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Abstract
Rapid deforestation in Sumatra, Indonesia is presently occurring due to the expansion of

palm oil and rubber production, fueled by an increasing global demand. Our study aimed to

assess changes in soil-N cycling rates with conversion of forest to oil palm (Elaeis guineen-
sis) and rubber (Hevea brasiliensis) plantations. In Jambi Province, Sumatra, Indonesia, we

selected two soil landscapes – loam and clay Acrisol soils – each with four land-use types:

lowland forest and forest with regenerating rubber (hereafter, “jungle rubber”) as reference

land uses, and rubber and oil palm as converted land uses. Gross soil-N cycling rates were

measured using the 15N pool dilution technique with in-situ incubation of soil cores. In the

loam Acrisol soil, where fertility was low, microbial biomass, gross N mineralization and

NH4
+ immobilization were also low and no significant changes were detected with land-use

conversion. The clay Acrisol soil which had higher initial fertility based on the reference land

uses (i.e. higher pH, organic C, total N, effective cation exchange capacity (ECEC) and

base saturation) (P�0.05–0.09) had larger microbial biomass and NH4
+ transformation

rates (P�0.05) compared to the loam Acrisol soil. Conversion of forest and jungle rubber to

rubber and oil palm in the clay Acrisol soil decreased soil fertility which, in turn, reduced

microbial biomass and consequently decreased NH4
+ transformation rates (P�0.05–0.09).

This was further attested by the correlation of gross N mineralization and microbial biomass

N with ECEC, organic C, total N (R=0.51–0. 76; P�0.05) and C:N ratio (R=-0.71 – -0.75,

P�0.05). Our findings suggest that the larger the initial soil fertility and N availability, the

larger the reductions upon land-use conversion. Because soil N availability was dependent

on microbial biomass, management practices in converted oil palm and rubber plantations

should focus on enriching microbial biomass.
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Introduction
Lowland tropical forests of Southeast Asia are considered some of the most diverse and carbon
rich forests in the world; however, degradation and subsequent conversion of these forests is
occurring at rapid rates. In 2012, Indonesia surpassed Brazil in total forest loss, losing 0.84 mil-
lion hectares (ha) of forest of which 51% were lowland forests [1]. Sumatra, Indonesia, has
been enduring deforestation for decades. Over the past 30 years, Sumatra island alone has lost
on average approximately 550,000 ha of forest per year with 85% of these losses occurring in
lowland regions [2]. Lowland rainforests are especially vulnerable to degradation and conver-
sion because of easy access and a majority of these forests have been converted to economically
viable agricultural systems in order to keep up with the world’s growing population and con-
sumption needs. Historically in Sumatra, lowland forests were converted into agroforestry rub-
ber systems, where rubber trees (Hevea brasiliensis) were planted within the natural forest
landscape [3]. However, this form of agriculture quickly morphed into complete conversion of
entire forests into monoculture plantations, such as rubber and more recently oil palm (Elaeis
guineensis) [4]. From the period 2000–2013, the area of oil palm and rubber has increased by
approximately five million ha and one million ha, respectively, across Indonesia [5]. Monocul-
ture plantations will continue to dominate the landscape in Sumatra, with the Indonesian gov-
ernment goal to double oil palm production in the next ten years [6].

Conversion of tropical forests does not only lead to decreases in biodiversity and drive cli-
mate change [7], but may also affect the short- and long-term nutrient status of the converted
land-use systems [8]. Tropical lowland forests are considered rich in available nitrogen (N),
sustaining high N pools and exhibit high soil-N cycling rates [9]. Systems with large pools of
available N are vulnerable to large N losses [10]. Forest converted to corn in Sulawesi, Indone-
sia, exhibits an initial increase in gross N mineralization rates upon forest conversion and is
paralleled by increases in soil NO fluxes, N2O emissions and N leaching [10]. Over time, these
continuously cultivated systems can experience decreases in available N, base cations and over-
all soil fertility [10–13]. Systems that are N fertilized or combine tree cash crops with N-fixing
tree species do not experience a similar decline in soil N availability [11,13], but can experience
losses in N via leaching and/or trace gas emissions [10,12].

The internal soil-N cycle consists of processes that produce and retain mineral N in soil.
Through quantifying gross rates of soil-N cycling, we can measure separately and compare
mineral N production with retention processes, allowing us to understand better the changes
in a system’s soil N status. Mineral N production processes, such as gross N mineralization and
gross nitrification, indicate soil N availability for both plants and microbial use [14]. Nitrogen
immobilization contributes to the retention of mineral N in soil through N assimilation and
turnover of soil microbial biomass, and thus minimizing losses [15]. Dissimilatory nitrate
reduction to ammonium (DNRA) is also an important retention process in humid tropical for-
ests [16]. DNRA transforms nitrate (NO3

-) to the less mobile ammonium (NH4
+), and the rate

of microbial transformation of NH4
+ is larger than the rates of microbial NO3

- transformation
in many tropical forests [17,18]. The most common factors affecting gross soil-N cycling in
tropical forests are substrate quality and quantity [13,19], size of microbial biomass pool, avail-
ability of soil carbon [20,21], and soil moisture content [22]. These factors, in turn, are influ-
enced by altitude [23], soil age or degree of soil development [24], rainfall, temperature,
elevation, presence or absence of organic layer [18,19,25] and soil texture [21,26].

Our study area was located in lowland forest landscapes in Sumatra, Indonesia with highly
weathered Acrisol soils and similar climatic conditions. In such landscapes, the most important
factor affecting soil N availability is soil texture. Clay soils are known to have higher nutrient
ion availability, higher water holding capacity, and higher soil-N cycling rates compared to
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sandy soils [21,26]. Soils that are well drained (sands and loams) have lower rates of soil-N
cycling and lower microbial biomass [21,26]. Therefore even with the added pressure of land-
use conversion, soil-N cycling rates and losses should remain low, while the opposite would be
expected from the more nutrient rich clay soils. For example, in Brazilian Amazon lowland for-
ests on highly weathered Ferrasol soils, clay soils have higher cation exchange capacity, water
holding capacity, microbial biomass and higher soil-N cycling rates or soil N availability than
coarse-textured soils [21,26]. These are, in turn, a reflection of the higher soil fertility, plant
productivity and decomposition rates in clay Ferrasol soils [26].

On the other hand, because lowland forests are vulnerable to conversion for agricultural
use, land-use change and its associated management practices (e.g. fertilization and liming) are
additional important factors that can influence soil N availability in converted landscapes. Fer-
tilization (as source of N, phosphorus (P) and potassium (K)) and liming (as source of calcium
(Ca) and magnesium (Mg)) may augment the continuous decline of these nutrients with age of
converted land uses [27,28]. Studies of gross soil-N cycling processes in lowland Southeast
Asian forests are few, while even fewer focus on land-use change effects on gross soil-N cycling
processes. Only one study to our knowledge, investigates how land-use conversion affects gross
soil-N cycling processes in montane forest soils in Sulawesi, Indonesia. The results of this study
illustrate that cacao agroforestry systems exhibit comparable gross NH4

+ transformation rates
to the reference forest, which is attributed to N-fixing tree species in such systems providing
additional N, while the oldest unfertilized corn sites exhibit the lowest gross NH4

+ transforma-
tion rates [13]. Age of converted land use also affects soil N availability with higher NH4

+ trans-
formation rates in younger compared to older unfertilized corn sites [10,13]. Soil-N cycling
responses to the combination of land-use change and soil texture have not yet been explored in
Southeast Asian lowland forest landscapes.

The aim of our study was to assess changes in soil mineral-N production (gross N minerali-
zation and gross nitrification rates), as indices of soil N availability, and mineral N retention
processes (microbial N immobilization and DNRA) with land-use change. Gross soil-N cycling
processes were measured in lowland forest and secondary forest with regenerating rubber
(hereafter, “jungle rubber”) as reference land uses, and the converted land uses of monoculture
rubber and oil palm plantations, all located in two texturally different lowland Acrisol soils in
Sumatra, Indonesia. Our study is the first to our knowledge that investigates gross soil-N
cycling processes with land-use change in Southeast Asian lowland tropics, while also taking
into account soil textural effects. Our investigation also explores the response of soil-N cycling
to agricultural management intensity—by comparing systems with no fertilizer or liming input
(i.e. jungle rubber and rubber plantations) to those with higher fertilizer and liming inputs, i.e.
the controversial biofuel crop, oil palm.

We hypothesized that 1) gross soil-N cycling rates in the reference land uses would be
higher in the clay than the loam Acrisol soils, and 2) gross soil-N cycling rates would be higher
in the reference land uses (forest and jungle rubber) compared to the unfertilized converted
land use (rubber plantation) and would be intermediate in the fertilized converted land use (oil
palm plantation). Here, we provide much-needed background information on gross soil-N
cycling rates in the dwindling Southeast Asian lowland forests, and how their soil-N produc-
tion and retention processes are influenced by land-use conversion.

