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ABSTRACT 
The conversion of lowland tropical forests to oil palm plantations is known to reduce the amount of soil carbon and nitrogen. However, this 

has been criticised as the plantations also contribute to a net gain of the soil carbon (C) stock. In this study, carbon and nitrogen stable 
isotopes techniques was used to confirm the source of carbon stored in plantation soils and to prove the effects of plantation activities on soil 

organic carbon. The objective of this study was to investigated  the total organic  carbon (TOC) and nitrogen (TON) content, and δ 13C and δ 
15N values of soil in an oil palm plantation at different soil depths: 0-30, 30-60 and 60-90 cm and at different distances ((1.5 m: weeded 
circle), 3.5 (inter-rows) and 4.5 m (frond heap)) away from the tree base. The results showed that the ratio of soil δ13C and δ15N increased 

with depth and unusual δ15N value was reported on topsoil 0-30cm, a non-uniform distribution of soil OM (%), TOC (%), TON (%) and C/N 

ratio in the surface soil among the distances were observed.  Negative correlation between δ13C and δ15N and bulk density (Bd) in respect of 
TOC and TON content were found. Value of δ13C at 0-30, 30-60 and 60-90 cm depths was -26.50, -26.36 and -26.23% respectively. This 

study conclude that, a low proportion of C was lost from the plantation soil , a long phase of C3 species dominated the soil before the 

establishment of the oil palm plantation and that frond heaps and large concentration of roots had a significant influence on OM (%), TOC 
(%), TON (%) and C/N ratio in the surface soil among the distances. The δ15N value in the top soil might be a useful indicator of the source 

and limited level of nitrogen in the area of study, however, further research is needed to confirm our observations. 

 

KEYWORDS: δ13C and δ15N stable isotopes, carbon cycle and oil palm plantation 

 

INTRODUCTION 

 

In recent years, a lot of research has been conducted to find out the role of soil organic matter in elucidating 

the patterns of global climatic changes particularly after the suggestion made in the Kyoto protocol that soils 

may act as a potential sink for carbon dioxide (CO2). Since CO2 plays a key role in the global climate change 

processes. The median estimate of global SOC stocks was 1,460 Gt [61]. Consequently, the conversion of 

forests and peat lands to plantation agriculture causes substantial greenhouse gas emissions and reduces soil 

carbon storage [22,73]. In Southeast Asia, the rapid changes with respect to land use can be mainly attributed to 

the expansion of plantation agriculture in order to attain sufficiency in the global demand for food, oil chemicals 

and bio fuels [30,34,44]. 

http://www.aensiweb.com/aeb.html
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However,due to the relative importance of the oil palm, it’s production all over the world has recorded 

significant increase [46]. In 2012 Malaysia had 5.08 million hectares of oil palm plantation. Over the years oil 

palm plantation keep increasing since 2008 by 11.8%  and contributed 39% of the world's total palm oil 

production and 44% of world exports [12]. Studies on the conversion of lowland tropical forests to oil palm 

plantations showed contrasting results with regards to soil organic carbon (SOC) [37]. Several investigators 

have reported a net loss of SOC [16,42,51]. Conversely, others had reported that the conversion to oil palm 

plantations led to a net gain of soil C stock [32,33,59,63]. Since land-use change and land management can 

modify the SOC dynamics [1,64]. Effective management systems can increase soil carbon stocks due to reduce 

soil C losses which are essential for sustainable development. Studies have also reported that the land use and 

land cover transitions provide a unique opportunity to utilize the natural abundance of δ13C and δ15N isotopes to 

evaluate changes in C and N dynamics [43,49]. The carbon isotope composition (δ13C) value of SOC has 

provided information on past changes in vegetation [15,50]. At the ecosystem to global scales, the relative 

abundances of the C3 and C4 plants exert the strongest control over soil δ13C. Values of δ13C for C3 plants are 

in the ranges of -32 to -22‰, while those of the C4 photosynthetic plants are within the ranges of -17 to -9‰ 

[31,52], with the δ13C of SOC usually reflecting the magnitude of the C3 and C4 plant inputs to the community 

net primary productivity [9,55,67,77]. 

