samples were oven dried (105oC for 48 h) and finely 196 

ground using a ball mill. Approximately 10 mg of sample was weighed into a Al foil cup and 197 

the exact weight was recorded. The samples were then transferred to an auto sampler on 198 

Flash 2000 CHNS-O elemental analyser supplied by Thermo Scientific (Loughborough, UK) 199 

to measure total C and N. The analyser was set at 55oC oven temperature, with helium as the 200 

carrier gas at the flow rate of 140 ml min-1. L-aspartic acid supplied by Sigma Aldrich (St 201 

Louis, USA) was used as quality control and peaty soil standard supplied by Elemental 202 

Microanalysis (Okeham, UK) was used as a standard.  203 

2.4 Phospholipid fatty acid analysis 204 

Microbial community phenotypic structure was determined by phospholipid fatty acid 205 

(PLFA) analysis. PLFAs were extracted from replicate 1 g freeze-dried tropical peat samples 206 

using a modification of the method described by (Frostegard et al., 1991). The lipids from 207 

peat were extracted using Bligh & Dyer extraction (Bligh & Dyer, 1959). The extracted lipids 208 

were then separated into neutral lipids, glycol lipids and polar lipids (containing 209 

phospholipids) fractions using Megabond Elut® silica gel column. The extracted polar lipids 210 

were then methylated by mild alkaline methanolysis and converted into fatty acid methyl 211 

esters, which were then analysed using gas chromatography. 212 

The dried fatty acid methyl esters were suspended in 200 µl of hexane, ready for GC 213 

injection. One μl of each sample was injected into the GC in split-less mode. The column 214 

used in the GC for phospholipid analysis was ‘ZB-FFAP’ column, supplied by 215 

Phenomenex®. The column was 30 m length x 0.25 mm inner diameter x 0.25 µm film 216 

thickness. The carrier gas was helium with the constant pressure of 18 psi. The initial oven 217 
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temperature in GC was 120°C; this was maintained for 1 min and then programmed to 250°C 218 

at the rate of 5°C min-1. The constant temperature of 250oC was maintained throughout the 219 

run. The results were displayed as a chromatogram of retention times of the compounds and 220 

the mass spectroscopy provides the ion profile of each compounds. 221 

The fatty acids i15:0, a15:0, i16:0, i17:0, a17:0 were considered as Gram-positive biomarkers 222 

(Wilkinson et al., 2002). The fatty acids 10me16:0 and 10me18:0 were described as the 223 

biomarkers for actinomycetes (Wilkinson et al., 2002, Moore-Kucera & Dick, 2008), a group 224 

that belongs to Gram-positive bacteria. The relative abundance of Gram-negative bacteria 225 

were calculated using 16:1n9, 16:1n7, cyc17:0, 18:1n7 and cyc19:0 as biomarkers (Wilkinson 226 

et al., 2002, Kaiser et al., 2010). 18:2n6 and 18:1n9 were used as fungal biomarkers (Vestal 227 

& White, 1989, Wilkinson et al., 2002, Kaiser et al., 2010). 14:0, 16:0, 18:0, a17:1 and 20:0 228 

were non-specific fatty acids (Wilkinson et al., 2002). The fatty acids with similar mass 229 

spectrum 18:1n9 and 18:1n7 were differentiated with the help of neutral lipid fatty acid 230 

analysis, by the findings that fungal biomarker 18:1n9 should have much higher NLFA/PLFA 231 

ratio that the Gram-negative biomarker 18:1n7 (Baath, 2003). 232 

2.5 Greenhouse gas measurement 233 

CO2 and CH4 emissions from soil surface were measured using a Los Gatos® (San Jose, 234 

USA) ultraportable greenhouse gas analyser. The gas analyser works on the principle of laser 235 

absorption spectroscopy. The instrument gives the readings of CH4, CO2 and moisture in ppm 236 

and gas temperature. The measurements were made using closed chamber method using a 237 

chamber with a height of 15 cm and the inner diameter of 13.5 cm. The chamber had an inlet 238 

and an outlet port that were connected to the gas analyser, using a quarter inch outer diameter 239 

polytetrafluoroethylene (PTFE) tube. During each measurement the chamber was carefully 240 

inserted into an un-vegetated area of peat to approximately 1cm depth to provide a gas seal. 241 

Gas measurements were taken at 20 second intervals for 5 minutes, resulting in at least 12 242 



11 

 

recorded measurement points for each plot. The first minute of each measurement was 243 

ignored allowing the gas flux to settle down after initial disturbance of placing the chambers. 244 

The gas measurements in ppm were converted to mg CO2 m
-2 hr-1 and µg CH4 m

-2 hr-1 for CO2 245 

and CH4 respectively, as described in (Samuel and Evers, 2016), using the ideal gas law. 246 

PV=nRT. Where: P = atmospheric pressure; V = volume of headspace; n = number of moles 247 