Materials and Methods

Study Sites
The study was carried out in Jambi Province, central Sumatra, Indonesia. Two landscapes,
characterized by their dominant soil texture and type, were selected in the region. The loam
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Acrisol soil (1° 55’ 40” S, 103° 15’ 33” E and elevation of 70 ± 4 m above sea level, asl) was
located approximately 60 km south of Jambi city and the clay Acrisol soil (2° 0’ 57” S, 102° 45’
12” E and elevation of 75 ± 4 m asl) was located approximately 110 km west of Jambi city (Fig
1). Acrisol soils cover 49.9% of the land area in Sumatra and 34.2% in Indonesia [29]. The
mean annual temperature is 26.7 ± 1.0°C and mean annual precipitation is 2235 ± 385 mm
[1991–2011; climate station at the Jambi Sultan Thaha airport of the Meteorological, Climato-
logical and Geophysical Agency]. Total dissolved N deposition through rainfall ranged from
12.9 ± 0.1 to 16.4 ± 2.6 kg N ha-1 yr-1 measured in 2013 [Kurniawan et al. unpublished data].

Experimental and Sampling Design
In each soil landscape, four land-use systems were examined: mixed Dipterocarp [30] lowland
forest and forest with regenerating rubber trees or jungle rubber, both as reference land uses,
and smallholder monoculture plantations of rubber and oil palm. We consider the forest and
jungle rubber as reference, for the baseline conditions that we compared to the converted
smallholder plantations, for these reasons: 1) the rubber and oil palm plantations were estab-
lished after logging, clearing and burning (seeManagement Practices in Smallholder Rubber
and Oil Palm Plantations below) of either forests or jungle rubber [Euler et al. unpublished
data], and 2) the jungle rubber sites were closer to the monoculture plantations than the forest
sites, most of which were located� 10 km from the plantation sites (Fig 1). Trees in the mono-
culture plantations ranged from 7–17 years old, and tree species diversity, tree density, tree
height and basal area [30] were greater in the reference land uses (forest and jungle rubber)
than in the converted land uses (rubber and oil palm plantations) (S1 Table).

The space-for-time substitution approach, as used by Corre et al. [15], was employed to
determine the effects of land-use change on soil biochemical characteristics and soil-N cycling
rates. An implicit assumption of this approach is that the initial soil characteristics were com-
parable prior to conversion. To test this assumption, we compared land-use independent soil
characteristics (i.e. soil texture at deeper depths,� 0.5 m) among land uses within each land-
scape. Since we did not detect significant differences in soil texture between the reference land
uses and the converted plantations within a soil landscape (S2 Table), we have assumed that
the soil conditions were previously similar and that observed soil biochemical and soil-N
cycling changes can be attributed to changes in land use.

For each land use in each landscape, four replicate plots were selected; each replicate plot
was 50 m x 50 m with a minimum distance of 200 m between plots (Fig 1). A 10 m x 10 m grid
was established across each plot, and we randomly selected ten grid points as subplots that
were at least 5 m distance from the plot’s border for soil sampling (Fig 2). Soil samples were
taken within an area of 0.4 m x 0.4 m at each grid point, and were used to measure the general
soil biochemical characteristics (see below). Soil characteristics for each replicate plot were rep-
resented by the average of the ten individual subplots. Soil sampling was conducted between
June 2013 and December 2013. The soil had no organic layer but only a thin litter layer, and
this was removed in order to sample predominantly mineral soil.

Soil samples were taken at various depth intervals down to 2 m, and we report here the val-
ues from the top depth interval (0–0.1 m), except for clay percent, which we report for the top
0.5 m (Table 1) and depths� 0.5 m (S2 Table). Soil samples were air dried and sieved (2 mm)
at the University of Jambi, Indonesia and sent to the Soil Science of Tropical and Subtropical
Ecosystems (SSTSE) laboratory at Georg-August University Göttingen, Germany for analysis.

For soil-N cycling measurements, we randomly selected two subplots per plot that were at
least 10 m from the plot’s border (Fig 2). Soil-N cycling rates for each plot were the average of
the two individual subplots. Soil-N cycling measurements were conducted once in all land uses
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and were completed between January 2013 to May 2013 during the rainy season (see Gross
Rates of Soil-N Cycling for more details).

Management Practices in Smallholder Rubber and Oil Palm Plantations
According to interviews with smallholders, conducted by Euler et al. [unpublished data], the
rubber and oil palm plantations in the clay Acrisol soil were planted after clearing and burning
the previous forest or logged forest. In the loam Acrisol soil, oil palm plantations were estab-
lished after clearing and burning the previous jungle rubber whereas the rubber plantations
were established from previously logged forest. Based on our interviews, only the oil palm plan-
tations were fertilized during our study year, 2013, while the rubber plantations were not. Oil
palm plantations in the clay Acrisol soil were fertilized once in the rainy season (October to
March), and in the loam Acrisol soil, these were fertilized once in the rainy season and once in
the dry season (April to September). The most commonly used fertilizers were NPK complete
fertilizer (i.e. Phonska, Mahkota), potassium chloride (KCl) and urea (CO(NH2)2). Fertilizer
additions to the oil palm plantations ranged from 300 kg NPK-fertilizer ha-1 year-1 (for those
plantations that were fertilized once) to 550 kg NPK-fertilizer ha-1 year-1 (for those plantations
that were fertilized twice). In terms of unit nutrient element added, these rates were equivalent
to 48–88 kg N ha-1 year-1, 21–38 kg P ha-1 year-1 and 40–73 kg K ha-1 year-1. Additionally,
three of the smallholders applied 157 kg K-KCl ha-1 year-1 and 143 kg Cl-KCl ha-1 year-1 and

Fig 1. Map of study area located in Jambi, Sumatra, Indonesia. Each of the four land-use types were represented with four replicate plots and plots were
clustered in two different landscapes classified based on dominant soil texture and soil type: clay Acrisol soil (located in Bukit Duabelas region with forest
sites in the National Park (area shaded in orange)) and loam Acrisol soil (located in Harapan region with forest sites in the PT REKI Harapan protected area
(area shaded in orange)). Map created by Oliver van Straaten [43].

doi:10.1371/journal.pone.0133325.g001
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Fig 2. Sampling design in each of the four replicate plots (50 m x 50 m each) of the four land uses in the two soil landscapes (totaling 32 plots).
Each plot had a 10 m x 10 m grid. Ten sampling points were selected for soil sampling for biochemical analysis (green dots) and two sampling points were
selected for measuring gross soil-N cycling rates (orange dots).

doi:10.1371/journal.pone.0133325.g002
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Table 1. Soil characteristics (means ± SE, n = 4) in the top 0.1 m depth for different land-use types within each soil landscape in Jambi, Sumatra,
Indonesia.

Land-use types

Reference land uses Converted land uses

Characteristics Lowland forest Jungle rubber Rubber plantation Oil palm plantation

loam Acrisol soil

Clay (%)3 26.0 ± 2.6 30.6 ± 4.6 37.3 ± 10.3 33.4 ± 2.2

Bulk density (g cm-3) 1.0 ± 0.0 ab1 0.9 ± 0.0 b 1.1 ± 0.1 a 1.2 ± 0.1 a

pH (1:4 H2O) 4.3 ± 0.0 b † 4.3 ± 0.0 B2 b † 4.5 ± 0.1 ab † 4.5 ± 0.1 a †

Soil organic C (kg C m-2)4 2.6 ± 0.2 2.7 ± 0.3 B 2.0 ± 0.3 1.8 ± 0.2

Total N (g N m-2)4 182.9 ± 10.8 186.1 ± 11.0 B 172.6 ± 23.8 145.0 ± 13.5

C:N ratio 14.3 ± 0.2 a 13.7 ± 0.8 a 11.7 ± 0.7 b 12.5 ± 0.5 ab

Effective cation exchange capacity (mmolc kg
-1) 44.8 ± 5.0 40.6 ± 7.6 B 46.0 ± 5.4 39.5 ± 7.9

Base saturation (%) 10.6 ± 0.5 B b† 16.0 ± 2.2 ab† 21.1 ± 7.5 ab† 27.9 ± 5.4 a†

δ15N (‰) 4.3 ± 0.2 b 4.5 ± 0.1 b 5.0 ± 0.4 ab 5.4 ± 0.3 a

Extractable phosphorus (g P m-2)4 0.5 ± 0.1 B 0.7 ± 0.1 0.5 ± 0.1 0.8 ± 0.1

Aluminum (g Al m-2)4 33.1 ± 3.5 29.6 ± 6.6 B 30.7 ± 4.3 23.5 ± 2.7

Calcium (g Ca m-2)4 5.5 ± 2.0 6.9 ± 0.8 B† 14.5 ± 7.1 18.5 ± 7.4

Iron (g Fe m-2)4 0.8 ± 0.1 B a 0.3 ± 0.0 B bc 0.3 ± 0.1 c 0.5 ± 0.02 ab

Magnesium (g Mg m-2)4 1.8 ± 0.1 2.0 ± 0.3 B 3.4 ± 1.4 1.7 ± 0.9

Manganese (g Mn m-2)4 0.3 ± 0.1 0.4 ± 0.2 B 0.8 ± 0.3 0.5 ± 0.2

Potassium (g K m-2)4 3.3 ± 0.3 2.6 ± 0.2 B 3.4 ± 0.8 2.1 ± 0.8

Sodium (g Na m-2)4 0.5 ± 0.1 B c 1.5 ± 0.2 B b 1.4 ± 0.1 b 3.9 ± 1.1 a

clay Acrisol soil

Clay (%)3 31.4 ± 5.4 47.2 ± 12.4 42.4 ± 3.1 59.7 ± 5.2

Bulk density (g cm-3) 1.0 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.9 ± 0.1

pH (1:4 H2O) 4.2 ± 0.0 b 4.5 ± 0.0 A a 4.5 ± 0.1 a 4.4 ± 0.0 a

Soil organic C (kg C m-2)4 3.3 ± 0.5 4.3 ± 0.4 A 2.8 ± 0.4 3.5 ± 0.2

Total N (g N m-2)4 263.4 ± 67.1 331.4 ± 34.1 A 198.9 ± 32.5 260.2 ± 22.6

C:N ratio 13.1 ± 1.3 13.0 ± 0.3 14.3 ± 0.6 13.5 ± 0.2

Effective cation exchange capacity (mmolc kg
-1) 94.3 ± 40.8 124.5 ± 25.5 A 71.3 ± 22.3 78.1 ± 8.4

