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Abstract Intensive management practices in large-

scale oil palm plantations can slow down nutrient

cycling and alter other soil functions. Thus, there is a

need to reduce management intensity without sacri-

ficing productivity. The aim of our study was to

investigate the effect of management practices on

gross rates of soil N cycling and soil fertility. In Jambi

province, Indonesia, we established a management

experiment in a large-scale oil palm plantation to

compare conventional practices (i.e. high fertilization

rates and herbicide weeding) with reduced manage-

ment intensity (i.e. reduced fertilization rates and

mechanical weeding). Also, we compared the typical

management zones characterizing large-scale planta-

tions: palm circle, inter-row and frond-stacked area.

After 1.5 years of this experiment, reduced and

conventional management showed comparable gross

soil N cycling rates; however, there were stark

differences among management zones. The frond-

stacked area had higher soil N cycling rates and soil

fertility (high microbial biomass, extractable C, soil

organic C, extractable organic N, total N and low bulk

density) than inter-row and palm circle (all p B 0.05).

Microbial biomass was the main driver of the soil N

cycle, attested by its high correlation with gross

N-cycling rates (r = 0.93–0.95, p\ 0.01). The corre-

lations of microbial N with extractable C,

extractable organic N, soil organic C and total N

(r = 0.76–0.89, p\ 0.01) suggest that microbial

biomass was mainly regulated by the availability of

organic matter. Mulching with senesced fronds

enhanced soil microbial biomass, which promoted

nutrient recycling and thereby can decrease depen-

dency on chemical fertilizers.
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Introduction

Agricultural expansion and intensification in the

tropics are major global environmental concerns as

they are connected to forest and biodiversity loss, soil

degradation, greenhouse gas emissions and reduced

ecosystem functioning (Grass et al. 2020; Lewis et al.

2015; Veldkamp et al. 2020). Palm oil is one of the

most important cash crops in the tropics since it�s the
world�s leading vegetable oil owing to its high yield

and low production costs (Carter et al. 2007; Clough

et al. 2016). Oil palm plantations are widespread

across the tropics: their area has increased rapidly in

the last decades and this increase is predicted to

continue in the future (FAO 2017, Pirker 2016).

Indonesia is the top producer of palm oil (FAO 2017)

with the islands of Sumatra and Kalimantan contribut-

ing the largest share (Directorate General of Estate

Crop 2017). A substantial part of oil palms is grown in

industrial plantations, which are large-scale planta-

tions with intensive management, such as high fertil-

ization rates and herbicide use. In Indonesia, 60% of

oil palm plantations are owned by large-scale state and

private companies with landholdings ranging from

3000 to 40,000 ha (Lee et al. 2014), as opposed to

smallholder plantations with about 4 ha per household

(e.g. Jambi province, Sumatra; Clough et al. 2016).

The intensive management in large-scale plantations

has been linked to negative environmental impacts:

high N fertilization rates result in large N2O emissions

(Hassler et al. 2017; Rahman et al. 2019) and N

leaching losses (Formaglio et al. 2020), potentially

diminishing water quality (Comte et al. 2012), whilst

herbicides remove understory vegetation and reduce

soil cover, possibly affecting soil biodiversity (Ash-

ton-Butt et al. 2018) and soil erosion (Moradi et al.

2015). Moreover, oil palm plantations have strongly

reduced ecosystem functions (e.g. gas and climate

regulation, water regulation and filtration, soil fertil-

ity) compared to tropical forests (Clough et al. 2016;

Dislich et al. 2017). A reduction in management

intensity may diminish some of the negative environ-

mental impacts associated with oil palm cultivation

and may moderate the decline of some ecosystem

functions. Options to reduce management intensity

can include e.g. a reduction in fertilization rates and

mechanical weeding instead of using herbicides. The

identification of sustainable farming practices in oil

palm plantations is a high priority of the

Roundtable for Sustainable Oil Palm (RSPO 2018).

Furthermore, reductions in fertilization rates are also

in line with the direction of the Indonesian government

to support precision farming (e.g. varying rates of

fertilizations with age of plantation, soil types and

climate; Ministry of Agriculture of Indonesia 2016).

Soil N cycling is an indicator of soil fertility, an

important ecosystem function that is very sensitive to

management practices (Allen et al. 2015; Corre et al.

2006; Cookson et al. 2006; Lang et al. 2016). The

internal soil N cycle consists of microbial-mediated N

transformations that regulate mineral N production

and retention in the soil, determining the soil’s

capacity to supply N (Davidson et al. 1991; Hart

et al. 1994a) as well as its susceptibility to gaseous and

leaching losses (Corre et al. 2014; Formaglio et al.

2020). An optimal management of the internal soil N

cycle will maintain crop production and diminish N

losses resulting in both ecological and economic

benefits. Agricultural management practices, such as

fertilization and weeding, affect soil N cycling rates by

influencing the inputs of nutrients and organic matter

into the soil, and thereby modifying soil biochemical

properties and microbial biomass (Allen et al.

2015, 2016; Singh and Ghoshal 2010). Chronic high

N fertilization to tropical forest soils represses soil

microbial biomass and N immobilization rates but

enhances gross N mineralization and nitrification rates

as well as N-oxide losses (Baldos et al. 2015; Corre

et al. 2010, 2014; Koehler et al. 2009; Müller et al.