(mol); R = universal Gas Constant law (8.314 J K-1mol-1) and T = temperature in kelvin (K), 248 

with conversion factor, 1 mol of CO2 = 44.01g and 1 mol CH4 = 16.02g. The change in gas 249 

concentration within the chamber (volume in cm3) for every 20 second (converted to hour) 250 

measuring points, for soil surface area (m2) covered, were fitted into a linear regression. The 251 

slope from the linear regression represents the gas flux in mg m-2 hr-1. 252 

2.6 Statistical analyses 253 

All the statistical analyses were carried out using Genstat® 17th edition (VSN international, 254 

2017). The significance of differences between sites for greenhouse gas emissions and other 255 

environmental parameters were evaluated using linear mixed models with restricted 256 

maximum likelihood (REML) incorporating seasons and sites as fixed effects and individual 257 

visits as random effects. For the data sets that were not normally distributed, the data were 258 

log transformed. If the log transformed data were still not normally distributed, the data were 259 

power transformed, using Box Cox transformation. 260 

Principal component analysis (PCA) was performed on PLFA data using Mol% normalised 261 

spectra and the correlation matrix. Resultant PCs were analysed by one way analysis of 262 

variance (ANOVA), to get standard error of differences and means for PCA plots. Relative 263 

abundance of individual microbial groups, and ratios between groups, were calculated and 264 

were subjected to statistical analysis using restricted maximum likelihood (REML) models, to 265 

identify the interactions of individual microbial groups with site, season and combination of 266 
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site and season. Similar REML were also performed for PCs. REML was carried out using 267 

‘site’ and ‘season’ were used as fixed model 268 

Backward stepwise multiple regression was performed with relative abundance of each 269 

individual microbial groups and ratios as response and other environmental parameters as 270 

fixed. Similar backward stepwise multiple regression was also performed with CO2 as 271 

response variates. To meet the normality assumptions means of each visit were used to find 272 

correlations between CH4 and other environmental parameters. Linear regression was also 273 

performed to predict CO2 emissions at each individual site from the measured volumetric 274 

moisture. Backward stepwise multiple regression was also carried out to determine the 275 

relationship for CO2 and CH4 emissions with relative abundance of different microbial 276 

groups. 277 

3. Results  278 

3.1 Peat properties 279 

The surface organic matter content in first generation oil palm plantation was significantly 280 

reduced by ~10% from the forest (Table 2, Fig. 2a), but was almost halved to 50% of forest 281 

levels in the 2nd generation oil palm mono-cropping. However, in 2nd generation systems, the 282 

cleared and pineapple intercropping sites maintained similar level of organic matter content 283 

as forest, while Yam intercropping site had similar level of organic content as 1st generation 284 

mono-cropping oil palm. No seasonal changes in organic matter content were observed in any 285 

of the sites (Table 2).  286 

The first generation mono-cropping had the lowest moisture level of all sites at ca. 31%. All 287 

the 2nd generation systems maintained moisture levels that were significantly higher than 1st 288 

generation but lower than forest, except for pineapple intercropping site that had moisture 289 

level higher than the forest during wet season. Volumetric moisture significantly varied 290 



13 

 

between seasons and these seasonal changes were observed only in the 2nd generation 291 

agricultural systems. The changes in moisture content between seasons were higher with 292 

increasing age from conversion.  293 

pH exhibited different trends between the two seasons resulting in significant interaction 294 

between site and season (Table 2, Fig.2c). During the wet season, forest and the 1st generation 295 

oil palm had similar pH, while pH were higher in all the 2nd generation cropping systems. 296 

During the dry season, pH at the 2nd generation mono-cropping was still the highest, 297 

however the cleared and pineapple intercropping sites had pH lower than that of the forest 298 

and 1st generation oil palm mono-cropping (Fig. 2c).  299 

Peat surface temperatures were significantly higher at all agricultural sites compared to 300 

forest, (Fig. 2d, Table 2). Among the second generation sites, the cleared and yam 301 

intercropping sites maintained similar temperature level as 1st generation oil palm, while the 302 

pineapple intercropping and 2nd generation oil palm had lower surface temperatures in 303 

comparison, yet significantly higher than forest. During the dry season from the wet season, 304 

the temperature increased significantly at some agricultural sites but decreased in the forest 305 

and pineapple intercropping sites. Bulk density was significantly greater in all agricultural 306 

plantations than at forest, with highest bulk density observed in 2nd generation mono-307 

cropping (F(5,118)=45.1, p<0.001; Fig. 2e).  308 

There was significant difference between sites in terms of C content (F(5,54)=39.0, p<0.001), 309 

N content (F(5,54)=25.47, p<0.001) and C:N ratio (F(5,54)=8.41, p<0.001).. The forest and first 310 

generation oil palm site had similar level of C content at ca. 50% (Table 3).  The C content 311 

was highest at >60% in cleared and pineapple intercropping sites, while it was lowest at the 312 

2nd generation oil palm at ca. 25%. The nitrogen content was highest in forest at 2.5%, which 313 

was reduced to ca. 2% at the first generation oil palm. In second generation agricultural 314 
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systems, cleared and pineapple intercropping systems had higher nitrogen content than the 1st 315 

generation oil palm, but the 2nd generation oil palm had lowest nitrogen content at 0.8%. . 316 

