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Abstract 13 

Nutrient leaching in intensively managed oil palm plantations can diminish soil fertility and 14 

water quality. There is a need to reduce this environmental footprint without sacrificing yield. 15 

We quantified nutrient leaching in a large-scale oil palm plantation on Acrisol soil with factorial 16 

treatment combinations of two fertilization rates (260 N, 50 P, 220 K kg ha-1 yr-1 as conventional 17 

practice, and 136 N, 17 P, 187 K kg ha-1 yr-1, equal to harvest export, as reduced management) 18 

and two weeding methods (conventional herbicide, and mechanical weeding as reduced 19 

management). Each of the four treatment combinations was represented by a 2500 m2 plot, 20 

replicated in four blocks. In each plot, soil-pore water was collected monthly at 1.5 m depth for 21 

one year in three management zones: palm circle, inter-row, and frond-stacked area. In the palm 22 

circle, nutrient leaching was low due to low solute concentrations and small drainage fluxes, 23 

resulting from large plant uptake. Conversely, in the inter-row, nitrate and aluminum leaching 24 

losses were high due to their high concentrations, large drainage fluxes, low plant uptake, and 25 

acidic pH. In the frond-stacked area, base cation leaching was high, presumably from frond 26 

litter decomposition, but N leaching was low. Mechanical weeding, even with conventional 27 

high fertilization rates, reduced leaching losses of all nutrients. Mechanical weeding with 28 

reduced fertilization had the lowest N and base cation leaching whereas its yield and economic 29 

gross margin remain comparable with the conventional management practices. Herbicide weed 30 

control decreased ground vegetation, and thereby reduced efficiency of soil nutrient retention. 31 

Our findings signified that mechanical weeding and reduced fertilization should be included in 32 

the Indonesian Ministry of Agriculture program for precision farming (e.g. variable rates with 33 

plantation age), particularly for large-scale plantations, and in the science-based policy 34 

recommendations, such as those endorsed by the Roundtable for Sustainable Palm Oil 35 

association.  36 
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1 Introduction 37 

Agricultural expansion is a major driver of tropical deforestation (Geist and Lambin, 2002), 38 

which have global impacts on reducing carbon sequestration (Asner et al., 2010; van Straaten 39 

et al., 2015), greenhouse gas regulation (e.g. Meijide et al., 2020; Murdiyarso et al., 2010), and 40 

biodiversity (e.g Clough et al., 2016) and increasing profit gains at the expense of ecosystem 41 

multifunctionality (Grass et al., 2020). Oil palm is the most important rapidly expanding tree-42 

cash crop that replaces tropical forest in Southeast Asia (Gibbs et al., 2010; Carlson et al., 2013) 43 

due to its high yield with low production costs and rising global demand (Carter et al., 2007; 44 

Corley, 2009). Currently, Indonesia produces 57 % of palm oil worldwide (FAO, 2018) and 45 

this production is projected to expand in the future, threatening the remaining tropical forest 46 

(Vijay et al., 2016; Pirker et al., 2016). Forest to oil palm conversion is associated with a 47 

decrease in soil fertility, because of high nutrient export via harvest, reduced rates of soil-N 48 

cycling, and decreases in soil organic carbon (SOC) and nutrient stocks (Allen et al., 2015; 49 

Allen et al., 2016; van Straaten et al., 2015). The decline in soil fertility reinforces the 50 

dependency on fertilizer inputs, and a severe decline can lead to abandonment of the area with 51 

further expansion of oil palm plantations in another, exacerbating land-use change. Leaching 52 

can contribute to the impoverishment of soil nutrients as well as reduction in water quality and 53 

eutrophication of water bodies. Increased nutrient loads to water bodies due to agricultural 54 

expansion and intensification, common in temperate areas (Carpenter et al., 1998), are 55 

increasingly reported for tropical regions (Figueiredo et al., 2010; Teklu et al., 2018). Given the 56 