Base saturation (%) 22.9 ± 5.6 A 23.2 ± 5.8 20.1 ± 2.6 37.5 ± 7.1

δ15N (‰) 4.5 ± 0.0 4.0 ± 0.3 4.6 ± 0.4 5.2 ± 0.4

Extractable phosphorus (g P m-2)4 1.4 ± 0.1 A ab 0.8 ± 0.1 bc 0.4 ± 0.0 c 4.7 ± 1.5 a

Aluminum (g Al m-2)4 50.9 ± 22.7 76.6 ± 15.6 A 47.2 ± 17.6 34.4 ± 2.0

Calcium (g Ca m-2)4 32.3± 21.2 33.3 ± 10.9 A† 14.7 ± 2.8 59.1 ± 19.5

Iron (g Fe m-2)4 3.7 ± 1.1 A a 3.0 ± 0.4 A a 2.3 ± 0.6 a 0.7 ± 0.3 b

Magnesium (g Mg m-2)4 7.3 ± 3.9 12.0 ± 4.1 A 4.0 ± 0.9 3.5 ± 0.8

Manganese (g Mn m-2)4 4.5 ± 3.1 2.5 ± 0.7 A 1.5 ± 0.4 3.4 ± 1.3

Potassium (g K m-2)4 9.4 ± 3.9 9.6 ± 2.6 A 4.2 ± 1.1 4.8 ± 0.9

Sodium (g Na m-2)4 3.6 ± 0.8 A 4.2 ± 0.2 A 3.7 ± 1.3 1.9 ± 1.3

1Within row means followed by different lower case letters indicate significant differences between land-use types within a soil landscape (LME model with

Fisher’s LSD test at P � 0.05 and marginally significant at †P � 0.09).
2Within column means followed by different upper case letters indicate significant differences between soil landscapes within a reference land use (LME

model with Fisher’s LSD test at P � 0.05 and marginally significant at †P � 0.09).
3Depth-weighted average for intervals of 0–0.1 m, 0.1–0.3 m and 0.3–0.5 m with n = 3 replicate plots per land use.
4Element stocks expressed in g m-2 were calculated as: concentrations (g kg-1) * average bulk density of the reference land uses in each soil landscape

(g cm-3) * depth (cm) * 10000 cm2 m-2 � 1000 g kg-1. The average bulk density of the reference land uses is normally used in order to compare the same

soil mass and avoid the interference of bulk density changes that often result from land-use changes due to management practices that compact or

loosen the soil [42].

doi:10.1371/journal.pone.0133325.t001

Soil N-Cycling Responses to Land-Use Conversion

PLOS ONE | DOI:10.1371/journal.pone.0133325 July 29, 2015 7 / 21



two of the smallholders applied 138 kg urea-N ha-1 year-1. One of the smallholders also applied
lime in 2013 at an average rate of 200 kg dolomite ha-1 year-1. Both manual and chemical weed-
ing took place throughout the year at the rubber and oil palm plantations. The most commonly
used herbicides were Gramoxone and Roundup; these were applied at an average rate of 2 to 5
L herbicide ha-1 year-1 [Euler et al. unpublished data].

Soil Characteristics
The core method was used to measure soil bulk density for the top 0.5 m of soil depth [31]. Soil
pH (H2O) was analyzed in a 1:4 soil-to-water ratio. Soil organic C and total N concentrations
were analyzed from air-dried, sieved (2 mm) and ground samples using a CN analyzer (Vario
EL Cube, Elementar Analysis Systems GmbH, Hanau, Germany). Air-dried and sieved soils
were used to determine effective cation exchange capacity (ECEC) by percolating with unbuf-
fered 1 mol L-1 NH4Cl and cations (Ca, Mg, K, Na, Al, Fe, and Mn) were measured in perco-
lates using an inductively coupled plasma-atomic emission spectrometer (iCAP 6300 Duo
VIEW ICP Spectrometer, Thermo Fischer Scientific GmbH, Dreieich, Germany). Base satura-
tion was calculated as percent exchangeable base cations of the ECEC. Extractable P was deter-
mined using the Bray 2 method, which is used for acidic tropical soils [32]. For 15N natural
abundance signatures (δ15N), the ten subsamples from each replicate plot were composited,
ground and analyzed using isotope ratio mass spectrometry (IRMS; Delta Plus, Finnigan MAT,
Bremen, Germany). Soil δ15N has been linked to directly reflect soil N availability in that the
larger the δ15N, the larger the gross rates of mineral N production [18,19].

Gross Rates of Soil-N Cycling
The 15N pool dilution technique on intact soil cores was used to determine gross rates of soil-N
cycling processes in the top 5 cm depth [14]. Within each replicate plot, we selected two grid
points as subplots that were 20 m apart (Fig 2), and in each subplot we took five intact soil
cores (8 cm diameter and 5 cm length) near to each other. Gross soil-N cycling rates (i.e. gross
N mineralization, gross nitrification, N immobilization and DNRA) were measured using four
of the five soil cores, and background NH4

+ and NO3
- levels and microbial biomass C and N

were measured using one of the five soil cores, described in detail below.
In the field, two soil cores in each subplot were injected with (15NH4)2SO4 solution for mea-

surement of gross N mineralization and NH4
+ immobilization and the other two soil cores were

injected with K15NO3 solution for gross nitrification, NO3
- immobilization and DNRAmeasure-

ments. Using a side port needle, each intact soil core was injected with 5 mL of 15N solution con-
taining 26 ug N- K15NO3 mL-1 and 29 ug N-(15NH4)2SO4 mL-1 both with 99% 15N enrichment.
The rates of 15N injection for both solutions ranged on average 1.4 ± 0.1 to 2.3 ± 0.1 ug 15N g-1

across land uses and soil landscapes. One soil core of each 15N-injected pair (one with 15NH4
+

and one with 15NO3
-) was extracted with 0.5 mol L-1 K2SO4 approximately ten minutes after 15N

injection (T0 soil cores). Soil from the core was extruded, mixed well and large roots, stones and
woody debris were removed. A subsample was put into a prepared bottle containing 150 mL 0.5
mol L-1 K2SO4 (with approximately 1:3 ratio of fresh soil to K2SO4 solution). The remaining pair
of 15NH4

+- and 15NO3
--injected soil cores were placed in a plastic bag and put back into the soil

to incubate in-situ for one day (T1 soil cores). The plastic bags were closed loosely to allow for air
exchange, but prevent rain from entering and potentially leaching 15N. T1 soil cores were
extracted with 0.5 mol L-1 K2SO4 in the same way as the T0 soil cores. Part of the soil in each of
the T1 cores was also fumigated with chloroform (CHCl3) upon arrival in the laboratory (within
maximally two hours from the field) for six days and then extracted with 0.5 mol L-1 K2SO4.
These fumigated T1 cores were used for the determination of NH4

+ and NO3
- immobilization.
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From each soil core, the remaining soil was oven-dried at 105°C for at least one day to measure
gravimetric moisture content, which was then used to calculate the dry mass of the extracted soil.

Upon arrival in the laboratory, soil extraction was continued by shaking the K2SO4 bottles
with soil in a mechanical shaker for one hour. The extracts were filtered through pre-washed
(with 0.5 mol L-1 K2SO4) filter papers (4 um nominal pore size), and were frozen immediately.
The frozen extracts were transported by air to Germany and remained frozen until further
analysis at the SSTSE laboratory.

NH4
+ and NO3

- concentrations in the extracts were determined by continuous flow injec-
tion colorimetry (SEAL Analytical AA3, SEAL Analytical GmbH, Norderstadt, Germany),
using a salicylate and dicloroisocyanuric acid reaction for NH4

+ determination (Autoanalyzer
Method G-102-93) and the cadmium reduction method with NH4Cl buffer for NO3

- analysis
(Autoanalyzer Method G-254-02). 15N signatures in the NH4

+, NO3
- and extractable organic N

pools in the extracts were determined by the diffusion method (for organic N, after its conver-
sion to NO3

- by persulfate digestion), following the same procedures as those outlined by
Corre et al. [13,19], and 15N was determined using IRMS. Calculations of gross rates of soil-N
cycling processes followed the calculation procedures given in detail by Davidson et al. [14]
and Silver et al. [16].