2015). Furthermore, N addition can stimulate gross

nitrification rates in tropical tree plantations (Silver

et al. 2005). On the other hand, herbicide weed control

slows down regrowth of understory vegetation by

eradicating both above- and belowground biomass,

resulting in lower soil cover by vegetation (Darras

et al. 2019). As lower understory vegetation can cause

lower N uptake and lower inputs of organic matter, the

substrate for gross N mineralization, this can result in

decreased N mineralization and nitrification rates

(Wang et al. 2014). In addition, the removal of

understory vegetation may diminish microbial bio-

mass (Pandey and Begum 2010), which is an impor-

tant factor controlling the internal soil N cycle (Baldos

et al. 2015; Corre et al. 2010). Declines in organic

matter input and soil microbial biomass, as a conse-

quence of forest conversion to oil palm plantation,

have led to decreased gross N mineralization rates in

Indonesian soils (Allen et al. 2015). Until now, there
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has not been a systematic investigation in oil palm

plantations on the effect of management practices on

the internal soil N cycle and soil fertility (e.g. soil

organic carbon (SOC), total N, microbial biomass,

effective cation exchange capacity (ECEC), base

saturation, bulk density, among others) and whether

these soil properties can be restored by reduced

management intensity.

To investigate soil nutrient cycling in an intensively

managed oil palm plantation, it is fundamental to

account for the spatial variation caused by the standard

management practices, since the local-scale hetero-

geneity in soil characteristics can drive large differ-

ences in soil N cycling (Waring et al. 2016). In most

large-scale oil palm plantations, there are three distinct

management zones (Carron et al. 2015; Haron et al.

1998; Rahman et al. 2018): 1) the area around the palm

that is frequently weeded and raked where fertilizer is

applied, hereafter called the palm circle; 2) the area

between palm rows, which is not fertilized and weeded

less frequently to facilitate access to the palms,

hereafter called inter-row; and 3) the area where the

pruned fronds are piled on every second inter-rows,

serving as mulch, hereafter called the frond-stacked

area. Decomposition of fronds can be an important

source of nutrients and organic matter to the soil

(Frazão et al. 2014; Kotowska et al. 2016), and so the

frond-stacked area has a potential to support a

substantial microbial biomass (Haron et al. 1998),

which can promote large gross N mineralization

(Huang et al. 2008). In the palm circle, litter inputs

are small and mainly derived from the palm roots that

are very dense within this management zone (Nelson

et al. 2006; Schroth et al. 2000). Gross nitrification in

this zone can be high because of periodic fertilization

with urea (Silver et al. 2005). Finally, the inter-row has

generally lower nutrient inputs than the other zones:

below- and aboveground litter input are mainly from

weeding of ground vegetation and no fertilizer is

applied. In conclusion, we expect that these distinct

management zones as well as the management inten-

sity can drive changes in microbial biomass, soil N

cycling rates and soil fertility properties. Assessing the

link between management practices and soil N cycling

rates will aid in optimizing monetary (e.g. fertilizer)

inputs and reduce negative environmental effect, in

compliance with RSPO criteria.

In a large-scale oil palm plantation on inherently

low-fertility Acrisol soil, we investigated whether

management zones differ in gross rates of the internal

soil N cycle and soil fertility properties, and whether

1.5 years of reduced fertilization and mechanical

weeding increase soil N cycling rates compared to

the conventional high fertilization rate and herbicide

weed control. Here, we primarily focus on differences

among management zones, because the treatments

were only initiated 1.5 years earlier and literature

suggests that effects on the soil N cycle would

probably take longer than 1–2 years to emerge. The

first hypothesis that we tested was that the frond-

stacked area will have larger SOC and microbial

biomass, which drive higher rates of gross N miner-

alization compared to the palm circle and the inter-row

(both with low organic matter input). Our second

hypothesis was that reduced fertilization and mechan-

ical weeding stimulate gross N mineralization rates.

This hypothesis was based on the above-mentioned

studies that high N fertilization rates depressed

N-production rates and our expectation that mechan-

ical weeding will enhance organic matter input and

microbial biomass. We tested both hypotheses by

measuring gross rates of internal soil N cycle using the
15 N pool dilution techniques in a large-scale, spatially

replicated oil palm management experiment and

stratified according to management zones.

Materials and methods

Site description

Our study was conducted in a large-scale, state-owned

oil palm plantation located in the Batanghari regency,

Jambi province, Indonesia (1� 430 80’ S, 103� 230 530’
E, elevation of 73 m above sea level). The plantation

was established between 1998 and 2002, encompassed

2025 ha, and the palms were 16–20 years old during

our study years of 2017–2018. Planting density was

approximately 142 palms ha-1 with 8-m spacing

between palms within and between rows. Mean annual

air temperature in the study area is 26.7 ± 1.0 �C and

mean annual precipitation is 2235 ± 385 mm

(1991–2011; climate station at the Jambi Sultan Thana

airport of the Meteorological, Climatological and

Geophysical Agency). Climatic data measured at the

plantation from March 2017 to February 2018 showed

a mean daily air temperature of 26.3 �C and an annual

precipitation of 2772 mm. In 2013, nutrient
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depositions through rainfall in the study area were

12.9 kg N, 0.4 kg P, and 5.5 kg K ha-1 yr-1 (Kurni-

awan et al. 2018). The soil in the study area is

classified as Acrisol with a loam texture (Allen et al.

2015).