The most important considerations in the studies mentioned above are the effect of local environmental 

conditions on the δ13C value of carbon input to the soil from live vegetation, as well as the effects of soil 

physical parameters on the evolution of the δ13C value of SOC with time. Therefore, estimates of SOC pools in 

human-influenced systems, including changing the land use from virgin jungle to oil palm plantation, is 

fundamental to our understanding of the terrestrial C dynamics. For this reason, first landscape-scale study in 

Malaysia was designed to identify the source of carbon and nitrogen in different depths with distances of soil 

after conversion of lowland forest to oil palm plantations using stable isotopes (13C and 15N) tracer techniques.  

 

MATERIALS AND METHODS 

 

2.1 Experimental site and design: 

This study was performed in a 10-year-old oil palm (Elaeis guineensis) plantation at the Universiti Putra 

Malaysia (UPM) Serdang, Selangor, Malaysia (Error! Reference source not found.). The plantation 

area is located at 101° 43' 32.14" E latitude and 002° 58' 57.65" N longitude with equatorial climatic conditions, 

characterized by high temperature and heavy rainfall with no distinctive season. The annual mean temperature 

for the area is 38°C and the annual precipitation is 2000 mm. The experimental design consists of a space-for-

time substitution approach to assess the effect of forest conversion to oil palm plantations on carbon and 

nitrogen dynamics in soil. The soil is classified as Serdang series with a sandy clay texture. An experimental 

plot of 100 × 100 m with three replications was designed for the field experiment. 

 

 
Fig. 1: Map showing location of the study area in the Universiti Putra Malaysia (UPM) oil palm plantation 

 

2.2 Soil sampling and analysis: 

In March 2015, three soil cores were randomly taken from 10 years old oil palm plantation each 

experimental plot using stainless steel rings soil sampler in respect of soil depths and distances. The depth 

intervals sampled were 0–30, 30-60, and 60-90 cm, and the distances between the sampling locations were 1.5 
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m (weeded circle (WC), 3.5 m (inter-rows (IR) and 4.5 m (frond heap (FH)) away from the oil palm tree base. 

For each depth interval and each horizontal distance, air-dried soil samples were ground and homogenized to 

pass through a 2 mm sieve. Root residues were carefully removed before grinding. Soil pH was determined by 

preparing a saturated soil suspension of 1:2.5 (soil and water : w/v) by glass electrode method, bulk density was 

determined by the core method (Usda, 2004), soil textural classification was conducted by using the pipette 

method [41], and organic matter (OM) was determined by the loss on ignition method [40]. Total carbon and 

nitrogen and its natural abundance (δ13C and δ15N) were analyzed using the method of  [39,79]. Five mg soil 

samples depending on C and N concentration were weighed into silver capsules. δ13C, %C, δ15N, and %N were 

measured using an elemental analyzer connected on-line to a continuous-flow isotope ratio mass spectrometry 

(CF-IRMS). Measurements were taken at the Stable Isotope Laboratory, University Sains of Malaysia (USM). 

Precision for the δ13C measurements was < 0.1‰, while that for δ15N was < 0.2‰. δ13C values were expressed 

relative to the V-PDB standard (Dou et al., 2016), and δ15N values were expressed relative to atmospheric N2 

[53]. 

 

2.3 Calculations: 

Isotopic composition was expressed in δ notation (in ‰): 

          R sample 

δ (‰) = [----------- -1] × 1000  

           R standard 

 

Where R is the molar ratio of heavy to light isotope (13C/12C and 15N/14N) of the sample or the international 

standard V-PDB (Vienna Pee Dee Belemnite) reference for δ13C and atmospheric N2 reference for δ15N. 