From the fifth intact soil core taken at each subplot, initial levels of NH4
+, NO3

-, and soil
microbial biomass C and N were determined. For NH4

+ and NO3
- levels, similar soil sample

processing, in-situ K2SO4 extraction and laboratory analysis were used as above. For microbial
biomass, the CHCl3 fumigation-extraction method was followed [33,34]. A subsample of soil
from a core was extracted immediately with 0.5 mol L-1 K2SO4 (unfumigated) and another sub-
sample was fumigated with CHCl3 for six days and then extracted (fumigated) as described
above. Organic C in the extracts was analyzed by UV-enhanced persulfate oxidation using a
Total Organic Carbon Analyzer (TOC-Vwp, Shimadzu Europa GmbH, Duisburg, Germany)
with an infrared detector. Organic N in the extracts was determined by ultraviolet-persulfate
digestion followed by hydrazine sulfate reduction using continuous flow injection colorimetry
(Method G-157-96; SEAL Analytical AA3, SEAL Analytical GmbH, Norderstedt, Germany).
Microbial biomass C and N were calculated as the difference in extractable organic C and N
between the fumigated and unfumigated soils divided by kC = 0.45 and kN = 0.68 for a six-day
fumigation period [33].

Statistical Analysis
Statistical analysis was conducted on the means of the ten (soil biochemical characteristics) or
two (soil-N cycling) subplots representing each replicate plot. Parameters that exhibited non-
normal distribution or heterogeneous variance (tested using Shapiro-Wilk and Levene’s tests)
were log transformed. First, we compared between the soil landscapes using the reference land
uses to test our first hypothesis, and then among land uses for each soil landscape to test our
second hypothesis. Linear mixed effects (LME) models were used with either landscape (i.e.
comparing landscapes for each reference land use) or land use (i.e. comparing land uses for
each landscape) as the fixed effect and replicate plots as the random effect. For assessing differ-
ences in soil-N cycling processes, the LME models included gravimetric moisture content as a
covariate, because the measurements of these processes spanned four months (January–May
2013) across all 32 plots during which moisture content slightly varied between landscapes.
Using soil moisture content, measured from the same soil cores as the soil-N cycling processes,
as a covariate accounts for any masking effect of variation in soil moisture content across the
measurement period on the differences among land uses. Fisher’s least significant difference
(LSD) test was used to assess significant differences among land uses. Differences were
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considered statistically significant at P� 0.05. For a few specified parameters, we also consid-
ered marginal significance at P� 0.09, because our experimental design encompassed the
inherent spatial variability in our study area. To assess the relationships among soil-N cycling
processes, we used Spearman’s rank correlation tests among gross rates of soil-N cycling (i.e.
gross N mineralization, gross nitrification, N immobilization and DNRA) and microbial (i.e.
microbial biomass C and N) parameters within a land use across landscapes. The same correla-
tion test was conducted between gross rates of N mineralization as an index of soil N availabil-
ity and soil biochemical characteristics across land uses for each landscape to assess how
changes in soil biochemical characteristics due to land-use conversion relate to changes in soil
N availability. We used R 3.0.3 for all statistical analyses [35].

Field-work Permission
This study was a part of a DFG (German Research Foundation) funded project: Ecological and
socio-economic functions of tropical lowland rainforest transformation systems (EEFForTs).
EEFForTs is an interdisciplinary research project that investigates the effects of land-use
change on environmental processes, biodiversity, and human dimensions and is a collabora-
tion between Georg-August University Göttingen and several Indonesian universities. Indone-
sian management teams were established at the University of Jambi and Agricultural
University of Bogor and were responsible for assistance in the procurement of all research and
collection permits, as well as permissions from local land owners and managers of the agricul-
tural sites for field sampling. This study was conducted using the research permits 215/SIP/
FRP/SM/VI/2012 and 44/EXT/SIP/FRP/SM/V/2013 recommended by the Ministry of
Research and Technology of the Republic of Indonesia (RISTEK). As well as, the collection per-
mits 2703/IPH.1/KS.02/XI/2012 and S.13/KKH-2/2013 recommended by the Indonesian Insti-
tute of Sciences (LIPI) and issued by the Ministry of Forestry (PHKA). The lowland forest sites
were located within protected areas managed by the PHKA and Restoration Ecosystem Indo-
nesia Harapan (PT REKI). Indonesian research collaborators have also been involved in all
stages from the conceptualization of the EEFForTs project, field design and sampling, sample
exportation for analysis in Germany and finally in interpretation of results. The fieldwork did
not involve sampling of endangered or protected species, and was predominantly soil sampling
for nutrient element analysis.

Results

Reference Land Uses: Forest and Jungle rubber
The range of the average clay contents for the reference land uses in the loam Acrisol soil was
lower than in the clay Acrisol soil (Table 1). In the forest sites, we did not detect significant dif-
ferences between the two landscapes in most of the soil biochemical characteristics because of
the large spatial variation among sites (e.g. variance components analysis showed that for the
forest 32–77% of the variances of soil organic C, total N, C:N ratio and ECEC were due to the
variation among plots and only 0–11% were due to the variation between landscapes). This
was primarily a result of the greater distance between the two sets of clay Acrisol forest plots
(Fig 1). However, a few clear differences between the two landscapes emerged: forest plots in
the clay Acrisol soil had higher base saturation, extractable P, exchangeable Fe and Na and
lower Al saturation (61 ± 3%) compared to those in the loam Acrisol soil (P� 0.05; Table 1; Al
saturation for the loam Acrisol 80 ± 1%). In the jungle rubber, the differences in soil biochemi-
cal characteristics between landscapes were clearly shown. Soil pH, soil organic C stocks, total
N stocks, ECEC and stocks of exchangeable base (Ca, Mg, K and Na) and acid (Al, Fe and Mn)
cations were higher in the clay than loam Acrisol soils (P� 0.05 to 0.09; Table 1). This was due
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to the lower spatial variation among jungle rubber sites, e.g. variance components analysis
showed that only 8–33% of the variances of soil organic C, total N, C:N ratio and ECEC were
due to the variation among plots.

The forest sites in the clay Acrisol soil had higher rates of NH4
+ transformation processes

(i.e. gross N mineralization and NH4
+ immobilization) and microbial biomass C and N than

those in the loam Acrisol soil (P� 0.05; Table 2). There were no significant differences in rates
of NO3

- transformation processes detected between the two landscapes for these reference land
uses (P� 0.10); however, the rates of NH4

+ transformation processes were much higher in all
land-use types in both landscapes compared to NO3

- transformation processes (Table 2). Dis-
tinguishable attributes in the soil-N cycling between the reference land uses were that the NO3

-

pool was higher in the forest than jungle rubber in both landscapes (both P� 0.05) and the
microbial C:N ratio was higher in the forest than jungle rubber in the clay Acrisol soil
(P� 0.09; Table 2).

Positive correlations between gross N mineralization, NH4
+ immobilization and microbial

biomass were also observed in both reference land uses (Table 3). In the jungle rubber sites,
gross N mineralization was positively correlated with NH4

+ and NO3
- retention processes (i.e.

immobilization and DNRA; Table 3).

Converted Land Uses: Oil Palm and Rubber Plantations
In both landscapes, soil pH was higher either in oil palm or rubber plantations compared to
the reference land uses (P� 0.05 to 0.09; Table 1). Soil organic C and total N stocks tended to
be lower in the oil palm and rubber plantations than jungle rubber (i.e. in clay Acrisol soil) or
than both reference land uses (i.e. loam Acrisol soil) (Table 1), although these trends were not
statistically significant (P� 0.10). The C:N ratios were lower in the converted land uses than
the reference land uses in the loam Acrisol soil (P� 0.05; Table 1). Base saturation and soil
δ15N signatures were higher in the oil palm plantations than the reference land uses in the
loam Acrisol soil (P� 0.05 to 0.09; Table 1), and a similar trend was depicted in the clay Acri-
sol soil (Table 1) although not statistically significant (P� 0.10). Extractable P was highest in
the oil palm plantations, in the clay Acrisol (P� 0.05; Table 1). Exchangeable Fe was lower in
either oil palm or rubber plantations than the reference land uses in both landscapes (P� 0.05;
Table 1) and exchangeable Al showed a similar trend but was not statistically significant
(P� 0.10). Na was higher in the oil palm plantations than the reference land uses in the loam
Acrisol soil (P� 0.05; Table 1).