Experimental design

In November 2016, a full-factorial management

experiment with two fertilization rates and chemical

and mechanical weed control was established in order

to compare high intensity with low intensity manage-

ment practices. The experimental layout (Fig. 1) was

composed of four blocks as replicates (OM1, OM2,

OM3, OM4), each with four plots (50 m 9 50 m

each) that represented the four treatments: conven-

tional fertilization rate-herbicide (ch), conventional

fertilization rate-mechanical weeding (cw), reduced

fertilization rate–herbicide (rh), and reduced fertiliza-

tion rate–mechanical weeding (rw). The conventional

fertilization rates were based on rates common to

large-scale plantations on Acrisol soils in Jambi

province (260 kg N ha-1 yr-1, 50 kg P ha-1 yr-1,

and 220 kg K ha-1 yr-1) whereas the reduced rates

were based on the nutrient exports by harvest

(136 kg N ha-1 yr-1, 17 kg P ha-1 yr-1, and

187 kg K kg ha-1 yr-1; see below). Fertilizer sources

were urea, triple superphosphate and muriate of

potash. All treatments received the same rates of lime

(426 kg dolomite ha-1 yr-1) and micronutrients

(142 kg micro-mag ha-1 yr-1 with 0.5% B2O3,

0.5% CuO, 0.25% Fe2O3, 0.15% ZnO, 0.1% MnO

and 18% MgO), as these were the common rates

practiced in large-scale plantations on acidic Acrisol

soils (Pahan 2010). Fertilizers were applied in the

same way as done in large-scale plantations: rates

were split in two applications per year (commonly in

April and October), and applied within a 2-m radius of

the palm circle after the area was raked.

Weed control was done either by herbicide appli-

cation (glyphosate), commonly used in large-scale

plantations, or by mechanical weeding (using a brush

cutter) as reduced management practice. Glyphosate

was applied at a rate of 1.5 L ha-1 yr-1 (split in four

applications in a year) to the palm circle, and 0.75 L

ha-1 yr-1 (split in two applications in a year) to the

inter-row. Mechanical weed control was carried out

using a brush cutter in the same areas and frequencies.

The mechanical weeding removed only the above-

ground biomass, allowing fast ground cover regener-

ation, while the herbicide eradicated above- and

Fig. 1 Experimental set-up. OM1, OM2, OM3, and OM4 indicate the four blocks, each with the four treatment plots (ch, cw, rh, and

rw). Each treatment plot was 50 m 9 50 m
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belowground vegetation parts, resulting to slow

regeneration of ground cover (Fig. S1).

Within each plot, we randomly selected one palm

from the inner 30-m 9 30-m area. We stratified our

measurements of gross rates of soil N cycling accord-

ing to the three distinct management zones (Figs. 2 and

S2): within the palm circle, the inter-row and within

the frond-stacked area. In total, we measured in 48

sampling points (4 replicate blocks 9 4 treat-

ments 9 3 management zones) in the study site

(Figs. 1 and 2). For measurements of the soil

biochemical characteristics, another randomly

selected palm was added for soil sampling (Fig. 2).

Soil samples from the top 5-cm depth were then

composited for each management zone per treatment

plot, totaling to 48 composite soil samples.

Calculation of reduced fertilization rates

The reduced fertilization rates were based on the

amount of nutrients (N, P, K) exported from the

plantation via harvest. To quantify the nutrient

exports, we measured nutrient contents in the har-

vested fruit bunches from the studied plantation prior

to the experiment. We selected 20 harvested fruit

bunches at the plantation mill, sampled them for fruits

and stalks, and made three composite samples for

fruits and three composite samples for stalks. We used

a subsample to measure gravimetric moisture content,

by oven-drying these plant samples at 60 �C until

stable weights were attained (5–7 days); the rest of the

samples were oven-dried, ground, and analyzed for

total N, P and K contents. Total N contents were

determined using a CN analyzer (Vario EL Cube,

Fig. 2 Soil sampling design at each treatment plot. The blue crosses represent the sampling points for the soil N cycling measurements

and the red crosses represent the additional sampling points for the determination of soil biochemical characteristics
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Elementar Analysis Systems GmbH, Hanau, Ger-

many). For total P and K contents, samples were

pressure-digested in concentrated HNO3, followed by

analysis of the digests using the inductively coupled

plasma-atomic emission spectrometer (ICP-AES;

iCAP 6300 Duo VIEW ICP Spectrometer, Thermo

Fischer Scientific GmbH, Dreieich, Germany). The

fruits contained on average 0.5 g water g-1,

7 mg N g-1, 0.9 mg P g-1, and 3.8 mg K g-1; the

stalks contained 4.6 g water g-1, 1.1 mg N g-1,

1.1 mg P g-1, and 62.6 mg K g-1. Based on the

long-term yield records of our studied plantation,

mean harvest was 11 fruit bunches tree-1 yr-1,

averaging 23 kg (fresh weight) per fruit bunch with

70% fruits and 30% stalks. Using the measured

moisture content of the fruit bunch above and the

average planting density (142 trees ha-1), the mean

yield was 17,000 kg dry fruits ha-1 yr-1 and 2000 kg

dry stalks ha-1 yr-1. We multiplied these values with

the measured nutrient concentrations to obtain the

mean nutrient exports by harvest of 136 kg N, 17 kg

P, and 187 kg K ha-1 yr-1. These values were used as

the basis for the reduced fertilizations rates.

Soil fertility characteristics

Sampling was conducted in February 2018, 1.5 years

since the start of the experiment and four months after

the last fertilization and weeding. Soil biochemical

characteristics were determined from the composite

soil samples (taken from the top 5-cm depth) of each

management zone at each treatment plot (Fig. 2).

Subsamples of the air-dried, sieved (2 mm) soils were

finely ground and analyzed for SOC (after removal of

inorganic C, e.g. palm circle, by acid fumigation;

Harris et al. 2001) and total N concentrations using a

CN analyzer. The air-dried and sieved soils were used

to measure pH in a 1:4 soil-to-water ratio, and ECEC

by percolating the soils with unbuffered 1 mol L-1

NH4Cl and measuring the cations (Ca, Mg, K, Na, Al,

Fe, Mn) in percolates using ICP-AES. Soil bulk

density in the top 5 cm was measured using the same

soil cores, and the values were used to convert the

gravimetric moisture content to water-filled pore

space, using a soil particle density of 2.65 g cm-3.