typically high precipitation rates, leaching losses can possibly be large in intensively managed 57 

plantations in the tropics, although deeply weathered tropical soils also have the capacity to 58 

store large quantities of N and P (Jankowski et al., 2018; Neill et al., 2013). Indeed, NO3
-, the 59 

most leachable form of N, can be retained in the subsoil by anion exchange capacity of highly 60 

weathered acidic soils (Wong et al., 1990) whereas P can be fixed to Fe and Al (hydr)oxides of 61 

tropical soils (Roy et al., 2016). Nevertheless, there are some evidences of streamwater quality 62 
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reductions due to oil palm cultivation in Malaysia (Luke et al., 2017; Tokuchi et al., 2019), 63 

signifying the importance of quantifying nutrient leaching losses in other areas with expansive 64 

oil palm plantations, especially in Jambi, Indonesia, one of the hotspots of forest conversion to 65 

oil palm in Indonesia (Drescher et al., 2016).  66 

Although oil palm plantations can possibly have low leaching losses, as a consequence 67 

of high evapotranspiration and thus low drainage fluxes (Tarigan et al., 2020), most of oil palm 68 

plantations are large-scale enterprises that are characterized by intensive management with high 69 

fertilization rates and herbicide application. Intensive agriculture in the tropics is associated 70 

with high N leaching losses (Huddell et al., 2020). Even in tree-cash or perennial crop 71 

plantations, despite their generally higher evapotranspiration and deeper rooting depth than 72 

annual crops, high fertilization rates result in sustained, large nutrient leaching losses (e.g. 73 

Cannavo et al., 2013; Wakelin et al., 2011). Large NO3
- leaching from high N fertilization is 74 

always accompanied by leaching of cations (Cusack et al., 2009; Dubos et al., 2017), 75 

impoverishing highly weathered tropical soils that are inherently low in base cations (Allen et 76 

al., 2016; Kurniawan et al., 2018). Fertilization is necessary to support high yields of oil palm 77 

plantations, but reduction in fertilization rates, e.g. to levels that compensate for nutrient export 78 

through harvest, may reduce nutrient leaching losses while maintaining high productivity. On 79 

the other hand, the use of herbicide for weed control can exacerbate nutrient leaching losses, as 80 

prolonged absence of ground vegetation reduces uptake of redistributed nutrients from applied 81 

fertilizers far from reach of crop roots (Abdalla et al., 2019). Herbicide weeding, common in 82 

large-scale oil palm plantation, is practiced in the area where the fertilizers are applied, to reduce 83 

competition for nutrients and water with ground vegetation, and in the inter-rows, to facilitate 84 

access during harvest (Corley and Tinker, 2016). However, herbicide not only eradicates 85 

aboveground vegetative parts but also removes roots slowing down regeneration. In contrast, 86 
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mechanical weeding only removes aboveground part, allowing relatively fast regeneration of 87 

ground vegetation, which could take up redistributed nutrients and could reduce leaching losses.  88 

To investigate nutrient leaching losses in an oil palm plantation, the spatial structure 89 

created by the planting design and by the management practices must be taken into account, 90 

which is only partly considered in the sampling designs of previous studies. Three management 91 

zones in oil palm plantations can be identified: (1) the palm circle, an area around the palm´s 92 

trunk where the fertilizers are applied and weeded; (2) the inter-row, weeded less frequently 93 

than the palm circle but unfertilized; and (3) the frond-stacked area, usually every second inter-94 

row, where the cut senesced fronds are piled up. In these management zones, the interplay of 95 

water fluxes, root uptake and soil nutrient contents determine the extent of nutrient leaching 96 

losses. The palm circle despite having direct fertilization have also large water and nutrient 97 

uptake (Nelson et al., 2006) because of high root density (Lamade et al., 1996) such that large 98 

leaching losses may only occur following pulse high fertilization and during high drainage 99 