Gross N mineralization, NH4
+ immobilization and NH4

+ pools were lower in the converted
land uses than the reference land uses in the clay Acrisol soil (P� 0.05 to 0.09; Table 2),
whereas these NH4

+ transformation processes did not differ among land uses in the loam Acri-
sol soil (P� 0.10). There were no differences in gross nitrification and NO3

- immobilization
between converted and reference land uses in both landscapes (all P� 0.10), but similar to that
in the reference land uses the NO3

- transformation rates were smaller than the NH4
+ transfor-

mation rates in the converted land uses (Table 2). It was also noticeable that in the rubber plan-
tations, and to a lesser extent the jungle rubber, the NO3

- pools were lower than those in the
forests and oil palm plantations in both landscapes (both P� 0.05; Table 2). With regards to
NO3

- retention processes, DNRA was less important (had lower rates) than NO3
- immobiliza-

tion across all land uses in both landscapes (Table 2). However, its proportion to gross nitrifica-
tion was large (55% to 71%) in the rubber plantations that had the lowest gross nitrification
and NO3

- pools (Table 2). Microbial biomass C, N and C:N ratio did not differ (all P� 0.10)
between the converted and reference land uses in the loam Acrisol soil (Table 2), where micro-
bial biomass was initially low (i.e. lower microbial C and N in the forest sites of loam than clay
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Acrisol soils). In the clay Acrisol soil, where the initial (or forests as reference land use) micro-
bial biomass was large, microbial C and N were lower in the converted than reference land uses
(P� 0.05 to 0.09; Table 2).

In the rubber plantations, gross N mineralization was correlated positively with gross nitrifi-
cation which, in turn, was correlated with NO3

- retention processes (immobilization and
DNRA; Table 4). In the oil palm plantations, gross N mineralization also correlated positively
with NH4

+ immobilization and both as well as the NO3
- retention processes were directly cor-

related with either microbial C, N or both (Table 4).
We investigated whether the changes in soil biochemical characteristics due to land-use

conversion affect changes in soil N availability. In the loam Acrisol soil that had lower soil fer-
tility than the clay Acrisol soil (i.e. Table 1: lower pH, organic C, total N, pH, ECEC, base satu-
ration or stocks of exchangeable bases and extractable P; see Reference Land Uses above), there
were no correlations detected between soil biochemical characteristics and the index of soil N
availability (i.e. gross N mineralization) and microbial biomass across land-use types. However,

Table 2. Gross soil-N cycling rates and pools (means ± SE, n = 4) in the top 0.05 m depth for different land-use types within each soil landscape in
Jambi, Sumatra, Indonesia.

Land-use types

Reference land uses Converted land uses

N cycling rates or pools Lowland forest Jungle rubber Rubber plantation Oil palm plantation

loam Acrisol soil

NH4
+ (mg N kg-1) 2.7 ± 0.4 B†2 2.4 ± 0.1 2.7 ± 0.3 3.2 ± 1.8

Gross N mineralization (mg N kg-1 day-1) 5.4 ± 0.7 B 4.6 ± 0.6 6.2 ± 0.7 4.2 ± 1.1

NH4
+ immobilization (mg N kg-1 day-1) 2.7 ± 0.5 B 4.0 ± 1.0 4.3 ± 0.2 1.9 ± 0.4

NO3
- (mg N kg-1) 1.1 ± 0.1 B a1 0.4 ± 0.3 bc 0.1 ± 0.1 c 1.4 ± 0.9 ab

Gross nitrification (mg N kg-1 day-1) 1.9 ± 0.4 0.9 ± 0.2 0.9 ± 0.2 1.2 ± 0.5

NO3
- immobilization (mg N kg-1 day-1) 0.9 ± 0.3 0.4 ± 0.2 0.7 ± 0.3 0.6 ± 0.2

DNRA3 (mg N kg-1 day-1) 0.2 ± 0.0 ab 0.2 ± 0.0 b 0.5 ± 0.1 a 0.1 ± 0.0 b

Microbial N (mg N kg-1) 69.7 ± 4.8 B 86.5 ± 6.4 73.8 ± 10.9 59.3 ± 6.4

Microbial C (mg C kg-1) 514.0 ± 48.4 B 577.7 ± 45.1 461.4 ± 58.1 403.1 ± 23.5

Microbial biomass C:N ratio 7.2 ± 0.3 6.7 ± 0.5 6.3 ± 0.4 7.0 ± 0.4

clay Acrisol soil

NH4
+ (mg N kg-1) 3.6 ± 0.4 A ab 6.2 ± 1.6 a 2.8 ± 0.2 b 4.3 ± 1.0 ab

Gross N mineralization (mg N kg-1 day-1) 11.5 ± 1.8 A a† 10.8 ± 2.1 a† 6.0 ± 0.6 b† 9.3 ± 2.1 ab†

NH4
+ immobilization (mg N kg-1 day-1) 16.8 ± 5.7 A a 14.8 ± 2.9 a 5.5 ± 1.2 ab 7.3 ± 3.9 b

NO3
- (mg N kg-1) 1.6 ± 0.2 A a 0.2 ± 0.1 bc 0.1 ± 0.0 c 0.7 ± 0.3 ab

Gross nitrification (mg N kg-1 day-1) 0.9 ± 0.3 1.0 ± 0.2 0.7 ± 0.2 2.0 ± 0.8

NO3
- immobilization (mg N kg-1 day-1) 2.0 ± 0.6 3.3 ± 0.8 1.7 ± 0.6 1.7 ± 0.4

DNRA3 (mg N kg-1 day-1) 0.4 ± 0.2 0.9 ± 0.4 0.5 ± 0.1 0.4 ± 0.1

Microbial N (mg N kg-1) 134.4 ± 27.6 A ab 152.8 ± 28.0 a 75.4 ± 6.6 c 104.6 ± 23.4 bc

Microbial C (mg C kg-1) 1048.1 ± 200.8 A a† 922.3 ± 222.5 ab† 560.7 ± 60.7 c† 616.6 ± 112.0 bc†

Microbial biomass C:N ratio 7.9 ± 0.5 a† 5.7 ± 0.6 c† 7.5 ± 0.6 ab† 6.1 ± 0.4 bc†

1Within row means followed by different lower case letters indicate significant difference between land-use types within a soil landscape (LME model with

Fisher’s LSD test at P � 0.05 and marginally significant at †P � 0.09).
2Within column means followed by different upper case letters indicate significant difference between soil landscapes within a reference land use (LME

model with Fisher’s LSD test at P � 0.05 and marginally significant at †P � 0.09).
3Dissimilatory nitrate reduction to ammonium.

doi:10.1371/journal.pone.0133325.t002
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in the clay Acrisol soil, gross N mineralization and microbial biomass N were positively corre-
lated with soil organic C (R = 0.51, P� 0.05, n = 16 and R = 0.62, P� 0.05, n = 16, respec-
tively), total N and ECEC and negatively correlated with soil C:N ratio (Fig 3).

Discussion

Soil-N Cycling in the Reference Land Uses
The Acrisol soils in our reference land uses are characterized by low soil fertility (i.e. low ECEC
and base saturation with conversely high Al saturation; Table 1) compared to other lowland
forest soils on relatively less-weathered Cambisol and Nitisol soils [19]. Within this Acrisol soil
group, clay content influences soil fertility, as indicated by the better soil biochemical

Table 3. Spearman’s rank correlation coefficients (n = 8) among gross rates of soil-N cycling andmicrobial biomass for the top 0.05 m depth for
the reference land uses across both soil landscapes in Jambi, Sumatra, Indonesia.

NH4
+ immobilization

(mg N kg-1 day-1)
Gross
nitrification (mg
N kg-1 day-1)

NO3
- immobilization

(mg N kg-1 day-1)
DNRA1 (mg
N kg-1

day-1)

Microbial N
(mg N kg-1)

Microbial C
(mg C kg-1)

Microbial
C:N

Lowland forest

Gross N
mineralization (mg N
kg-1 day-1)

0.83* -0.33 0.36 0.46 0.86* 0.81* 0.29

NH4
+ immobilization

(mg N kg-1 day-1)
-0.55 0.62 0.46 0.79* 0.74* 0.31

Gross nitrification
(mg N kg-1 day-1)

-0.31 -0.20 -0.19 -0.21 -0.24

NO3
- immobilization

(mg N kg-1 day-1)
0.57 0.55 0.64 0.45

DNRA1 (mg N kg-1

day-1)
0.28 0.30 -0.70

Microbial N (mg N
kg-1)

0.98* 0.64†

Microbial C (mg C
kg-1)

0.71*

Jungle rubber

Gross N
mineralization (mg N
kg-1 day-1)

0.71* 0.00 0.74* 0.95* 0.76* 0.81* 0.41

NH4
+ immobilization

(mg N kg-1 day-1)
-0.05 0.98* 0.71* 0.81* 0.57 -0.22

Gross nitrification
(mg N kg-1 day-1)

0.10 -0.07 0.26 -0.05 -0.32

NO3
- immobilization

(mg N kg-1 day-1)
0.76* 0.90* 0.64† -0.17

DNRA1 (mg N kg-1

day-1)
0.81* 0.88* 0.44

Microbial N (mg N
kg-1)

0.83* -0.01

Microbial C (mg C
kg-1)

0.35

*P � 0.05, and
†P � 0.09
1Dissimilatory nitrate reduction to ammonium.

doi:10.1371/journal.pone.0133325.t003
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characteristics in the clay than the loam Acrisol in the reference land uses (i.e. Table 1: pH, soil
organic C, total N, extractable P, ECEC and base saturation or stocks of exchangeable bases).
This corresponds with a study conducted across a textural gradient in lowland Amazonian for-
ests on Ferralsol soils (which is a further weathered soil than our Acrisol soils) that found as
clay content increases, C, N and ECEC also increases [26]. We found that the clay Acrisol soil
had ample substrate for microbial communities, evidenced by its higher organic C and total N
stocks that were mirrored with larger microbial biomass, NH4

+ pool and NH4
+ transformation

rates than the loam Acrisol soil (Table 2).