 

2.4 Statistical analysis: 

A two way analysis of variance (ANOVA) was conducted by SPSS software version 21 to evaluate the 

variation in total carbon and nitrogen and δ13C and δ15N stored at different depths and distances, followed by 

Tukey’s b test for the multiple-comparison. Differences were considered statistically significant at P≤0.05. 

Pearson’s correlation coefficient was also calculated to test the correlations between C and N stable isotopes, 

and the soil physiochemical characteristics.  

 

Results:  

3.1 The effects of depth on soil physiochemical properties and δ 13C and δ15N: 

Results of δ13C and δ15N value, TOC (%), TON (%), C/N ratio, SOM (%) and BD at different of soil profile 

0-30, 30-60 and 60-90 cm are presented in Table 1. Top soil (0-30cm) had the lowest value of δ13C, δ15N and Bd 

(-28.68 %,-2.83% and 1.469(g/cm3)) respectively. Meanwhile by increasing the depth of profile, δ15N and Bd 

value became significantly enrichment ( -28.19%,-28.044%; 1.894(g/cm3), 3.46(g/cm3) and 1.74, 1.96(g/cm3)) at 

the 30-60 and 60-90cm respectively Table 1.  In contrast, 0-30 cm soil depth produced greater TOC (2.52%), 

TON (0.18%), C/N ratio (14.23%) and OM (9.04%) values than the 30-60 and 60-90 cm (1.21, 0.79: 0.09, 0.07: 

12.11, 11.34 and 8.11, 7.98 respectively Table 1. 

 
Table 1: General Linear Model statistical test of the physicochemical properties for the two variables under analysis: Depth and distance 

(Different letters indicate significant differences (Turkey’s b Test, p<0.05) with n = 3 

 δ13C (%) δ15N (%) TOC (%) TON (%) C/N ratio SOM (%) BD(g/cm3) 

Distance P=0.346 P=0.77 P=0.000 P=0.000 P=0.000 P=0.000 P=0.795 

1.5m   1.53±0.027a 0.110±0.002a 13.90±2.21a 7.45±0.27a  

3m   1.31±0.027b 0.109±0.002a 12.01±0.97b 7.02±0.25b  

4.5m   1.68±0.027ab 0.123±0.002b 13.65±0.85a 8.84±0.25b  

Depth P=0.002 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 

0-30cm -28.68±0.13a -4.9±0.27a 2.52±0.027a 0.18±0.002a 14.00±0.14a 9.04±0.14a 1.46±0.06c 

30-60 -28.19±0.13b 4.33±0.27b 1.21±0.027b 0.09±0.002b 12.94±0.14b 8.11±0.14b 1.74±0.06b 

60-90cm -28.04±0.13b 6.05±0.27c 0.79±0.027c 0.07±0.002c 11.34±0.14 c 7.98±0.14b 1.96±0.06a 

Depth*Distance P=0.058 P=0.90 P=0.012 P=0.000 P=0.0001 P=0.000 p=0.023 

1.5m*0-30cm -28.90±0.22 -3.88±0.74 2.56±0.74 0.16±0.003 15.66±0.24 7.87±0.25 1.44±0.10 

1.5m*30-60cm -28.09±0.22 2.41±0.74 1.24±0.74 0.09±0.003 13.49±0.24 7.31±0.25 1.84±0.10 

1.5m*60-90cm -28.04±0.22 3.46±0.74 0.81±0.74 0.074±0.003 10.97±0.24 7.19±0.25 1.96±0.10 

3m*0-30cm -28.43±0.22 -1. 86±0.74 2.34±0.74 0.19±0.003 12.67±0.244 9.93±0.25 1.47±0.10 

3m*-60cm -28.23±0.22 1.54±0.74 0.90±0.74 0.08±0.003 11.87±0.24 8.06±0.25 1.74±0.10 

3m*60-90cm -27.93±0.22 3.04±0.74 0.69±0.74 0.07±0.003 10.69±0.24 8.54±0.25 1.87±0.10 

4.5*0-30cm -28.71±0.22 -2.83±0.74 2.66±0.74 0.19±0.003 14.35±0.24 9.88±0.25 1.45±0.10 