Gross rates of internal soil N cycling and microbial

biomass

Wemeasured the gross rates of soil N cycling on intact

soil cores of the top 5 cm mineral soil, using the 15 N

pool dilution technique with in-situ incubation

(Davidson et al. 1991). We measured all treatments

from one block (Fig. 1) on the same day. At each

treatment plot, we took five intact soil cores (8 cm

diameter and 5 cm length) at each of the three

management zones (Fig. 2). Two cores were injected

with five 1-mL (15NH4)2SO4 solution (containing

27 lg N mL-1 with 95% 15 N enrichment) to mea-

sure gross rates of N mineralization and microbial

NH4
? immobilization. Two other cores were injected

with five 1-mL K15NO3 solution (containing

28 lg N mL-1 with 95% 15 N enrichment) to mea-

sure gross nitrification, microbial NO3
- immobiliza-

tion and dissimilatory nitrate reduction to ammonium

(DNRA). We used the remaining soil core to deter-

mine the background levels of NH4
? and NO3

- in the

soil. From each pair of soil cores, one was extracted

approximately 10 min after 15 N injection (T0 cores)

while the other intact core was extracted after

incubation for one day in a loosely closed plastic bag

in the field (T1 cores; Fig. S2). The T0 cores were used

to correct for reactions that occur immediately after
15 N injection. Soil mineral N extraction from the T0

and T1 cores was done by mixing the soil, removing

roots, and placing a subsample into a pre-weighed

bottle containing 150 mL 0.5 mol L-1 K2SO4 (ap-

proximately 1:3 ratio of fresh soil to solution). The

bottles were then shaken for 1 h, and the solution was

filtered through pre-washed (with 0.5 mol L-1 K2SO4)

filter papers (4 lm nominal pore size). The extracts

were frozen immediately, stored in a freezer, and

transported by airfreight to Germany, where they were

analyzed. Gravimetric moisture content was deter-

mined from each soil core, by oven-drying at 105 �C
for one day, and was used to calculate the dry mass of

soils extracted for mineral N.

Analyses of 15 N from the extracts were done

following the 15 N diffusion procedures outlined by

Corre and Lamersdorf (2004). The 15 N enrichment

was determined using isotope ratio mass spectrometer

(IRMS; Delta Plus, Finnigan MAT, Bremen, Ger-

many); the precisions were 0.009% for 15 N-NH4
?

analysis (from a standard containing 10.6% 15 N in the

form of (15NH4)2SO4) and 0.061% for 15 N-NO3
-
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analysis (from a standard containing 11.7% 15 N in the

form of K15NO3). The NH4
? and NO3

- concentrations

in the extracts were determined by continuous flow

injection colorimetry (SEAL Analytical AA3, SEAL

Analytical GmbH, Norderstadt, Germany): NH4
? was

analyzed via salicylate and dicloroisocyanuric acid

reaction (Autoanalyzer Method G-102-93) and NO3
-

was analyzed with cadmium reduction method with

NH4Cl buffer (Autoanalyzer Method G-254-02). We

measured total N in the extracts by ultraviolet-

persulfate digestion followed by hydrazine sulfate

reduction using continuous flow injection colorimetry.

Organic N was calculated as the difference between

total N and mineral N (NH4
? ? NO3

-) in the

extracts.

We calculated gross rates of soil N cycling

following the equations given by Davidson et al.

(1991) and Hart et al. (1994b). Gross rates of N

mineralization and nitrification were calculated from

the 15NH4
?- and 15NO3

--injected cores, respectively,

based on the dilution of 15 N enrichments in the NH4
?

or NO3
- pools between the T0 and T1 cores.

Microbial NH4
? immobilization was calculated as

the difference between NH4
? consumption and gross

nitrification, while NO3
- immobilization was equal to

NO3
- consumption (Davidson et al. 1991). This

method assumes that NO3
- immobilization is the

main consumption process of the NO3
- pool, since

DNRA and denitrification are usually low compared to

gross nitrification rates (Davidson et al. 1991). The

DNRA rates were calculated from the 15NO3
--

injected cores following the calculation procedures

of Silver et al. (2001). Turnover times of NH4
?, NO3

-

and microbial biomass N (see below) were calculated

by dividing the pool with the flux rate.

We determined microbial biomass C and N using

the fumigation-extraction method (Brookes et al.

1985; Davidson et al. 1984). We took a subsample

(about 25 g fresh soil) from the T1 cores and

fumigated it with CHCl3 for six days, after which the

soil was extracted with 0.5 mol L-1 K2SO4 (approx-

imately 1:5 ratio of fresh soil to solution) as described

above. The concentrations of C in the extracts were

analyzed by ultraviolet-enhanced persulfate oxidation,

using a Total Organic Carbon Analyzer (TOC-Vwp;

Shimadzu Europa GmbH, Duisburg, Germany) with

an infrared detector and total N concentrations in the

extracts were measured as described above. Microbial

biomass C and N were calculated as the difference of

extractable C and N between the fumigated and

unfumigated samples, divided by kC = 0.45 for

microbial biomass C and by kN = 0.68 for microbial

biomass N with a six-day fumigation (Brookes et al.

1985).

Compilation of data on internal soil N cycling,

gaseous and leaching losses in large-scale

and smallholder oil palm plantations and forest

To gain additional insights on soil N cycling with

changes in management intensity and land use, we

compared the soil N cycling rates from our present

large-scale oil palm plantation with those measured in

smallholder oil palm plantations and lowland forest

sites (as the reference land use), reported by Allen

et al. (2015), located in the same climatic area and soil

type as our large-scale plantation site. This earlier

work from our group used the same 15 N pool dilution

techniques for the same soil depth (top 5 cm) and had

similar measurement season (January-March 2013,

rainy season) as in our present study. Smallholder oil

palm plantations have lower management intensity

(i.e. fertilization rates ranged from 48 to 88 kg N,

21–38 kg P and 40–73 kg K ha-1 yr-1; Allen et al.