Table 4. Spearman’s rank correlation coefficients (n = 8) among gross rates of soil-N cycling andmicrobial biomass for the top 0.05 m depth for
the converted land uses across both soil landscapes in Jambi, Sumatra, Indonesia.

NH4
+ immobilization

(mg N kg-1 day-1)
Gross
nitrification (mg
N kg-1 day-1)

NO3
- immobilization

(mg N kg-1 day-1)
DNRA1 (mg
N kg-1

day-1)

Microbial N
(mg N kg-1)

Microbial C
(mg C kg-1)

Microbial
C:N

Rubber plantation

Gross N
mineralization (mg N
kg-1 day-1)

0.38 0.71* 0.57 0.64 -0.24 -0.33 -0.10

NH4
+ immobilization

(mg N kg-1 day-1)
-0.17 0.50 -0.19 -0.19 0.21 0.52

Gross nitrification
(mg N kg-1 day-1)

0.55 0.93* 0.17 -0.31 -0.60

NO3
- immobilization

(mg N kg-1 day-1)
0.64† 0.10 0.05 -0.07

DNRA1 (mg N kg-1

day-1)
0.07 -0.21 -0.43

Microbial N (mg N
kg-1)

0.62 -0.29

Microbial C (mg C
kg-1)

0.50

Oil palm plantation

Gross N
mineralization (mg N
kg-1 day-1)

0.76* 0.43 0.48 0.63† 0.67† 0.62 -0.74*

NH4
+ immobilization

(mg N kg-1 day-1)
0.55 0.88* 0.83* 0.86* 0.83* -0.60

Gross nitrification
(mg N kg-1 day-1)

0.62 0.17 0.52 0.38 -0.33

NO3
- immobilization

(mg N kg-1 day-1)
0.71* 0.71* 0.67† -0.36

DNRA1 (mg N kg-1

day-1)
0.63 0.71* -0.42

Microbial N (mg N
kg-1)

0.98* -0.86*

Microbial C (mg C
kg-1)

-0.83*

*P � 0.05, and
†P � 0.09
1Dissimilatory nitrate reduction to ammonium.

doi:10.1371/journal.pone.0133325.t004
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Studies of gross soil-N cycling rates in lowland tropical forests and agroforestry systems are
limited, and the majority of these studies were conducted in Latin American forests. In terms
of making comparisons, we limit these to studies conducted in lowland tropical soils that uti-
lized the 15N pool dilution technique with in-situ incubation and extraction of mineral N.
NH4

+ transformation rates in both reference land uses were comparable with those measured
in a lowland forest in Costa Rica on Ferrasol soil (with gross N mineralization of 8 ± 1 mg N
kg-1 day-1 [36]), but lower than those found in a lowland forest in Panama on more fertile
Cambisol and Nitisol soils (with gross N mineralization of 29 ± 6 mg N kg-1 day-1 [19]). NO3

-

transformation rates were comparable to those measured in Panamanian lowland forest soils
(with gross nitrification of 0.8 ± 0.1 mg N kg-1 day-1 [19]).

The dominance of NH4
+ pools and NH4

+ transformation rates in our reference land uses
over NO3

- pools and NO3
- transformation rates (Table 2) indicates a largely NH4

+ based N
economy, which is a common characteristic of the soil-N cycling in natural or unfertilized sys-
tems [13, 16, 19]. The main difference between our reference land uses, in terms of labile N
pools, was the larger microbial C:N ratio and NO3

- pool in the forest than in the jungle rubber.

Fig 3. Relationships betweenmicrobial biomass N (top panels) and gross Nmineralization (lower panels) with soil (A) total N, (B) C:N ratio and (C)
effective cation exchange capacity (ECEC) across land-use types within the clay Acrisol soil (n = 16) in Jambi, Sumatra, Indonesia, assessed
using Spearman’s rank correlations test.

doi:10.1371/journal.pone.0133325.g003
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A lower microbial C:N ratio typically indicates a bacterial dominated system [19], which may
be a response to an increase in soil pH in the jungle rubber particularly in the clay Acrisol soil
where microbial C:N ratio had also decreased (Table 2). Interestingly, the low NO3

- pool in
jungle rubber, a feature that was much more distinct in the monoculture rubber plantations
(see Soil-N Cycling in the Converted Land Uses below) is possibly due to the production of
monoterpenes by rubber trees [37] that are known to reduce NO3

- levels and thus potentially
alter soil N pathways [38].

The correlation between gross N mineralization and NH4
+ immobilization in the reference

land uses (Table 3) indicates tightly coupled NH4
+ transformation processes. The correlations

of NH4
+ transformation rates with microbial C and N (Table 3) also suggest the influence of

microbial biomass size on such efficient internal soil-N cycling. Such tightly coupled N produc-
tion and retention processes were enhanced in the jungle rubber, as suggested by the additional
correlations with NO3

- immobilization and DNRA (Table 3). This also supports the rapid con-
version of NO3

- and hence possibly an even more efficient retention of N in this land-use type.
In summary, the high gross N mineralization rates in these reference land uses, particularly in
the clay Acrisol soil that had higher fertility relative to the loam Acrisol soil, are most likely
linked to the high plant productivity (measured in the same reference land uses by Kotowska
et al. [30]) and nutrient returns to the soil through decomposition, as well as the presence of N-
fixing trees (e.g. S1 Table) that may have provided additional N to these systems [13, 21]. Thus,
forests or agroforestry systems with minimal management practices like our jungle rubber, on
highly-weathered soils that have high clay content maintained a relatively sustainable availabil-
ity of N through an efficient cycling within and between the soil and vegetation.

Soil-N Cycling in the Converted Land Uses
The changes in soil biochemical characteristics in the converted land uses, i.e. increases in pH
(observed in both landscapes), base saturation, exchangeable Na, soil δ15N signatures and
decrease in soil C:N ratio (all observed in loam Acrisol soil; Table 1), hinged on the legacy of
biomass burning during conversion for both oil palm and rubber plantations and additionally
by the influence of fertilization and liming for oil palm plantations. The effect of ashes (as
source of inorganic nutrient ions) from biomass burning has been shown to remain decades
after the initial burning [39] and our plantations were only 12–17 years old (S1 Table). A nota-
ble difference between the rubber and oil palm plantations was the extractable P (observed in
the clay Acrisol soil; Table 1), which was highest in the fertilized oil palm plantations and low-
est in the unfertilized rubber plantations. Al saturation in the clay Acrisol soil remained high in
both rubber (73 ± 4%) and oil palm plantations (53 ± 7%; Table 1). Our Acrisol soil is still
within the Al buffering range (through Al solubilization at pH 3–5 [40]), which may have
resulted in a further decline in extractable P in the rubber plantations that had neither fertiliza-
tion nor liming. Fertilization, liming and in part biomass burning may replenish nutrient
stocks. However in unfertilized or non-agroforestry systems nutrient availability eventually
declines within a decade of forest conversion as export from harvest and leaching exceeds the
internal supply of nutrients in the soil [10–13]. We observed a trend of decreased (although
statistically not detectable) soil organic C, total N and ECEC present in the oil palm or rubber
plantations relative to either forest, jungle rubber or both (Table 1). Such decreases in soil bio-
chemical characteristics corresponded with decreases in microbial C and N in the oil palm and
rubber plantations (i.e. clay Acrisol soil; Table 1). These decreases in organic matter stocks in
the converted land uses in the loam Acrisol soil were paralleled by a decrease in soil C:N ratio
(Table 1). This suggests that the quality and quantity of organic matter input may have
improved, making it more easily available for microbial use and vulnerable to losses. These
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losses are implied by the increased δ15N signatures in the soil of the oil palm plantations
(Table 1), which reflects increased N losses (i.e. leaching of NH4

+ and NO3
- and emissions of

N-oxide gases increased following fertilization in oil palm sites; Kurniawan et al. unpublished
data, Hassler et al. unpublished data) as isotopically light N is lost from the system leaving
behind isotopically heavy soil N [41]. In summary, levels of exchangeable bases and extractable
P were augmented in oil palm plantations mainly because of fertilization, whereas microbial
biomass decreased in both converted land uses.