C:N was lowest at the forest, which was increased in 1st generation oil palm plantations, and 317 

the ratio was further increased in all the 2nd generation cropping systems with the 2nd 318 

generation oil palm containing the highest C:N ratio at 32. 319 

3.2 Peat microbial communities 320 

3.2.1 Variations between sites across the seasons 321 

PC1 and 2 collectively accounted for 39% of the variation (Fig. 3). There were no 322 

interactions between site and season for either PC1 and 2 (Table 4). Hence main effects of the 323 

treatments were considered directly. Both PC1 and 2 showed significant discrimination 324 

between sites, while only PC1 showed significant discrimination between seasons. PC1 325 

separated the two seasons, and also separated the forest site from the agricultural sites within 326 

each season. PC2 separated yam intercropping site in both seasons, 2nd generation oil palm 327 

mono-cropping and pineapple intercropping in wet season from the rest of the sites. The 328 

loading for individual PLFAs associated with each of the PCs were generally dispersed, with 329 

no particular dominance of any single PLFA (Fig. 3b). A notable characteristic of the 330 

loadings bi-plot was the association of saturated fatty acids with discrimination of wet season 331 

sites from the dry season sites (Fig. 3b). 332 

Overall, the microbial community structure was different in agricultural plantations from the 333 

forest. Two of the 2nd generation systems; cleared and pineapple intercropping, had similar 334 

microbial structures as the 1st generation oil palm, while the other two 2nd generation systems; 335 

yam intercropping and 2nd generation oil palm, had different microbial community structures 336 

both between each other, and also from the 1st generation oil palm 337 
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3.2.2 Microbial phenotypic structure 338 

All of the studied sites were dominated by bacteria, which constituted more than 50% of the 339 

microbial relative abundance. Including actinomycetes (sub group that belongs to Gram-340 

positive bacteria) to general Gram-positive bacterial relative abundance, Gram-positive 341 

bacteria were the most abundant microbial group at all sites and seasons. The fungal relative 342 

abundance was ca. 7 times lower than the bacterial relative abundance for most sites (Fig. 343 

4a,c). 344 

All the studied microbial groups except Gram-negatives, varied significantly between sites 345 

(Table 5). Actinomycetes showed increased relative abundance in 1st generation oil palm 346 

compared to forest. In the 2nd generation plantations, the actinomycetes relative abundance 347 

were lowest in both intercropping sites, (Fig. 4a). Gram-positive relative abundance which 348 

was highest at the forest, was reduced in the first generation oil palm. The 2nd generation sites 349 

(i.e. cleared and pineapple intercropping) had similar Gram-positive relative abundance as the 350 

first generation oil palm, while the other two second generation plantations had lower Gram-351 

positive relative abundance, with yam intercropping having the lowest Gram-positive relative 352 

abundance of all sites. The fungal relative abundance were at similar levels (<10%) at all sites 353 

except the 2nd generation oil palm, and yam intercropping sites where fungi had higher 354 

relative abundance, with yam intercropping sites containing the highest fungal relative 355 

abundance of all sites. 356 

At all sites, the relative abundance of all the individual microbial groups were higher in the 357 

dry season than in the wet season, except non-specific fatty acid group. The interaction 358 

between site and season were statistically significant only for Gram-positive microbial group 359 

(Table 5), as the Gram-positive relative abundance increased for the forest , 1st generation oil 360 

palm, and pineapple intercropping in the dry season from the wet season, stayed at the same 361 

level for cleared and 2nd generation oil palm and decreased for yam intercropping. 362 
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The site and seasonal variations in the ratio between fungi and bacteria (F:B) was driven by 363 

the yam intercropping sites, while all the other sites had similar F:B ratio with no seasonal 364 

variations (Fig. 4b). The F:B ratio was highest at the yam intercropping site and the ratio was 365 

higher in the dry season than in the wet season within that site. 366 

The ratio between Gram-positive and Gram-negative (G+:G-) bacterial groups varied 367 

significantly between sites, driven by the two intercropping sites that had lower ratios than 368 

other sites (Fig. 4c), while variation between seasons and the interaction between site and 369 

season were insignificant (Table 5).   370 

3.2.3 Microbial communities and environmental controls 371 

Both bacterial and fungal relatively abundance were significantly related to changes in 372 

temperature, with Gram-positive and Gram-negative groups showing negative correlation 373 

while fungal relative abundance was positively correlated with temperature (Fig. 5a,b . Gram 374 

negative microbial group were also positively correlated to pH and organic matter content. 375 

Actinomycetes exhibited negative correlation with moisture (Fig. 5c). Gram-negative relative 376 

abundance also responded, positively to pH and organic matter content (F(3,55)= 5.48, 377 

p=0.002, R2=0.188).  378 

Among the ratios, F: B responded positively to temperature [Regression data: F:B=-379 

0.29+0.015(temperature); (F(1,58)=6.52, p=0.013, R2= 0.086)] While, G+:G- responded 380 

negatively to moisture and pH (F(2,56)=3.99, p=0.024, R2=0.093)]. 381 

3.4 Greenhouse gas emissions 382 

3.5.1 Variations between sites across the seasons 383 

The CO2 emissions were highest at the forest site at both seasons (949 and 971 mg m2 hr-1). 384 