(from high precipitation) events (Banabas et al., 2008a). The inter-row experiences higher water 100 

input from precipitation than the palm circle because of lower canopy interception (Banabas et 101 

al., 2008b), and large water flux within the soil because of low root uptake, stimulating nutrient 102 

transport to lower depths. However, as there is no direct fertilizer application on the inter-row, 103 

nutrient leaching may be low. The frond-stacked area receives nutrients from decomposition of 104 

nutrient-rich fronds (Kotowska et al., 2016) and such mulching with senesced fronds prevents 105 

runoff and promotes water infiltration as a consequence of enhanced macroporosity by 106 

increased organic matter (Moradi et al., 2015). High water infiltration may generate high water 107 

drainage fluxes, resulting in intermediate nutrient leaching losses in the frond-stacked area. 108 

In this study, we aimed to quantify nutrient leaching losses in an intensively managed, 109 

large-scale oil palm plantation, and to assess if reduced intensity of management (i.e. reduced 110 

fertilization rates equal to harvest export and mechanical weeding) can reduce leaching losses 111 
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in oil palm plantations. We tested these hypotheses: (1) leaching losses in the palm circle will 112 

be larger than in the other management zones because of direct fertilizer application; (2) 113 

leaching losses under herbicide application will be higher than mechanical weeding because of 114 

slower regeneration of ground vegetation that can augment nutrient retention; (3) nutrient 115 

leaching fluxes under conventional high fertilization rates will be substantial compared to 116 

reduced rates because of excessive nutrient inputs. Our study provides a systematic 117 

quantification of an important environmental footprint of oil palm production, taking into 118 

consideration its spatial variation in management zones, and evaluates the effectiveness of 119 

alternative management practices for leaching reduction. 120 

2 Materials and methods 121 

2.1 Study area and experimental design 122 

This study was conducted in a state-owned oil palm plantation in Jambi province, Indonesia (1° 123 

43' 8'' S, 103° 23' 53'' E, 73 m above sea level). Mean annual air temperature is 26.7 ± 1.0 °C 124 

and mean annual precipitation is 2235 ± 385 mm (1991–2011; data from Sultan Thaha airport, 125 

Jambi). During our study period (March 2017–February 2018), the mean daily air temperature 126 

was 26.3 °C and annual precipitation was 2772 mm, with a dry period between July and October 127 

(precipitation < 140 mm month-1). The soil is highly weathered, loam Acrisol soil (Allen et al., 128 

2015) and nutrient inputs from bulk precipitation in the area, measured in 2013, were 12.9 kg 129 

N, 0.4 kg P, 5.5 kg K ha−1 yr−1 (Kurniawan et al., 2018).   130 

This oil palm plantation was established between 1998 and 2002, and so the palms were 131 

16–20 years old during our study period. The plantation encompassed 2025 ha, with a planting 132 

density of approximately 142 palms ha-1, spaced 8 m apart on rows. The rows between palms 133 

are used alternately for harvesting operations and to pile-up senesced fronds, which are 134 

regularly cut to facilitate harvesting of fruits; this frond-stacked area covers 15 % of the 135 
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plantation. The palm circle, 2 m radius from the trunk, wherein fertilizers are applied and 136 

weeded four times a year, covers 18 % of the plantation. The remaining 67 % can be classified 137 

as inter-row, which is not fertilized but weeded two times a year. 138 

In November 2016, a two (fertilization rates) by two (weeding methods) factorial 139 

management experiment was established in this plantation as part of the framework of the 140 

EFForTS project, described in detail by Darras et al. (2019). For fertilization treatments, the 141 

conventional rates were 260 N, 50 P, 220 K kg ha-1 yr-1, whereas the reduced rates were 136 N, 142 

17 P, 187 K kg ha-1 yr-1. Reduced fertilization rates were determined to compensate for nutrient 143 

exports via fruit harvest and were based on the nutrient concentrations measured in the fruit 144 

bunches multiplied by the annual yield. The fertilizer sources were urea (CH4N2O), triple 145 

superphosphate (Ca(H2PO4)2·H2O) and muriate of potash (KCl), and these were applied 146 

according to the plantation’s standard practices: split in two applications per year (in April and 147 