The decrease in microbial biomass in rubber and oil palm plantations in the clay Acrisol soil
consequently affected soil-N cycling: gross N mineralization, NH4

+ immobilization and NH4
+

pools also decreased in these converted land uses (Table 2). Between the converted land uses in
the clay Acrisol soil, where initial NH4

+ pools and NH4
+ transformation rates were large (i.e.

reference forests; Table 2), these values were lowest in the unfertilized rubber plantations and
intermediate in the fertilized oil palm plantations, thus supporting our second hypothesis. Fer-
tilization in the oil palm plantations amended an otherwise eventual decrease in soil N avail-
ability in unfertilized systems [13]. Soil microbial biomass and NH4

+ transformation rates in
the converted land uses in the loam Acrisol soil were not as altered by land-use change as in
the clay Acrisol soil, possibly because the microbial biomass and gross NH4

+ transformation
rates were initially low (i.e. reference forests; Table 2). We also found no correlations between
the index of soil N availability with soil biochemical characteristics across land uses in the loam
Acrisol soil, where soil fertility was lower than the clay Acrisol soil (Table 1). A similar pattern
was observed from montane forest conversion in clay and sandy loam Cambisol soils in Sula-
wesi, Indonesia. The clay Cambisol soil that initially had large microbial biomass and gross N
mineralization exhibits greater decreases upon conversion to unfertilized corn than the sandy
loam Cambisol soil [13]. These findings illustrate that larger initial microbial biomass pools
and soil-N cycling rates, tend to promote larger potential reductions upon land-use
conversion.

There are no previous data reported on gross soil-N cycling rates for oil palm and rubber
plantations. Hence, we can only compare our values with previous studies based on manage-
ment practices (i.e. fertilized vs. unfertilized systems) and age of converted sites. Our unfertil-
ized rubber plantations had three times higher NH4

+ transformation rates than those found in
unfertilized, 9-year continuously cultivated corn on clay Cambisol soil in Sulawesi, Indonesia
[13]. NH4

+ transformation rates in our fertilized oil palm plantations were similar to the fertil-
ized, 1-year tree plantation on sandy loam Ferralsol soil in Costa Rica [36].

The rubber plantations, and to a lesser extent the jungle rubber, exhibited the lowest NO3
-

pools (Table 2), which is probably due to allelochemicals produced by rubber trees called
monoterpenes. Previous research has shown that fluxes of monoterpenes from monoculture
rubber plantations can be ten times greater than natural forest and that alpha- and beta-pinene,
two commonly produced monoterpenes by rubber trees, reduce nitrification in soils [37,38].
The production of monoterpenes by rubber trees is believed to provide a C source for soil
microorganisms that increases their activity, and reduces NO3

- levels [38], possibly via immo-
bilization and DNRA as suggested by the correlations between gross nitrification, NO3

- immo-
bilization and DNRA (Table 4). This potentially conserves N in this land use where gross N
mineralization was much reduced (i.e. clay Acrisol soil; Table 2).

The clay Acrisol soil that had initially high soil fertility (i.e. pH, soil organic C, total N,
ECEC and base saturation or stocks of exchangeable bases in the reference land uses; Table 1),
large microbial biomass and soil N availability (i.e. gross N mineralization in the reference land
uses; Table 2) revealed that land-use change decreased soil fertility, subsequently decreasing
microbial biomass and reduced soil N availability. This is evident by the correlations of gross N
mineralization and microbial N with ECEC, total N and C:N ratio (Fig 3), which depicts the
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forest (except two sites) and jungle rubber within the upper range, the fertilized oil palm within
the middle range and the unfertilized rubber within the lower range of soil N availability.
Exceptions were found in two of the forest and one of the jungle rubber sites that were some-
what within the lower range. This was most likely due to their further distances from the other
set of sites and thus the considerable spatial variation for these reference land uses in this soil
landscape (Fig 1). Overall, the unfertilized rubber plantations exhibited the lowest fertility and
microbial biomass (Fig 3; Table 2). The soil-N cycle was predominantly linked with microbial
biomass (Tables 3 and 4), and without a robust microbial biomass pool, soil N availability in
this land use decreased (i.e. lowest gross N mineralization; Table 2). The fertilized oil palm
plantations showed slightly increased soil N availability along with increased soil biochemical
characteristics (Fig 3; Table 2), mainly due to management practices. However, the low micro-
bial biomass in the oil palm plantations (Table 2) suggests that soil fertility and N availability
were perhaps only temporarily abated by fertilization and may not be as sustainable as in the
original reference land uses. In these Acrisol soils, which generally have low fertility relative to
other less-weathered tropical soils, management practices in converted oil palm and rubber
plantations should aim at maintaining the levels of microbial biomass as found in the original
land use, because the availability of N, and other nutrients, is dependent on its activity.

Conclusions
In these highly weathered Acrisol soils, clay content affects the inherent fertility of the reference
land uses, corroborating our first hypothesis. Between the converted land uses, soil N availabil-
ity and microbial biomass decreased in the unfertilized rubber plantations, and were intermedi-
ary in the fertilized oil palm plantations, supporting our second hypothesis. Although
fertilization has been shown to hinder the decline in soil N availability and other nutrients in
our oil palm plantations, N fertilization was also associated with negative impacts on ground-
water quality and soil-atmosphere greenhouse gas exchange (Kurniawan et al. unpublished
data; Hassler et al. unpublished data), as evident from the increased soil δ15N signatures in the
oil palm plantations. The typically low acid-buffering capacity of Acrisol soils makes them vul-
nerable to further decline in soil fertility with forest conversion to monoculture plantations, as
evident by the decrease in extractable P in the unfertilized rubber plantations. Smallholders
will likely become more dependent on fertilization and lime application in order to buffer the
effects of additional acidity from N fertilization [19] and to enhance P availability in these Al
saturated Acrisol soils that cover half of the land area of Sumatra. Overtime, N fertilization
may lead to more negative impacts on soil fertility (i.e. further increases in Al solubility, base
cation leaching losses and decreases in P solubility), surpassing fertilization’s impact on soil N
availability. The availability of soil N and other nutrients in these oil palm plantations will rely
heavily on fertilization and liming, which will incur additional costs to the smallholders, unless
more sustainable management practices are employed. Further studies should test manage-
ment trials on-site to screen for practices that will yield optimum benefits (e.g. harvest and
profit) with maximum nutrient retention efficiency (or less nutrient losses) in the soil.

Supporting Information
S1 Table. Plantation age, tree species and vegetation characteristics.
(PDF)

S2 Table. Soil clay contents from 0.5 m down to 2-m depth.
(PDF)

Soil N-Cycling Responses to Land-Use Conversion

PLOS ONE | DOI:10.1371/journal.pone.0133325 July 29, 2015 18 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133325.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133325.s002


Acknowledgments
We thank the village leaders, local plot owners, PT Humusindo, PT REKI, PT Perkebunan
Nusantara VI, and Bukit Duabelas National Park for granting us access and use of their proper-
ties. We also acknowledge the other members of project A05 (Hassler et al. unpublished data;
Kurniawan et al. unpublished data) for soil trace gas emissions and nutrient leaching data,
projects B04 (Kotowska et al. [30]) and B06 (Rembold et al. unpublished data) for providing
vegetation data (S1 Table) and project C07 (Euler et al. unpublished data) for land-use history
and management practices. We are especially grateful to our Indonesian field and laboratory
assistants, Fahrurrozy Borland and Khairul Anwar (University of Jambi), as well as the rangers
within the protected forest areas for their assistance and guidance during field sampling. We
also thank Dodo Gunawan from the Meteorological, Climatological and Geophysical Agency
of Indonesia for the climate data, and Andrea Bauer, Kerstin Langs and Martina Knaust
(Georg-August University Göttingen, Germany) for their assistance with laboratory analyses.

Author Contributions
Conceived and designed the experiments: MDC EV AT. Performed the experiments: KEA.
Analyzed the data: KEAMDC. Wrote the paper: KEAMDC. Field logistical support: AT.

References
1. Margono BA, Potapov PV, Turubanova S, Stolle F, Hansen MC. Primary forest cover loss in Indonesia

over 2000–2012. Nat Clim Chang. 2014;

2. Laumonier YL, Uryu Y, Stüwe M, Budiman A, Setiabudi B, Hadian O. Eco-floristic sectors and defores-
tation threats in Sumatra: identifying new conservation area network priorities for ecosystem-based
land use planning. Biodivers Conserv. 2010; 19: 1153–1174.

3. Gouyon A, de Foresta H, Levang P. Does ‘jungle rubber’ deserve its name? An analysis of rubber agro-
forestry systems in southeast Sumatra. Agrofor Syst. 1993; 22: 181–206.

4. Fitzherbert EB, Struebig MJ, Morel A, Danielsen F, Brühl CA, Donald PF, et al. How will oil palm expan-
sion affect biodiversity? Trends Ecol Evol. 2008; 23: 538–545. doi: 10.1016/j.tree.2008.06.012 PMID:
18775582

5. Food and Agricultural Organization. FAOSTAT. Available: http://faostat.fao.org/site/339/default.aspx.
Accessed 5 November 2014.

6. Carlson KM, Curran LM, Asner GP, McDonald Pittman A, Trigg SM, Adeney JM. Carbon emissions
from forest conversion by Kalimantan oil palm plantations. Nat Clim Chang. 2012;

7. Danielsen F, Beukema H, Burgess ND, Parish F, Brühl CA, Donald PF, et al. Biofuel plantations on for-
ested lands: double jeopardy for biodiversity and climate. Conserv Bio. 2008; 23: 348–358.