The variations between seasons, within the sites, increased with increasing age of conversion 385 

from forest (Fig. 6a, Table 2). During the wet season, 1st generation oil palm site had the 386 
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lowest emissions at 603 mg m2 hr-1. The cleared site and second generation intercropping 387 

sites maintained similar level of CO2 emissions as 1st generation oil palm, while the 2nd 388 

generation oil palm mono-cropping had higher emissions closer to the emissions in forest. 389 

However, during the dry season the CO2 emissions from the second generation oil palm 390 

mono-cropping reduced to less than half of the wet season CO2 emissions and had the lowest 391 

value of all sites in the dry season. Reduction in CO2 emissions during dry season was also 392 

observed in other 2nd generation agriculture sites, while forest and 1st generation oil palm 393 

maintained their respective CO2 emissions in dry season. For dry season, the CO2 emissions 394 

were significantly lower in the 2nd generation cropping systems. 395 

CH4 emissions were under 1 mg m-2 hr-1 in all sites during both seasons (Fig. 6b), 396 

nevertheless CH4 emissions varied significantly between sites, between seasons, with 397 

significant interaction between site and season (Table 2). The forest site absorbed CH4 during 398 

both seasons, while the first generation oil palm mono-cropping emitted similar low amount 399 

of CH4. Among the 2nd generation agricultural systems, cleared and 2nd generation oil palm 400 

maintained similar lower level of CH4 emissions as the 1st generation oil palm mono-401 

cropping, while both yam and pineapple intercropping sites emitted higher amount of CH4. 402 

Wet season CH4 emissions were higher than dry season CH4 emissions for all sites. The wet 403 

season emission for pineapple intercropping site at 497 µg m-2 hr-1 was considerably higher 404 

than the rest of the sites, which were all under 50 µg m-2 hr-1. However, during the dry 405 

season, the CH4 emissions were drastically reduced at pineapple intercropping, with emission 406 

values lower than the yam intercropping site at 11.4 µg m-2 hr-1. The second generation oil 407 

palm mono-cropping had the least variations between seasons for CH4 emissions.  408 

No statistically significant relationship was identified between the changes in microbial 409 

community structure and GHG emissions. 410 
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3.4.1 GHG emissions and environmental controls 411 

Overall, CO2 emissions responded negatively to moisture and temperature, and responded 412 

positively to pH and organic matter content (F(4,799)= 11.45, p<0.001, R2 =0.049). Linear 413 

regression between CO2 emissions and moisture for each individual site showed that moisture 414 

was a significant predictor of logCO2 in all sites except yam intercropping site (Fig. 7). While 415 

for most sites, logCO2 was negatively correlated with moisture, 2nd generation oil palm 416 

plantations exhibited positive correlation between moisture and logCO2.  417 

CH4 emissions responded positively to moisture and temperature (F(2,32)=12.39, p<0.001, 418 

R2=0.401).Plotting of CH4 against moisture showed exponential curve, with wet season 419 

measurements in pineapple intercropping showing exponentially increased CH4 emissions 420 

with increased moisture (Fig. 8a). If the wet season pineapple site was removed from the 421 

model, moisture was no more a significant predictor of CH4, however CH4 showed a positive 422 

linear relationship to temperature (Fig. 8b). 423 

4. Discussion 424 

Agriculture in peatlands clearly had a significant impact on peat physico-chemical 425 

characteristics and organic content, and the impacts were greatest in progressive generations 426 

of oil palm mono-cropping with greatest loss of surface organic matter and C content. The 427 

intercropping sites maintained similar surface organic matter content as the forest site and 428 

total surface C content was higher in some 2nd generation agricultural sites, possibly due to 429 

the use of fire to clear the previous generation plantations (Turetsky et al., 2015). Higher 430 

organic matter content and low bulk density are the most important and defining properties 431 

for peat classification (FAO, 2018) and it should be noted that those properties were most 432 

affected by prolonged oil palm mono-cropping, indicating potential declassification of these 433 

ecosystems due to oil palm mono-cropping. However, intercropping systems appear to 434 
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ameliorate this damage by having more diverse litter input and greater vegetation cover 435 

throughout the agricultural land. This is in line with observations from other tropical soil 436 

systems where intercropping maintained improved soil physico-chemical characteristics 437 

compared to mono-culture (Zhigang et al., 2015; Chen et al., 2019). 438 

These two crucial changes in peat properties directly and indirectly influenced other 439 

ecosystem properties and functions. One example of functional change was from the 2nd 440 

generation mono-cropping site that had severe changes in moisture content between seasons, 441 

and exhibited moisture limitation to CO2 emissions (Fig. 7), which is common in dry mineral 442 

soil ecosystems (Chen et al., 2002; Werner et al., 2006) and unusual for tropical peatlands of 443 

any land-use (Jauhiainen et al., 2005; Couwenberg et al., 2010; Hergoualc’h et al., 2017; 444 