October), applied in a band within a 2 m radius from the palm, and this area was raked before 148 

fertilizer application. For both fertilization treatments, lime (426 kg dolomite ha-1 yr-1; 149 

CaMg(CO3)2) and micronutrients (142 kg Micro-Mag ha-1 yr-1 with 0.5 % B2O3, 0.5 % CuO, 150 

0.25 % Fe2O3, 0.15 % ZnO, 0.1 % MnO and 18 % MgO) were also applied besides the N, P 151 

and K fertilizers, as commonly practiced in large-scale plantations on acidic Acrisol soils 152 

(Pahan, 2010). For weeding treatments, the conventional method was the use of herbicide 153 

(glyphosate), whereas the reduced method was mechanical weeding using a brush cutter. 154 

Glyphosate was applied following plantation’s standard practice: 1.5 L ha-1 yr-1 to the palm 155 

circle, split four times a year, and 0.75 L ha-1 yr-1 to the inter-row, split two times a year. The 156 

mechanical weeding was carried out in the same areas and frequencies as herbicide application. 157 

This management experiment comprised of four replicate blocks and each had four plots (50 m 158 

x 50 m each) assigned to four treatment combinations: conventional rate–herbicide, 159 
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conventional rate–mechanical weeding, reduced rate–herbicide, and reduced rate–mechanical 160 

weeding. 161 

 162 

2.2 Soil water sampling 163 

We collected monthly soil-pore water samples over one year, using suction cup lysimeters (P80 164 

ceramic, maximum pore size 1 µm; CeramTec AG, Marktredwitz, Germany). We installed the 165 

lysimeters in January 2017, choosing two palms per plot and sampling in the three management 166 

zones: 1) in the palm circle, at 1 m from the palm trunk, 2) in the frond-stacked area, at about 167 

4 m from the palm trunk, and 3) in the inter-row, at approximately 4 m from the palm trunk 168 

(Fig. A1). In total, 96 lysimeters were installed (4 treatment plots x 4 replicates x 2 subplots x 169 

3 management zones). The lysimeters were inserted into the soil till 1.5 m depth, so that the 170 

soil-pore water was collected well below the rooting depth of 1 m which is common to oil palm 171 

plantations on loam Acrisol soils near our study site (Kurniawan et al., 2018). Starting in March 172 

2017, soil water was sampled by applying 40 kPa vacuum (Kurniawan et al., 2018; Dechert et 173 

al., 2005) to the lysimeters and collected in dark glass bottles, which were stored in a bucket 174 

buried in the field. Once a week, we transferred the collected water into plastic bottles and 175 

transported them to the field station, where they were stored frozen. The collection continued 176 

over a month until a volume of 100 mL was collected from each lysimeter, or until the end of 177 

the month. The frozen water samples were transported by air freight to the University of 178 

Goettingen, Germany, where element concentrations were determined. We measured the 179 

concentrations of mineral N (NH4
+ and NO3

-), total dissolved N (TDN) and Cl by continuous 180 

flow injection colorimetry (SEAL Analytical AA3, SEAL Analytical GmbH, Norderstadt, 181 

Germany), as described in details by Kurniawan et al. (Kurniawan et al., 2018). Dissolved 182 

organic N (DON) was calculated as the difference between TDN and mineral N. We measured 183 

the concentrations of base cations (Na, K, Ca, Mg), total Al, total Fe, total Mn, total S, and total 184 
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P with an inductively coupled plasma–atomic emission spectrometer (iCAP 6300; Thermo 185 

Fischer Scientific GmbH, Dreieich, Germany). 186 

 We determined a partial cation-anion charge balance of the major elements 187 

(concentrations > 0.03 mg L-1) in soil-pore water by converting the concentrations to µmolcharge 188 