8. Klinge R, Araujo Martins AR, Mackensen J, Fölster H. Element loss on rain forest conversion in East
Amazonia: comparison of balances of stores and fluxes. Biogeochemistry. 2004; 69: 63–82.

9. Hedin LO, Brookshire ENJ, Menge DNL, Barron AR. The nitrogen paradox in tropical forest ecosys-
tems. Annu Rev Ecol Evol Syst. 2009; 40: 613–635.

10. Veldkamp E, Purbopuspito J, Corre MD, Brumme R, Murdiyarso D. Land use change effects on trace
gas fluxes in the forest margins of Central Sulawesi, Indonesia. J Geophys Res. 2008;

11. Dechert G, Veldkamp E, Anas I. Is soil degradation unrelated to deforestation? Examining soil parame-
ters of land use systems in upland Central Sulawesi, Indonesia. Plant Soil. 2004; 265: 197–209.

12. Dechert G, Veldkamp E, Brumme R. Are partial nutrient balances suitable to evaluate nutrient sustain-
ability of land use systems? Results from a case study in Central Sulawesi, Indonesia. Nutr Cycl Agroe-
cosys. 2005; 72: 201–212.

13. Corre MD, Dechert G, Veldkamp E. Soil nitrogen cycling following montane forest conversion in Central
Sulawesi, Indonesia. Soil Sci Soc Am J. 2006; 70: 359–366.

14. Davidson EA, Hart SC, Shanks CA, Firestone MK. Measuring gross nitrogen mineralization, immobili-
zation, and nitrification by 15N isotopic pool dilution in intact soil cores. J Soil Sci. 1991; 42: 335–349.

15. Corre MD, Brumme R, Veldkamp E, Beese FO. Changes in nitrogen cycling and retention processes in
soils under spruce forests along a nitrogen enrichment gradient in Germany. Glob Change Biol. 2007;
13: 1509–1527.

Soil N-Cycling Responses to Land-Use Conversion

PLOS ONE | DOI:10.1371/journal.pone.0133325 July 29, 2015 19 / 21

http://dx.doi.org/10.1016/j.tree.2008.06.012
http://www.ncbi.nlm.nih.gov/pubmed/18775582
http://faostat.fao.org/site/339/default.aspx


16. Silver WL, Herman DJ, Firestone MK. Dissimilatory nitrate reduction to ammonium in upland tropical
forest soils. Ecology. 2001; 82: 2410–2416.

17. Templer PH, Silver WL, Pett-Ridge J, DeAngelis KM, Firestone MK. Plant and microbial controls on
nitrogen retention and loss in a humid tropical forest. Ecology. 2008; 89: 3030–3040.

18. Arnold J, Corre MD, Veldkamp E. Soil N cycling in old-growth forests across an Andosol toposequence
in Ecuador. For Ecol Manage. 2009; 257: 2079–2087.

19. Corre MD, Veldkamp E, Arnold J, Wright SJ. Impact of elevated N input on soil N cycling and losses in
old-growth lowland and montane forests in Panama. Ecology. 2010; 91: 1715–1729. PMID: 20583713

20. Hart SC, Nason GE, Myrold DD, Perry DA. Dynamics of gross nitrogen transformations in an old-growth
forest: the carbon connection. Ecology. 1994; 75: 880–891.

21. Sotta ED, Corre MD, Veldkamp E. Differing N status and N retention processes of soils under old-
growth lowland forest in Eastern Amazonia, Caxiuanã, Brazil. Soil Biol Biochem. 2008; 40: 740–750.

22. Davidson EA, Matson PA, Vitousek PM, Riley R, Dunkin K, García-Méndez G, et al. Processes regulat-
ing soil emissions of NO and N2O in a seasonally dry tropical forest. Ecology. 1993; 74: 130–139.

23. Tanner EVJ, Vitousek PM, Cuevas E. Experimental investigation of nutrient limitation of forest growth
on wet tropical mountains. Ecology. 1998; 79: 10–22.

24. Hall SJ, Matson PA. Nutrient status of tropical rain forests influences soil N dynamics after N additions.
Ecol Monogr. 2003; 73: 107–129.

25. Schuur EAG, Matson PA. Net primary productivity and nutrient cycling across a mesic to wet precipita-
tion gradient in Hawaiian montane forest. Oecologia. 2001; 128: 431–442. doi: 10.1007/
s004420100671 PMID: 24549913

26. Silver WL, Neff J, McGroddy M, Veldkamp E, Keller M, Cosme R. Effects of soil texture on belowground
carbon and nutrient storage in a lowland Amazonian forest ecosystem. Ecosystems. 2000; 3: 193–209.

27. Ngoze S, Riha S, Lehman J, Verchot L, Kinyangi J, Mbugua D, et al. Nutrient constraints to tropical
agroecosystem productivity in long-term degrading soils. Glob Change Biol. 2008; 14: 2810–2822.

28. Corre MD, Beese FO, Brumme R. Soil nitrogen cycle in high nitrogen deposition forest: changes under
nitrogen saturation and liming. Ecol Appl. 2003; 13: 287–298.

29. FAO, IIASA, ISRIC, ISSCAS and JRC. HarmonizedWorld Soil Database (version 1.1). Available: http://
www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/
en/. Accessed 8 December 2014.

30. Kotowska MM, Leuschner C, Triadiati T, Meriem S, Hertel D. Quantifying above- and belowground bio-
mass carbon loss with forest conversion in tropical lowlands of Sumatra (Indonesia). Glob Change Bio.
2015; n/a–n/a. doi: 10.1111/gcb.12979

31. Blake GR, Hartge KH. Bulk density. In: Klute A, editor. Methods of soil analysis part 1, physical and min-
eralogical methods. Madison, WI: Soil Science Society of America; 1986. pp. 363–375.

32. Bray RH, Kurtz LT. Determination of total, organic, and available forms of phosphorus in soils. Soil Sci.
1945; 59: 39–45.

33. Brooks PC, Landman A, Pruden G, Jenkinson DS. Chloroform fumigation and the release of soil nitro-
gen: a rapid direct extraction method to measure microbial biomass nitrogen in soil. Soil Biol Biochem.
1985; 17: 837–842.

34. Davidson EA, Eckert RW, Hart SC, Firestone MK. Direct extraction of microbial biomass nitrogen from
forest and grassland soils of California. Soil Biol Biochem. 1989; 21: 773–778.

35. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. Available: http://www.R-project.org/. Accessed 1 June 2014.

36. Silver WL, Thompson AW, Reich A, Ewel JJ, Firestone MK. Nitrogen cycling in tropical plantation for-
ests: potential controls on nitrogen retention. Ecol Appl. 2005; 15:1604–1614.

37. Wang YF, Owen SM, Li QJ, Peñuelas J. Monoterpene emissions from rubber trees (Hevea brasiliensis)
in a changing landscape and climate: chemical speciation and environmental control. Glob Change
Biol. 2007; 13: 2270–2282.

38. White CS. The role of monoterpenes in soil nitrogen cycling processes in ponderosa pine: results from
laboratory bioassays and field studies. Biogeochemistry. 1991; 12: 43–68.

39. Markewitz D, Davidson EA, Figueiredo RO, Victoria RL, Krusche AV. Control of cation concentrations
in stream waters by surface soil processes in an Amazonian watershed. Nature. 2001; 410: 802–805.
PMID: 11298445

40. Van Breemen N, Mulder J, Driscoll CT. Acidification and alkalinization of soils. Plant Soil. 1983; 75:
283–308.

Soil N-Cycling Responses to Land-Use Conversion

PLOS ONE | DOI:10.1371/journal.pone.0133325 July 29, 2015 20 / 21

http://www.ncbi.nlm.nih.gov/pubmed/20583713
http://dx.doi.org/10.1007/s004420100671
http://dx.doi.org/10.1007/s004420100671
http://www.ncbi.nlm.nih.gov/pubmed/24549913
http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
http://dx.doi.org/10.1111/gcb.12979
http://www.R-project.org/
http://www.ncbi.nlm.nih.gov/pubmed/11298445


41. Amundson R, Austin AT, Schuur AG, Yoo K, Matzek V, Kendall C, Uebersax A, et al. Global patterns of
the isotopic composition of soil and plant nitrogen. Global BiogeochemCy. 2003;

42. de Blécourt M, Brumme R, Xu J, Corre MD, Veldkamp E. Soil carbon stocks decrease following conver-
sion of secondary forests to rubber (Hevea brasiliensis) plantations. PLoS ONE. 2013; doi: 10.1371/
journal.pone.0069357

43. Jarvis A, Reuter HI, Nelson A, Guevara E. Hole-filled SRTM for the globe (version 4). Available: the
CGIAR-CSI SRTM 90 m Database at http://srtm.csi.cgiar.org. Accessed 7 July, 2014.

Soil N-Cycling Responses to Land-Use Conversion

PLOS ONE | DOI:10.1371/journal.pone.0133325 July 29, 2015 21 / 21

http://dx.doi.org/10.1371/journal.pone.0069357
http://dx.doi.org/10.1371/journal.pone.0069357
http://srtm.csi.cgiar.org