Sangok et al., 2017; Wakhid et al., 2017). The surface peat were coarser in older generation 445 

plantations with greater bulk density, which may not retain as much water as light, fibrous 446 

and organic peat in forest during the times of low rainfall (Campos et al., 2011). Increase in 447 

bulk density up to an intermediate level is expected to linearly increase the water retention 448 

capacity of soil, but further compression would result in linear reduction in moisture content 449 

(Archer and Smith, 1973). It is plausible that peat soil in the 2nd generation mono-cropping 450 

had reached the compression threshold and did not retain moisture in dry season that had very 451 

low rainfall. However the 2nd generation intercropping systems maintained relatively higher 452 

moisture in dry season, owing to lower bulk density and management practices that reduce 453 

the severity of drainage in agricultural systems such as less number of drainage ditches in the 454 

field. In addition, the intercropping systems are known to enhance soil water distribution and 455 

be more efficient in water usage (Wu et al., 2016; Chen et al., 2018), which might have also 456 

contributed to higher moisture level in intercropping relative to the mono-cropping systems. 457 

This confirms our first set of hypotheses that peat properties are altered in oil palm 458 

plantations compared to forest, and predict that peat properties such as organic matter 459 
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content, moisture content, bulk density, pH and temperature are progressively affected more 460 

from 1st to 2nd generation cropping systems, while intercropping ameliorated such damage 461 

to peat properties. 462 

In spite of lower surface C content in forest than in some agricultural sites, C:N ratio was 463 

lowest in the forest. Increased N inputs possibly via biological N fixation in the forest may be 464 

associated with observed increased methane absorption at the site, as the two processes are 465 

biologically related in peatlands (Larmola et al., 2014; Vile et al., 2014). The higher N 466 

content in forest may be further aided by N addition through leaf litter in the forest site (Ong 467 

et al., 2017). This C:N ratio also influenced the changes in microbial community structure. 468 

The difference in microbial phenotypic structure between forest and the agricultural 469 

plantations was characterised by decrease in Gram-positive relative abundance at all 470 

agricultural plantations, and increase in fungal relative abundance in some 2nd generation 471 

cropping systems. The increased Gram-positive relative abundance may be due to higher 472 

nitrogen content in the forest site (Balser, 2001; Liu et al., 2015). Similarly lower N content 473 

also affected higher fungal relative abundance in yam and 2nd gen oil palm, as N limitation 474 

affects bacterial communities (Zhang et al., 2016). The difference in C:N ratio also explains 475 

the distinction in microbial community structure shown by PCA (Fig. 2a), between the cluster 476 

containing 1st generation oil palm, cleared and pineapple intercropping (C:N =25-30, Table 477 

3), and the other two 2nd generation agricultural sites such as yam intercropping and 2nd 478 

generation oil palm (C:N>30, Table 2). 479 

The other peat characteristics such as pH and temperature also influenced the ecosystem 480 

functions, though intercropping had relatively lower amelioration effect on these peat 481 

properties. For example, the agricultural plantations had higher surface peat temperature due 482 

to open canopy in younger plantations and less complex canopy in mature oil palm 483 

plantations (Sheldon et al., 2010). This increased temperature favoured fungal communities, 484 
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while reducing both the Gram-negative and Gram-positive bacterial PLFAs (Fig. 4). Higher 485 

temperature were also observed to favour fungi over bacteria in boreal peatlands (Thormann 486 

et al., 2004). The combination of higher temperature, lower N content and relatively drier 487 

environment might be the cause behind higher F:B ratio in yam intercropping site than other 488 

sites, as bacteria are more dependent on N content and are less favourable to drier conditions 489 

(Bossuyt et al., 2001; Fierer et al., 2009; Zhang et al., 2016). Higher pH generally tends to 490 

favour bacteria over fungi (Zhang et al., 2016), though the pH was slightly higher in yam 491 

intercropping site than at other sites, it was still very acidic (ca. 3.5) and did not have major 492 

impact on the F:B ratio. The conversion of forest to oil palm plantations were known to 493 

increase pH in both peat and mineral soils (Tripathi et al., 2012; Tonks et al., 2017; Wood et 494 

al., 2017), however the response of the soil microbial communities to this change in pH were 495 

different between these systems, as Gram-negative relative abundance increased with forest 496 

conversion and increasing pH in tropical peatlands (Fig. 5), while in tropical mineral soil 497 

system, Gram-negative relative abundance decreased with disturbance (Bossio et al., 2005; 498 

Krashevska et al., 2015). This validates part of our second hypothesis that the changes in peat 499 

properties correlates with changes in microbial community structure. 500 

The changes in microbial community structure with land-use change has been observed 501 

before in different tropical and temperate systems (Bossio et al., 2005; Krashevska et al., 502 

2015; Szoboszlay et al., 2017), however a more intriguing novel finding in this study is that 503 

the effect of seasonality on tropical peat microbial community structure was greater than the 504 

effect of land-use change. This seasonal change was presumably driven by flooding and the 505 

response of microbial PLFAs with higher abundance of straight chain saturated fatty acids 506 

(Bossio and Scow, 1998), which are of non-specific origin (Wilkinson et al., 2002). Mono 507 

unsaturated (18:1n7, 18:1n9 & 16:1n9) fatty acids that are associated with aerobic conditions 508 