2015) and the frond-stacked area is not spatially

distinct as in our large-scale plantation. Soil N2O and

N2 fluxes are not yet quantified at our studied

plantation but N2O emissions have been reported for

frond-stacked area of a large-scale oil palm plantation

in Medan, Sumatra (Rahman et al. 2019) and for inter-

rows and palm circle of a plot near our site (Hassler

et al. 2017). For this data synthesis, we used these

reported N2O fluxes and we estimated N2 emissions

using the global N2O:(N2 ? N2O) ratios of 0.11 for

agricultural soils and 0.12 for forest (Scheer et al.

2020). N leaching losses were taken from our earlier

studies at the same plots (Formaglio et al. 2020) and

the same smallholder oil palm and forest sites

(Kurniawan et al. 2018). Our statistical comparison

was conducted mainly on the soil N cycling processes,

and the N gaseous and leaching losses were provided

to support holistic interpretation.

Statistical analysis and comparison

with smallholder oil palm plantations and forest

We tested each parameter for homogeneity of variance

(using Levene’s test) and normality of distribution
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(using Shapiro–Wilk test). Log-transformation was

used in case of unequal variance. First, we used a

linear model to assess the effects of management

treatment, spatial pattern (management zone) and their

interaction on soil N cycling rates and soil properties.

As there was no effect of management treatment x

spatial zone interaction on any of the parameters and

as the most differences were observed among spatial

zones, we assessed the effects of management treat-

ments (with four replicate plots each) on soil N cycling

rates within each spatial zone. As there were no

treatment differences observed on any parameters, we

assessed differences among spatial zones with the 16

plots considered as replicates. Differences among

spatial zones were tested using one-way analysis of

variance with Tukey HSD test for multiple compar-

isons. For the parameters that showed non-normal

distributions, differences among spatial zones were

tested using Kruskal–Wallis H test followed by the

multiple comparison extension test. To assess the

relationships of soil N cycling rates with soil bio-

chemical parameters, we used Spearman rank corre-

lation test on the mean of the four replicate plots per

treatment, separated for each spatial zone (n = 12; 4

treatments 9 3 management zones). All statistical

tests were considered significant at p B 0.05. All

statistical analyses were carried out using R version

3.5.1 (R Core Team 2019).

To compare our present measurements of soil N

cycling rates in the large-scale plantation with those

from the smallholder plantations and reference forest,

we averaged the rates from the palm circle and inter-

row per treatment plot. The frond-stacked area was

analyzed separately because frond-stacked areas were

indistinguishable in the smallholder plantations. We

converted the soil N cycling rates from soil mass basis

(mg N kg-1 soil d-1) to area basis (g Nm-2 d-1) using

the measured soil bulk density, averaged for each

management zone. We used the same statistical tests

mentioned above.

Results

Soil fertility characteristics

Soil fertility parameters in the top 5 cm did not show

any treatment effect (all p[ 0.05) but clearly differed

among management zones. The frond-stacked area

had higher extractable C, extractable organic N, SOC,

total N, and ECEC compared to the other zones (all

p B 0.04), whereas the inter-row had higher

extractable C than the palm circle (p = 0.05; Table 1).

The palm circle showed a higher ECEC than the inter-

row (p\ 0.01) and higher base saturation and pH

compared to the other zones (both p\ 0.01), whereas

the frond-stacked area had higher base saturation than

the inter-row (p = 0.02) but comparable pH (p = 0.44;

Table 1). Soil bulk density was lower in the frond-

stacked area than the other zones (p\ 0.01) whereas

this was comparable between the palm circle and inter-

row (p = 0.89; Table 1). The water-filled pore space

and soil temperature showed little variation and were

comparable among zones (all p[ 0.05; Table 1).

Gross rates of soil N cycling and microbial

biomass

After 1.5 year from the start of the management

treatments, we did not detect any differences in soil N

cycling processes among the experimental treatments,

stratified according to management zone (p[ 0.05;

Table 2). One exception was NH4
? immobilization in

the frond-stacked area, which was lower in the rw than

in the cw and rh treatments (p B 0.04; Table 2). We

attributed this difference to a high proportion of gross

nitrification relative to gross N mineralization in the

rw treatment, resulting in low NH4
? immobilization

(Table 2).

In contrast, we detected clear differences in soil N

cycling rates among management zones, especially

between the frond-stacked area and the other two

zones (Table 2). Gross N mineralization, gross nitri-

fication, and NH4
? and NO3

- immobilization rates

were larger in the frond-stacked area compared to the

palm circle and inter-row (all p\ 0.01), and gross N

mineralization was higher in the inter-row compared

to the palm circle (p = 0.01; Table 2). The DNRA

rates were higher in the palm circle than in the inter-

row (p = 0.05; Table 2), but they were generally low,

ranging only from 3% (frond-stacked area) to 16%

(palm circle) of the gross nitrification. Thus, microbial

NO3
- immobilization was the main NO3

- retention

process. In the frond-stacked area, most of the

produced NH4
? was used for microbial NH4

? immo-

bilization, whereas in the palm circle and inter-row the

importance of both NH4
? immobilization and gross

nitrification as fates of produced NH4
? were
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comparable (Table 2). The turnover times were

comparable among management zones, averaging

0.23 ± 0.03 days for NH4
?, 0.34 ± 0.08 days for

NO3
- and 7.8 ± 0.5 days for the microbial N pool.

Across treatments and management zones, gross N

mineralization and gross nitrification were correlated

(r = 0.86, p\ 0.01, n = 12). DNRA did not show any

correlation, either with N-cycling processes or with

soil fertility parameters (all p[ 0.05).