L-1. We assumed S to be in the form of sulfate (SO4
2-) and total Al to have a charge of 3+. We 189 

calculated the contribution of organic acids (RCOO-) and bicarbonate (HCO3
-) as the difference 190 

between the measured cations and anions (2018). 191 

 192 

2.3 Modeling water drainage 193 

The water balance was modeled using the water sub-model of the Expert-N software, version 194 

5.0 (Priesack, 2005), which was successfully used to estimate drainage fluxes from different 195 

land uses in Indonesia (Dechert et al., 2005; Kurniawan et al., 2018). The model inputs were 196 

climate data (solar radiation, temperature, precipitation, relative humidity, and wind speed), and 197 

soil (texture, bulk density, and hydraulic functions) and vegetation characteristics (biomass, 198 

leaf area index, and root distribution). The climate data were taken from the climatological 199 

station in the plantation (described in detail by Meijide et al., 2017), and the oil palm biomass 200 

was taken from a study on oil palm plantations near our study site (Kotowska et al., 2015). Soil 201 

bulk density and porosity in the top 10 cm were measured in each management zone at our 202 

study site, whereas for the 10–50 cm depth these were measured in the inter-row, assuming that 203 

the differences in soil bulk density among management zones would be minimal below the 204 

topsoil. Data for soil bulk density and porosity for the 50–200 cm depth, as well as soil texture, 205 

soil hydraulic parameters (i.e. water retention curve, saturated hydraulic conductivity and Van 206 

Genuchten parameters for the water retention curve), and root distribution were taken from 207 

Allen et al. (2015) and Kurniawan et al. (2018), choosing their studied oil palm plantations 208 
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closest to our study site. Expert-N water sub-model calculates daily water drainage based on 209 

precipitation, evapotranspiration, canopy interception, runoff, and change in soil water storage. 210 

Evapotranspiration is calculated using Penman-Monteith method (Allen, 1998), applying a 211 

plant factor of 1.06 (Meijide et al., 2017), with plant transpiration based on leaf area index 212 

(LAI), plant biomass, and maximum rooting depth. The canopy interception is calculated from 213 

the percentage of throughfall and the maximum water storage capacity of the canopy. Runoff 214 

is calculated from soil texture and bulk density, which determine the water infiltration rate, and 215 

from the slope, which was 5 % (Röll et al., 2019). The vertical water movement is calculated 216 

using Richard´s equation based on soil hydraulic functions.  217 

 To model the drainage in the different management zones, we used the measured soil 218 

bulk density and porosity in the top 10 cm and adjusted other input parameters to simulate 219 

differences in water balance in each management zone. For the palm circle, we set the LAI to 220 

3.65, which is the maximum LAI measured at our site (Fan et al., 2015), to simulate high water 221 

uptake in the palm circle (Nelson et al., 2006) and maximum rooting depth to 1 m, which is 222 

reported for oil palm plantations near our site (Kurniawan et al., 2018). The percentage 223 

throughfall in the palm circle was set to 50 % and the water storage capacity of oil palm trunk 224 

was set to 8.4 mm (Tarigan et al., 2018). For the inter-row, we set the LAI and the maximum 225 

rooting depth as half of the palm circle (1.8 LAI, 50 cm rooting depth), as roots are shallower 226 

between palms (Nelson et al., 2006); the throughfall was set to 10 %, and the palm trunk’s water 227 

storage capacity was set to 4.7 mm (based on canopy storage capacity reported by Tarigan et 228 

al., 2018). For the frond-stacked area, the LAI was set to 0.75, which is half of the minimum 229 

measured in the studied plantation (Darras et al., 2019), as understory vegetation is absent at 230 

this zone. Values for interception in the frond-stacked area was set to the same values as the 231 

inter-row, whereas the runoff was set to 0, as mulching with senesced fronds slows down runoff 232 