(Li et al., 2006) were abundant in dry season, adding further evidence to the contribution of 509 
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flooding to the seasonal variations in microbial community structure. Thus, validating part of 510 

our third hypothesis that the microbial community structure were affected by seasonal 511 

changes. 512 

CH4 emissions were very low and were under 1 mg m-2 hr-1 at all the studied sites, which is in 513 

the range observed in previous studies showing similar low level emissions in SEA peatlands 514 

(Inubushi et al., 2003; Melling et al., 2005; Couwenberg et al., 2010). The forest site in 515 

Malaysian peatlands absorbed CH4, contradicting the results observed in neotropical 516 

peatlands, where high productivity systems emitted higher amount of CH4 (Winton et al., 517 

2017). However, previous studies have shown that CH4 emissions in neotropics were 518 

generally higher than that of SEA peatlands (Couwenberg et al., 2010; Sjögersten et al., 519 

2014; Girkin et al., 2018). This might be due to the differences between the neotropical and 520 

SEA peatlands in microbial communities and above ground vegetation, that have influence 521 

on GHG emissions through root exudation and substrate composition (Troxler et al., 2012; 522 

Girkin et al., 2018), also the secondary forests in the site was historically drained for logging. 523 

Higher CH4 emissions in pineapple intercropping site during the wet season directly 524 

coincides with the standing water at this site. The increase in CH4 emissions with increasing 525 

temperature in tropical peatlands was consistent with previous observations (Melling et al., 526 

2005; Aben et al., 2017). This is reflected by higher CH4 emissions in pineapple 527 

intercropping site with higher temperature and wetter conditions. The changes in moisture in 528 

other sites, where the water table were below surface, did not significantly alter or influence 529 

CH4 emissions. Methanogenic archaea were found to be abundant at 30-40 cm below water 530 

level (Galand et al., 2002; Lin et al., 2014), leading to a plausible explanation that the water 531 

table above surface, made the methanogenic communities become active and abundant closer 532 

to the surface and rhizosphere in pineapple intercropping site during the wet season. 533 

Conversely, higher methane oxidation in the forest site is in complement with Jackson et al. 534 
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(2009)’s finding that the methanogenic bacterial communities were completely absent at the 535 

top 50 cm of surface peat in North Selangor peat swamp forest. However the same study 536 

found phyla containing methanotrophs such as Proteobacteria and Verrucomicrobia in North 537 

Selangor peatlands, plausibly contributing to the methane oxidation in the forest site. 538 

The results show that total CO2 emissions were lower in the agricultural plantations 539 

irrespective of the generation of the plantations. However total CO2 comprises both 540 

autotrophic root respiration and heterotrophic microbial respiration (Hergoualc'h and 541 

Verchot, 2011). The root respiration does not contribute to the C loss as it is part of the 542 

plants’ photosynthetic cycle, while heterotrophic respiration decomposes peat that is stored 543 

over ages (Dariah et al., 2014). The autotrophic contribution from a dense secondary peat 544 

forest was observed to be >50% of the total CO2 emissions (Murdiyarso et al., 2017), but the 545 

autotrophic component was almost non-existent at a cleared site and about half of the 546 

sampling points in other agricultural sites were away from vegetation. Therefore, it is highly 547 

likely that heterotrophic contribution from the forest is about 50% of the total emission while 548 

for 1st generation oil palm it is >70% and for all the 2nd generation plantations it is >80% of 549 

their respective total emissions, owing to the age of the oil palm in each plantations (Dariah 550 

et al., 2014; Comeau et al., 2016; Hergoualc’h et al., 2017; Matysek et al., 2017; Murdiyarso 551 

et al., 2017). Considering this, C loss through CO2 emissions were in the similar range (ca. 552 

400-500 mg CO2 m
-2 hr-1) for all the studied sites. However C addition to peatlands through 553 

aboveground vegetation is much higher in natural forest than in the agricultural landscapes 554 

like oil palm plantations (Guillaume et al., 2016), which results in net C accumulation in 555 

forested peatlands (Page et al., 2006). Additionally, it had been found that leaf litter from 556 

some natural peatland tree species are more resistant to microbial decomposition, resulting in 557 

organic matter accumulation and peat formation (Yule and Gomez, 2009). Whereas, 558 

homogenous litter in agricultural land uses are easily degradable (Kerdraon et al., 2017) and 559 
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presumably lack the chemical and physical properties required for the formation of peat, and 560 

with low water levels, the already stored C is gradually decomposed and lost. The above 561 

postulation is supported by our observations and various other observations in oil palm 562 

mono-cropping, indicating the complete lack of humus or leaf litter layer (Bruhl and Eltz, 563 

2010; Fayle et al., 2010). This is also evident in our results showing that organic matter 564 

content through loss on ignition and total C, were reduced to half that of the other studied 565 

sites in 2nd generation mono-cropping. 566 

5 Conclusions 567 

Tropical peat characteristics are significantly altered by oil palm agriculture relative to 568 

forested forms. Such changes in peat characteristics were also significantly correlated with 569 

peat microbial community structure and GHG emissions. Defining peat properties such as 570 

organic matter content and bulk density were most affected by prolonged mono-cropping. 571 