Microbial biomass N was higher in the frond-

stacked area compared to the other management zones

(p\ 0.01) and lower in the palm circle than in the

inter-row (marginally significant, p = 0.07; Table 2).

Microbial biomass C was also higher in the frond-

stacked area than in the other zones (p\ 0.01; Table 2)

and microbial biomass C:N ratio (14 ± 4) did not

differ among management zones (p = 0.26).

Controls on soil N cycle and comparison

with smallholder plantations

Gross rates of N mineralization and nitrification were

strongly correlated with microbial biomass N (r =

0.93–0.95, all p\ 0.01, n = 12) which, in turn, was

positively correlated with extractable C and

extractable organic N (r = 0.85–0.87, p\ 0.01,

n = 12). Extractable C and extractable organic N were

also correlated with SOC and total N (r = 0.76–0.89,

p\ 0.01, n = 12), of which the latter were correlated

with ECEC (r = 0.60–0.77, p B 0.04, n = 12).

Compared to the smallholder plantations, gross

rates of mineral N production and immobilization

were larger in the frond-stacked area of the large-scale

plantation (all p B 0.03; Fig. 3), while the inter-row

and palm circle of the large-scale plantation had

comparable soil N cycling rates as those in the

smallholder plantations (Fig. 3). Mineral N produc-

tion in the frond-stacked area was twice the rates of the

forest, which also drove the larger microbial N

immobilization rates in the frond-stacked area than

the forest (p\ 0.01; Fig. 3). DNRA was higher in the

forest than in the frond-stacked area (p = 0.02);

however, this process of N retention (by converting

NO3
- to less mobile NH4

?) was consistently lower

than NO3
- immobilization in all land uses (Fig. 3).

Discussion

Differences among management zones and effect

of management practices

The substantial differences among management

zones, notably the frond-stacked area with large

extractable C, SOC, extractable organic N, total N

and ECEC (Table 1), soil N cycling rates and

Table 1 Soil fertility and physical characteristics (means ± SE, n = 16 plots) measured in the top 5 cm at the different management

zones in a large-scale oil palm plantation in Jambi, Indonesia

Characteristicsa Frond-stacked area Inter-row Palm circle

Extractable C (mg C kg-1 d-1) 280 ± 39a 163 ± 8b 85 ± 6c

Extractable organic N (mg N kg-1) 15.5 ± 2.2a 6.5 ± 0.6b 3.9 ± 0.3b

Soil organic C (g C kg-1) 47.6 ± 5.3a 12.2 ± 0.6b 11.9 ± 1.4b

Total N (g N kg-1) 2.9 ± 0.3a 0.9 ± 0.1b 0.8 ± 0.1b

Soil C:N ratio 16.0 ± 0.3a 14.1 ± 0.2b 15.1 ± 0.3ab

ECECb (mmolc kg-1) 113 ± 13a 22 ± 2c 72 ± 7b

Base saturation (%) 96 ± 1b 59 ± 6c 100 ± 0a

pH (1:4 H2O) 5.33 ± 0.12b 5.17 ± 0.06b 6.51 ± 0.05a

Bulk density (g cm-3) 0.52 ± 0.06a 1.20 ± 0.04b 1.23 ± 0.04b

Water filled pore space (%) 36.6 ± 1.3a 34.6 ± 1.1a 31.5 ± 0.8a

Temperature (�C) 26.0 ± 0.3a 25.5 ± 0.4a 25.8 ± 0.5a

aFor each parameter, different letters indicate significant differences among management zones (one-way ANOVA with Tukey HSD

or Kruskal–Wallis H test with multiple comparisons extension at p B 0.05)
bECEC = effective cation exchange capacity
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microbial biomass (Table 2), supported our first

hypothesis, and illustrated the importance of consid-

ering management-induced heterogeneity when mea-

suring soil properties. The frond-stacked area had soil

N cycling rates that were generally higher than in

forests in the same region (Fig. 3), but lower than the

rates reported for oil palm plantations and a forest on

poorly-drained soils in Malaysia (mineralization:

1500 ± 150 mg N m-2 d-1 in oil palm and

1000 ± 150 mg N m-2 d-1 in forest, in the top

10 cm of soil; Hamilton et al. 2016). In contrast, soil

N cycling rates in the palm circle and inter-row were

comparable with rates in smallholder oil palm plan-

tations in the same region (Fig. 3). Relative to the

other N transformation rates, DNRA rates were

negligible (Table 2) and in the lower range of values

reported for smallholder oil palm plantations and

forests in the same region (Fig. 3). Since DNRA

Fig. 3 Mean (± SE, n = 4 plots) gross rates of soil N cycling

(mg N m-2 d-1), and N pools (mg N m-2, in black boxes),

measured in the top 5-cm depth, in large-scale and smallholder

oil palm plantations and lowland forest (the latter taken from

Allen et al. 2015), all on loam Acrisol soils in Jambi, Indonesia.

Blue arrows represent soil N production processes, green arrows

represent soil N retention processes, and red arrows represent

soil N losses that have been quantified in other studies. For each

parameter, different letters indicate significant differences

among land uses (one-way ANOVA with Tukey HSD or

Kruskal–Wallis H test with multiple comparison extension at

P B 0.05). Soil N2O emissions (mg N m-2 d-1) in the frond-

stacked area were reported by Rahman et al. (2019) for a large-

scale plantation in Sumatra; N2O emissions in palm circle and

inter-row were reported by Hassler et al. (2017) for our studied

large-scale plantation and for the same smallholder oil palm and

forest sites. N2 emissions (mg Nm-2 d-1) were derived from the

global N2O:(N2O ? N2) ratios of 0.11 for agricultural soils and

0.12 for forest (Scheer et al. 2020). N leaching losses (mg Nm-2

d-1, measured at 1.5-m depth) were reported by Formaglio et al.