4.5*30-60cm -28.25±0.22 1.89±0.74 1.48±0.74 0.11±0.003 13.47±0.24 8.39±0.25 1.65±0.10 

4.5*60-90cm -28.16±±0.22 3.46±0.74 0.89±0.74 0.07±0.003 12.35±0.24 8.91±0.25 2.06±0.10 

R2 32.71 89.30 98.40 97.81 97.81 98.60 49 

R2 indicates the percentage of variability explained by the variables included in the model. Empty spaces indicate not significant.
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3.2 The effects of distance on soil physiochemical properties and δ 13C and δ15N: 

The results of TOC (%), TON (%), SOM (%), C/N, δ 13C (%) and δ 15N (%), and Bd in soil samples from 

different distances are shown in  

Table 1. It was found that the TOC, TON and SOM levels fluctuated at different distances from the oil palm tree 

base. The TOC content and C/N ratio were higher in the WC (1.53%, 13.90%) and FH (1.68 %, 13.65%) 

respectively. While, the SOM (%) and TON (%) contents were higher at FH (0.123 %, 8.84 %) from the oil 

palm tree base than at WC (0.109 %, 7.45 %) and IR (0.108 %, 7.02 %) respectively. However there were no 

differences (p>0.05) in δ13C, δ15N and Bd between WC, IR and FH as shown in Fig. . 

 
Fig. 2: The value of (a) δ 13C (%), (b) δ 15N (%) and (c) bulk density (Bd) among different distances from the oil 

palm base: 1.5m (WC), 3m (IR) and 4.5m (FH). 

  

3.3 Relationship between δ13C and the physicochemical parameters: 

Pearson’s rank correlation coefficient was used to determine the relationship in different physiochemical 

parameters of soil under oil palm plantation system. The data obtained from UPM oil palm plantation are 

presented in Table 2.  In the oil palm plantations soil, the value of δ13C was correlated positively with value of 

δ15N and Bd. On the contrary TOC and TON were also negatively correlated with δ13C and δ15N and Bd. While, 

C/N ratio negatively correlated with δ15N, TON, Bd and positively with TOC.  

 
Table 2: The correlation matrix for soil physiochemical properties in 0-90cm soil depth in oil palm plantation.  

 δ13C δ15N BD(g/cm3) TOC (%) TON (%) C/N ratio 

δ13C 1      

δ15N 0.638** 1     

BD (g/cm3) 0.491** 0.693** 1    

TOC (%) -0.571** -0.896** -0.760** 1   

TON (%) -0.626** -0.894** -0.758** 0.980** 1  

C/N ratio -0.265 -0.560** -0.567** 0.801** -0.680** 1 

** Correlation is significant at the 0.01 level (2-tailed). 
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Discussions: 

Spatial variability of soil δ 13C in relation to soil depth: 

Soils at 0-30 cm depth led to a significant (P≤0.05) δ13C depletion compared with other soil depths (Table 

1). The soil depth (0-30 cm) decreased δ13C enrichment by about 0.53% and 1.029 % over 30-60 and 60-90 cm 

soil depths, respectively. It means greater humification process was performed in 0-30 cm soil depth than 30-60 

and 60-90 cm depths due to the breakdown of soil organic carbon by microbes as suggested by  [2,18,37]. Our 

study suggested that, the soil organic carbon in the surface layer under oil palm plantations is potentially a 

mixture of two SOC pools: firstly, the old δ 13C-enriched and refractory SOC stabilized in deeper horizons 

before forest conversion and secondly, the fresh δ13C-depleted C from the litter deposition. The mixing of both 

pools would shift the isotopic composition of the surface layer to lower δ13C values [74]. It may also be 

concluded that in deeper layers systems without human interference there is a minor contribution of vegetable 

intake and hence lower microbial activity and less formation of humic acids. As a result, higher δ13C values 

were found in 30-60 and 60-90 cm depths of soil. Similar observations have been reported by other researchers 