Though intercropping systems had distinctively higher CH4 emissions, they were very low 572 

and relatively insignificant in comparison to CO2 emissions. Higher CO2 emissions in forest 573 

is plausibly due to a higher proportion of root respiration to the total respiration in forest than 574 

in other scarcely-planted agricultural plantations, and thus does not imply higher carbon loss 575 

via gas emissions in forested peatlands. Overall the damage to peat properties and loss of C 576 

was greatest in the 2nd generation of mono-cropping, which also exhibited unusual moisture 577 

limitation to decomposition in peatlands, while the intercropping systems maintained most of 578 

the forest peat organic content and caused relatively lesser damage to other peat properties 579 

such as pH, moisture and bulk density, with relatively higher seasonal stability. 580 

 581 
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Figure Captions 594 

 595 

Figure 1: Site location 596 

Figure 2: Effect of site and season upon (a) organic matter content, (b) moisture, (c) pH, (d) 597 

temperature and (e) bulk density between different study sites during wet (black) and dry 598 

(grey) season. Bars denote mean values (1a-d: n<75; 1e: n=10) and whiskers denote standard 599 

errors. Note 1st gen OP denotes 1st generation oil palm monocropping, yam denotes, 2nd 600 

generation oil palm and yam intercropping, pineapple denotes 2nd generation oil palm and 601 

pineapple intercropping, 2nd gen OP denotes 2nd generation oil palm mono-cropping. 602 

Figure 3: Effects of site and season upon phenotypic structure of soil microbial communities 603 

determined by PLFA analysis, as shown by principal component (PC) analysis. (a) ordination 604 

of PC1 and 2 and (b) associated loadings for individual PLFAs. For (a), points denote means 605 

(n=5), whiskers denote standard errors. Note F denotes forest site, 1st OP denotes 1st 606 

generation oil palm mono-cropping site, C denoted cleared site, yam denotes 2nd generation 607 

oil palm and yam intercropping site, PA denotes 2nd generation oil palm and pineapple 608 

intercropping sites, and 2nd OP denotes 2nd generation oil palm monocropping site.  609 

Figure 4: Effects of site and season upon a) relative abundance of different microbial groups 610 

as determined by PLFA analysis, (b) the difference in ratio of the relative abundance of fungi 611 

to bacteria (F:B) between different study sites, (c) the difference in ratio of the realtive 612 

abundance of Gram-positive to Gram-negative bacteria (G+:G-) between different study sites. 613 

Bar denotes mean values (n=5), and whiskers denote standard errors. Note 1st gen OP denotes 614 

1st generation oil palm mono-cropping, yam denotes, 2nd generation oil palm and yam 615 

intercropping, pineapple denotes 2nd generation oil palm and pineapple intercropping, 2nd gen 616 

OP denotes 2nd generation oil palm mono-cropping. 617 
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Figure 5: Relationship between (a) Gram-positive relative abundance (Mol%) and 618 

temperature, (b) Fungal relative abundance (Mol%) and temperature, (c) Actinomycetes 619 

relative abundance (Mol%) and moisture. Points denote all circmstances of site and season 620 

combinations. Significant regression lines and their equations, R2, F and p values are reported 621 

in the figures. 622 

Figure 6: Effects of site and season upon (a) CO2 emissions, (b) CH4 emissions between 623 

different study sites during wet (black) and dry (grey) season. Bars denote mean values 624 

(n<75) and whiskers denote standard errors. 625 

Figure 7: Relationship between log CO2 and moisture at (a) forest site, (b) 1st generation oil 626 

palm mono-cropping site (1st gen OP), (c) cleared site, (d) pineapple intercropping site, (e) 627 

2nd generation oil palm mono-cropping site (2nd gen OP).  628 

Figure 8: Relationship between CH4 emissions and (a) moisture, (b) temperature. Points 629 

denote mean value of each sampling occasion (n=24-30). Note that for (b) wet season visits 630 

for pineapple intercropping site (PA-wet) was left out of the regression equation.  631 

 632 

  633 
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Tables 634 

Table 1: Site description 635 

Site Co-ordinates Oil 

palm 

age in 

Years 

No. of  

drainage 

ditches 

Notable 

characteristics 

(wet season) 

Observable 

changes 

between 

sampling 

seasons  

(dry season) 

1st generation 

oil palm 

monocropping 

(1st gen OP) 

3°25'25.8"N 

101°20'12.9"

E 

15 1 Abundant 

understorey 

vegetation, dead 

wood from 

previous land use, 

uneven surface 

with hollows and 

hammocks 

None 

Cleared 3°25'23.9"N 

101°20'09.0"

E 

0 2 Lime trees were 

planted in the 

midst of wet 

season 

measurements. 

Cleared oil palm 

trees were stacked 

in rows and left 

along the site. 

Lime trees 

were killed 

off and oil 

palm were 

planted 

before dry 

season 

measurement

. Most of the 

surface was 

covered by 

grass. 