(2020) for our studied large-scale plantation and by Kurniawan

et al. (2018) for the same smallholder oil palm and forest sites
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mainly occurs in soils with high labile C and high

water-filled pore space (Friedl et al. 2018), the low

DNRA rates in our plantations likely resulted from

low water-filled pore space in all the management

zones in combination with low C in the palm circles

and inter-rows (Table 1). Comparing with other

studies in large-scale oil palm plantations in Southeast

Asia with similar age as our studied plantation, one

study reported that the frond-stacked area had higher

microbial biomass, SOC and N contents (although soil

N cycling was not measured) relative to the other

management zones (Haron et al. 1998). However,

other studies did not detect differences in SOC and N

contents between management zones (Tao et al. 2016)

or even found higher SOC in the palm circle compared

to the frond-stacked area (Carron et al. 2015). In our

study site as well as in the study by Haron et al. (1998),

the senesced fronds were piled on the inter-row

whereas in studies that found contrasting results

(Tao et al. 2016; Carron et al. 2015) the fronds were

distributed around the palms. The latter practice,

however, is uncommon in oil palm plantations in

Jambi province, as it hinders easy access to the palms

during harvest.

At our site, high SOC and total N in the frond-

stacked area were corroborated by high extractable C

and organic N (Table 1), which could indicate large

organic matter input from decomposing fronds

(Frazão et al. 2014). The low bulk density in the

frond-stacked area was also in line with the high

organic matter contents (Table 1). Approximately

9.8 Mg dry matter ha-1 yr-1 of pruned fronds are

stacked in this area at a rate of 20 – 24 fronds tree-1 -

yr-1 (Aljuboori 2013; Corley and Tinker 2016) and

their decomposition releases significant amounts of

nutrients into the soil (Moradi et al. 2014). In addition,

the frond-stacked area differed from the other zones as

the soil is covered, has low risk of erosion and has

sparse understory vegetation, all influencing organic

matter dynamics. The correlation of SOC and total N

with ECEC showed the importance of organic matter

as the dominant contributor to the ECEC (particularly

for the frond-stacked area) of highly weathered

Acrisol soils (Veldkamp et al., 2020). The stimulating

effect of mulching on soil N cycling, microbial

biomass N and soil organic matter has also been

shown in other plantations (Huang et al. 2008); in oil

palm plantations, mulching with empty fruit bunches

from palm oil processing have improved soil

biochemical characteristics, such as SOC, ECEC,

base saturation and soil fauna feeding activity (Abu

Bakar et al. 2011; Tao et al. 2016). These results

suggest that mulching with senesced fronds in the

frond-stacked areas of plantations, instead of export-

ing or burning them, can recover soil N cycling and

fertility (i.e. increases in microbial biomass, SOC,

total N, ECEC and base saturation; Tables 1 and 2) in

this otherwise inherently nutrient poor, Acrisol soils

(Allen et al. 2016). Since oil palm can develop

considerable root density in the frond-stacked area

(Rüegg et al. 2019), high nutrient contents in this zone

may contribute to oil palm nutrition, reducing the

dependency on chemical fertilizers.

Contrary to our second hypothesis, we did not

detect any effect of the management intensity treat-

ments on soil N cycling rates (Table 2) and soil

fertility characteristics. This may be due to the fact that

the reduced fertilization still added a substantial

amount of nutrients, to sustain high production, and

that weeding effects on understory vegetation were too

small to affect soil properties. The reduced manage-

ment was established only 1.5 years before we con-

ducted our measurements as opposed to the prior

conventional management that had already been

employed since the plantation establishment in the

last 16–20 years. The understory vegetation

responded to the weed management (Fig. S1) with

14% less cover in the inter-rows of the herbicide

treatments compared to the mechanical weeding

(Darras et al. 2019). However, in both weeding

treatments the ground vegetation is removed two

times in a year, so that differences in ground vegeta-

tion cover were only transitional. Thus, effects of

weed management on soil properties will likely be

evident only after years of treatment. Similarly, an

experiment on understory vegetation manipulation in

a large-scale oil palm plantation in Riau province,

Indonesia, did not show any effect on soil character-

istics after two years of treatment (Ashton-Butt et al.

2018). Other studies that investigated effects of

nutrient manipulation on soil N cycling in the tropics

did not detect effects after one year of treatment (Corre

et al. 2010; Silver et al. 2005) but only after 3–4 years

(Baldos et al. 2015; Corre et al. 2014) and more clearly

after 9–11 years (Corre et al. 2010; Hall and Matson

1999). It is thus possible that treatment effects on soil

nutrient cycling and fertility characteristics only

emerge after this management experiment has
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continued for several more years. Also, the first three

years of our management intensity manipulation did

not result in yield difference among treatments

(Formaglio et al. 2020); however, a long-term effect

on yield is fundamental to evaluate the profitability of

the reduced management practices.

Controls on soil N cycle and comparison

with smallholder plantations and forests

In the frond-stacked area, microbial immobilization

was the main consumption process of produced

mineral N (Table 2), which was mirrored by a large

N demand by a large microbial biomass and

extractable C (Table 1 and 2; Hart et al. 1994a). The

short turnover times of mineral N and microbial N

pools suggest a highly dynamic cycling between labile

and organic N pools via microbial immobilization.

Comparable short turnover times for NH4
? have been

reported for a forest in Puerto Rico (0.5 ± 0.1 d;

Silver et al. 2001) and for coffee agroforestry in

Indonesia (0.5 – 1 d; Corre et al. 2006). Microbial

immobilization could be an efficient retention mech-

anism, reducing leaching and gaseous N losses.