[17,37]. This also indicated that soil organic matter at deeper depths had a higher humus content, which 

explained the higher δ13C values with increasing depth in the soil profile. Furthermore, the degree of 

decomposition of soil organic matter was accelerated in much older organic matter with the content being much 

higher with increasing soil depth [37,62]. Thus, it may be possible that the C previously introduced by forest 

trees into the soil via photosynthesis had higher δ13C values. In addition, studies by [37,74] had demonstrated 

that the mean age of SOM increased with depth, i.e. older and a greater proportion of δ13C-enriched SOC with 

depth (30-90 cm) and younger and greater proportion of δ13C-depleted SOC at 0-30 cm soil depth. This result 

indicated that the source of the C at the topsoil was from the oil palm plantation, while that of the sub soil was 

from past vegetation, and the small but significant decline in soil total δ13C between topsoil and subsoil provided 

an example of the tiny differences between SOM and soil CO2 efflux within a particular soil [23]. The reason 

for the tiny decline of δ13C with depth in the oil palm plantation soils is not clear, but it could be the result of 

slower downward movement of organic matter through the compact clay soil as the percentage of clay increased 

by soil depth (the data not shown), and increased the bulk density by depth indicated higher compaction by 

depth.  

 

Spatial variability of soil δ 15N in relation to soil depth: 

Contrary to the generalized patterns for positive value of δ15N at tropical soil, our study recorded the 

negative value of δ15N (-4.9 %) at the top soil. The unusually value of δ15N at top soil indicate a source of N 

from N fixation, precipitation, rainstorm and using chemical fertilizer. Our result consistent with the results of  

[21,68,76] and they attributed it to; the atmospheric N2 is always the raw material for fertilizer production and 

δ15N values of N fertilizers are usually close to atmospheric N2, and  increased the precipitation as suggestion by 

[54,70]. These δ15N -depleted could partially explain the low soil total N as a suggestion by [20,69]. In contrast, 

by increasing the depth of profile the value of δ15N become significantly high. Several investigators [13,14,58]  

had found that in grassland soils, δ15N values displayed a remarkably consistent exponential increase with depth. 

In addition, a study by  and [5,29], had suggested that δ15N enrichment, following deforestation and cultivation 

was due to the relatively closed N cycles in the natural forest, as opposed to the cycles in cultivated fields. 

According to  [68], δ 15N increases with the age of SOM and the extent of decomposition. [49,57], in studies 

with δ 15N abundance as an indicator of SOM transformations in different land use or management systems, 

observed that as organic matter undergoes mineralization, the ammonium that is produced is relatively depleted 

in δ15N and the residual organic matter cause enrichment of  δ15N. Organic matter decomposes, reduces in size 

and travels down the soil profile, creating the characteristic increase in δ15N with depth [35,49,68].  

 

Spatial variability of soil TOC, TON and SOM in relation to soil depth: 

The depth distribution characteristics of SOC were closely associated with input of litters and development 

of soil profile as reported by [19,22]. Matured soil profiles are generally rich in organic carbon due to more 

significant organic matter input than decomposition because top soils are the responsible factor for retaining 

litters and also harbours a substantial portion of the plant roots. SOM content decreased exponentially and after 

that, it continued slowly from the top soil profile to downwards, corresponding to the remarkable reduction in 

the number of microorganisms and deceleration of organic matter cycling  [22,65].  