2nd 

generation oil 

palm and yam 

intercropping 

(Yam 

intercropping) 

3°25'22.7"N 

101°18'46.7"

E 

1 0 Oil palms planted 

in rows with 

ample space in 

between, where 

four to six rows of 

yam were planted. 

New 

pineapple 

crop in the 

open areas. 

New smaller 

yam saplings 

in place of 

the older 

harvested 

yam. 

2nd 

generation oil 

palm and 

pineapple 

intercropping 

(Pineapple 

intercropping) 

3°25'20.6"N 

101°19'56.6"

E 

1-2 0 There were 

stagnant water on 

most part of the 

site during the wet 

season 

measurements. 

Some area without 

standing water 

were covered with 

grass 

Pineapple 

plants were 

fully grown 

and provided 

full ground 

cover. No 

stagnant 

water at the 

surface. 
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2nd 

generation oil 

palm 

monocropping 

(2nd gen OP) 

3°24'51.3"N 

101°19'42.7"

E 

3-5 0 1st generation oil 

palm trees were 

killed off 

chemically and 

still standing on 

the site. Surface 

was covered with 

brown grass and 

green algae under 

the shades of 

young oil palm 

No grass or 

algal cover in 

the surface 

 636 

 637 

 638 

Table 2. Linear mixed model (REML) for environmental parameters, showing statistical 639 

significance of the effects of site, season and the interactions between site and season. 640 

Statistically significant figures are presented in bold. 641 

 642 

  Site Season Site*season 

Organic 

matter % 
F(5,835.3)=485,p<0.001 F(1,4)=0.23,p=0.658 F(5,835.9)=2.19,p=0.053 

pH F(5,836.5)=35.4,p<0.001 F(1,4)=1.26,p=0.325 F(5,837)=15,p<0.001 

Moisture F(5,887.2)=124,p<0.001 F(1,4)=8.26,P<0.05 F(5,887.2)=15.2,p<0.001 

Temperature F(5,879.2)=180,p<0.001 F(1,4)=0.20,p=0.681 F(5,879.3)=9.2,P<0.001 

CO2 F(5,845.1)=37.8,p<0.001 F(1,3.9)=80.3,p<0.001 F(5,843.2)=12.5,p<0.001 

CH4 F(5,861.8)=27.5,P<0.001 F(1,3.8)=37.5,p<0.005 F(5,854.6)=6.7,p<0.001 

 643 

  644 
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 645 

Table 3. Total C, N and C:N under different sites at surface layers (n=10). Note 1st gen OP 646 

denotes 1st generation oil palm mono-cropping, yam denotes, 2nd generation oil palm and yam 647 

intercropping, pineapple denotes 2nd generation oil palm and pineapple intercropping, 2nd gen 648 

OP denotes 2nd generation oil palm mono-cropping. 649 

Site C % N % C:N 

Forest 48.9 ±1.29 2.47 ±0.11 19.8 ±0.81 

1st gen OP 51 ±1.4 1.97 ±0.06 26 ±1.01 

Cleared 64.1 ±2.53 2.13 ±0.19 30 ±2.505 

Yam 46.3 ±2.91 1.49 ±0.07 31 ±1.42 

Pineapple 60.2 ±2.36 2.27 ±0.16 26.5 ±1.9 

2nd gen OP 26.4 ±1.65 0.83 ±0.07 32 ±1.67 
  650 
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Table 4. Linear mixed model (REML) for principal component scores, showing statistical 651 

significance of the effects of site, season and the interaction between site and season. 652 

Statistically significant figures are presented in bold. 653 

  PC1 PC2 

Site 

F(5,48)= 7.53, 

p=0.138 

F(5,48)= 3.81, 

p<0.005 

Season 

F(1,48)= 65.64, 

P<0.001 

F(1,48)= 3.91, 

p=0.054 

Site*Season 

F(5,48)= 1.77, 

p=0.138 

F(5,48)= 0.53, 

p=0.753 
 654 

 655 

  656 
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 657 

Table 5. Linear mixed model (REML) for aggregated PLFA data with respect to microbial 658 

groups, showing statistical significance of the effects of site, season and the interactions 659 

between site and season. Statically significant figures are presented in bold. 660 

  Site Season Site*season 

Non-specific F(5,48)=5.34,p<0.001 F(1,48)=55.08,p<0.001 F(5,48)=2.23,p=0.066 

Fungi F(5,48)=4.90,p=0.001 F(1,48)=11.45,p=0.001 F(5,48)=0.79,p=0.561 

Gram-

negative 
F(5,48)=1.65,p=0.165 F(1,48)=2.90,p=0.095 F(5,48)=1.45,p=0.222 

Gram-positive F(5,48)=8.37,p<0.001 F(1,48)=7.52,p=0.009 F(5,48)=3.06,p=0.018 

Actinomycetes F(5,48)=10.44,p<0.001 F(1,48)=1.11,p=0.297 F(5,48)=1.47,p=0.218 

F:B F(5,48)=5.93,p<0.001 F(1,48)=4.84,p=0.033 F(5,48)=0.87,P=0.509 

G+:G- F(5,48)=3.85,p=0.005 F(1,48)=0.23,p=0.637 F(5,48)=1.41,p=0.238 

 661 

  662 
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