Indeed, our ancillary study at the same plots show

low N leaching in the frond-stacked area (Fig. 3;

Formaglio et al. 2020). Gaseous N losses (based from

Rahman et al. 2018, Hassler et al. 2017, and Scheer

et al. 2020 for N2 estimates) were also low in the

frond-stacked area relative to the other zones (Fig. 3).

Moreover, in the inter-row and palm circle, nitrifica-

tion became a more important process relative to

NH4
? immobilization. For the palm circle, this could

be the result of periodic N fertilization, which

promotes gross nitrification despite a low microbial

biomass (Baldos et al. 2015; Corre et al. 2010; Zhang

et al. 2013). It is important to note that our measured

soil N cycling rates represented soil conditions beyond

the short-term pulse effects of N-fertilizer application,

which generally caused elevated mineral N concen-

trations for up to six weeks following fertilization

(Hassler et al. 2017). Thus, the generally comparable

soil N cycling rates between the fertilized palm circle

and the unfertilized inter-row suggest that excess N

from pulse N fertilizer application may have been

taken up by the palms (Edy et al. 2020), lost via

gaseous emissions (Hassler et al. 2017), or moved

down in the soil profile and eventually leached

(Formaglio et al. 2020). The low gross N

mineralization in the palm circle illustrated the

inherently low N-supplying capacity of the soil in

this intensively managed area, and illustrated its

dependence on chemical fertilizer inputs to maintain

palm productivity.

The microbial biomass was the main predictor of

the soil N cycle in our studied plantation, as indicated

by the strong correlation of soil N cycling rates with

microbial biomass N. Microbial biomass was, in turn,

mainly regulated by the input of organic matter as

suggested by correlations of microbial N with

extractable C and extractable organic N, and with

SOC and total N. Other studies on litter manipulation

have reported a decrease in microbial biomass with

litter removal from tropical forests (Leff et al. 2012;

Sayer et al. 2012) and tree plantations (Li et al. 2004;

Mendham et al. 2002). In the management zones that

received a limited amount of litter, we also detected

lower microbial biomass and soil N cycling rates

(Table 2). The limited vegetation cover in the palm

circle, due to frequent weeding and raking (see

Methods section), resulted in lower extractable C

(Table 1), which probably constrained microbial

biomass compared to the inter-row, and may have

led to lower gross N mineralization rates (Table 2).

Despite the high base saturation (Table 1), a result of

liming and K fertilization, the microbial biomass in the

palm circle remained low. These results highlight the

importance of litter manipulation in altering the

organic matter input into the soil and consequently

the soil N cycle, as was shown before in tropical

forests (Wieder et al. 2013). Management practices

should thus aim at increasing the input of organic

matter in order to enhance microbial biomass and

promote the soil N cycle.

The palm circle and the inter-row had lower total N

andmicrobial N contents than the smallholder oil palm

plantations (Fig. 3), suggesting that the intensive

management in the large-scale plantation, such as

regular weeding and stacking the frond litter, had a

larger impact on reducing organic matter than the

lower intensity of management in the smallholder

plantations. In contrast, the frond-stacked area had

larger gross N mineralization rates than the small-

holder oil palm plantations (Fig. 3), illustrating the

recuperation of the soil’s N-supplying capacity when

organic matter input is restored. The larger gross

nitrification in the frond-stacked area compared to

forest (Fig. 3) could be the result of increased
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abundance of nitrifiers in the soils resulting from

increased N mineralization of nutrient-rich leaf litter.

This is supported by a study in the same area that

recorded higher abundance of nitrification-related taxa

in oil palm plantations compared to forest (Berkel-

mann et al. 2018). Furthermore, lower DNRA (relative

to nitrification and NO3
- immobilization) in the frond-

stacked area compared to forest (Fig. 3) suggests a

functional shift, which may be driven in part by

changes in microbial community composition. In the

same forest and smallholder oil palm sites, the

bacterial community in the soil shifted from pro-

teobacterial groups in the forest to Acidobacteria in oil

palm plantations with higher diversity of the soil

prokaryotic communities in oil palm than in forest

(Schneider et al. 2015). The larger microbial C and

C:N ratio in the frond-stacked area (Table 2) compared

to the forests (microbial C of 514 ± 48 mg C kg-1

and microbial C:N ratio of 7.2 ± 0.3; Allen et al.

2015) may explain the larger N immobilization rates in

the frond-stacked area compared to the forest (Fig. 3),

as immobilization can be fueled by increased avail-

ability of organic matter (Table 1; Booth et al. 2005;

Hart et al. 1994a). Altogether, these findings suggest

that mulching with senesced fronds in frond-stacked

areas of oil palm plantations can be an effective

practice to restore soil N cycling rates and microbial

biomass size to levels comparable with, or even higher

than, the forest.

Conclusion

At this early stage of this management experiment in a

large-scale oil palm plantation, our study revealed that

nutrient cycling can be sustained by retaining the litter

in the plantation. For this inherently nutrient-poor

Acrisol soil, this can reduce dependency on large

fertilizer and liming inputs. Management practices

should aim at increasing the return of litter and other

organic by-products of palm oil production to the soil

in order to promote microbial biomass and nutrient

recycling. Supporting soil N cycling rates with

measurements of functional diversity of microbial

community would be an important next step to manage

better the functional diversity of the soil microbiome

to sustain fertility. This management experiment

warrants further investigation on whether long-term

reduction in management intensity can minimize the

environmental footprint while maintaining productiv-

ity and profit. Our findings on the benefits of using

senesced fronds for soil mulching can be used as a field

criterion for RSPO certification of soil nutrient

management. Investigations on other nutrient-rich

by-products of oil palm processing, e.g. empty fruit

bunches, are also needed to explore other measures for

decreasing dependency on chemical fertilizers while

restoring soil nutrient cycling.
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Drescher J, Rembold K, Ariyanti ES, Barnes AD, Brink-
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