In a like manner, the results of nitrogen content in this study have shown significant difference between the 

studied depths of soil. The nitrogen content decreased with the increase of soil depth (Table 1). Similar results 

were reported by [2,36] that soil N decreases with increasing soil depths, equivalent with the decrease in organic 

N. The source of the higher N in the surface soil expected due to excessive N input from fertilizer as suggested 

by [66]. While greater C/N ratio at top soil attributed to greater humification process that performed in top soil 

than sub soil due to the breakdown of soil organic carbon by microbes as recommended by [2,18] , and the rate 

of new N into soils was much smaller than the rate of new OC input as  suggested by [26]. 
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Variability of soil physiochemical properties and δ 13C and δ 15N in relation to the oil palm tree base: 

The TOC and SOM levels of this study were found to be fluctuating at different distances from the oil palm 

tree base (Table 1). The higher input of organic matter at WC was expected due to the large concentration of 

roots, which accumulated large amount of carbon, meanwhile frond heaps and the application of empty fruit 

bunches expected as the carbon sources at the FH horizontal distance. These findings are in consistent with the 

results reported by [38,45]. Meanwhile, the results of  OM (%) and N (%) contents in this study were consistent 

with the results by [8]. [78] suggested that higher OM (%) and N (%) contents were due to the decomposition of 

added plant materials such as the application of empty fruit bunches that led to increase mineralisation of basic-

cation-containing compounds. However there were no differences (p>0.05) in δ13C and δ15N contents between 

WC, IR and FH (Fig 2). These results were also consistent with the  findings of [7]. Similarly bulk density did 

not show any significant differences among the different studied zones of soil. One of the main concerns 

regarding mechanization in oil palm plantations is soil compaction caused by repeated traffic on the harvesting 

paths by the machines which affects on bulk density as supported by [33,75]. 

 

Relationship between δ13C and the physicochemical parameters: 

Pearson’s rank correlation coefficient was used to determine the relationship in different physiochemical 

parameters of soil under oil palm plantation system. An inverse correlation between δ13C ratio and TOC (%), 

TON (%) at top soil, is consistent with study by [23,58] that similar relationships were found between C and N 

availability, substrate age, and natural abundance δ13C and δ15N signatures of soil microbial biomass in a 

semiarid climate. In the studies by [9,28] found that a progressive enrichment in soil δ13C values among C3 

ecosystems negatively related to residual carbon content in soil. Some authors [7,48] had attributed it to the 

higher root biomass density and higher SOC concentration. Soil organic carbon in the surface layer under oil 

palm plantations is potentially a mixture of two SOC pools: firstly, the old δ13C-enriched and refractory SOC 

stabilized in deeper horizons before forest conversion and secondly, the fresh δ13C-depleted C from the litter 

deposition. The mixing of both pools would shift the isotopic composition of the surface layer to lower δ13C 

values as recommended by [9,74]. 

Many researchers [3,47,56,60] obtained strong correlation between organic matter and bulk density of soils. 

However, this study has reverse correlation which is similar to the findings by [4,6,11,24,25]. Thus our studies 

indicate that as the bulk density of soil increases the total organic carbon decreases and this is affected by soil 

depth as the deeper layer the higher soil bulk density indicating higher soil compaction. The decomposition 

process leads to a decline of OM concentrations, while depth led to an increase of bulk density, therefore tight 

relationship between δ13C value and bulk density was expected in our study. 

 

Conclusions: 

The study found variations in dynamics of soil organic C and N, due to the inputs of litter from above 

ground and the increments derived from root materials. The results of the stable isotope value presented the 

narrow range of δ13C with depth of soil profile, this finding is consistent with [73] that no change in carbon 

storage under oil palm plantations, and  revealed a long phase of C3 species dominance before the establishment 

of the oil palm plantation. The, δ15N value in topsoil soils might be useful as an indicator of the source and rate 

of nitrogen content in the area of study. Among the variables analyzed, the determination of the δ13C in humus 

fractions and δ15N values were efficient in identifying soil changes produced by land use or management 

system. 

This work contributes to existing knowledge on terrestrial C dynamics by providing information on the 

sources and the amount of carbon and nitrogen storage in soil and supported previous studies that reported the 

oil palm plantation also contribute to a net gain of the soil carbon (C) stock and mitigated climate change. 

However, this is the first landscape - scale study to incorporate nutrient concentrations and the δ13C and δ15N 

values of SOM for reconstruction of vegetation changes on the surface and in the underlying soil horizons in 

Malaysia.  
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