(Tarigan et al., 2016). 233 
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 For validation of the Expert-N water sub-model outputs, we measured soil water matric 234 

potential at depths of 30 cm and 60 cm over the study period and compared the measured values 235 

with the modeled matric potential. Matric potential was measured by installing a tensiometer 236 

(P80 ceramic, maximum pore size 1µm; CeramTec AG, Marktredwitz, Germany) at each depth 237 

in each management zone near to two palms in two treatments (i.e. conventional rate‒herbicide, 238 

and reduced rate‒mechanical weeding), for a total of 12 tensiometers. We summed the modeled 239 

daily drainage at 1.5 m depth to get the monthly drainage fluxes, which we then multiplied with 240 

the element concentrations in soil water to get the monthly nutrient leaching fluxes. 241 

 242 

2.4 Soil biochemical characteristics and nutrient retention efficiency 243 

We measured soil biochemical properties in the same sampling locations (Figure S1) at four 244 

depth intervals: 0–5 cm, 5–10 cm, 10–30 cm, and 30–50 cm. Soil samples from the same 245 

management zone in each plot were pooled to make one composite sample, totaling to 192 soil 246 

samples (4 treatments plots x 4 replicates x 3 management zones x 4 depths). The samples were 247 

air-dried and sieved (2 mm) and measured for pH (1:4 soil-to-water ratio) and for effective 248 

cation exchange capacity (ECEC), by percolating the soils with unbuffered 1 mol L-1 NH4Cl 249 

and measuring the cations (Ca, Mg, K, Na, Al, Fe, Mn) in percolates using ICP-AES. A 250 

subsample was finely ground and analyzed for organic C and total N using a CN analyzer (Vario 251 

EL Cube, Elementar Analysis Systems GmbH, Hanau, Germany), and for 15N natural 252 

abundance signature using isotope ratio mass spectrometer (IRMS; Delta Plus, Finnigan MAT, 253 

Bremen, Germany). We calculated the soil element stocks for each depth by multiplying the 254 

element concentration with the measured bulk density and summed for the top 50 cm; other soil 255 

characteristics (e.g. pH, ECEC, base saturation) in the top 50 cm soil were calculated as the 256 

depth-weighted average of the sampled depths. 257 

https://doi.org/10.5194/bg-2020-153
Preprint. Discussion started: 2 June 2020
c© Author(s) 2020. CC BY 4.0 License.



12 

 

 In addition, we calculated the N and base cation retention efficiency in the soil for each 258 

experimental treatment and management zone following the formula: nutrient retention 259 

efficiency = 1 – (nutrient leaching loss / soil-available nutrient) (Kurniawan et al., 2018). We 260 

used the gross N mineralization rates in the top 5 cm soil (Table A1) as an index of soil-available 261 

N whereas soil-available base cations was the sum of the stocks of K, Na, Mg and Ca in the top 262 

10 cm soil, expressed in molcharge m
-2. 263 

 264 

2.5 Statistical analyses 265 

For soil biochemical properties measured once, we tested for differences among management 266 

zones as well as among experimental treatments for the entire 50 cm depth, using the analysis 267 

of variances (ANOVA) with Tukey HSD as a post hoc test. The soil variables that showed non-268 

normal distribution or unequal variances, tested with Shapiro–Wilk and Levene’s tests, 269 

respectively, were log-transformed prior to the analysis. Base cation and N retention efficiency 270 

were also tested for differences between experimental treatments in the same way. For 271 

repeatedly measured variables, i.e. soil-pore water solute concentrations and leaching fluxes, 272 

we used linear mixed-effects models (LME; Bates et al., 2015) to assess the differences among 273 

management zones and treatments. For testing management zone differences, we conducted the 274 

LME with management zone as fixed effect and random effects for sampling months and 275 

experimental treatments nested with replicate plots, which were also nested with subplots. For 276 

testing treatment differences, we calculated for each replicate plot on each sampling month the 277 

area-weighted average of the three management zones (i.e. palm circle accounts for 18 % of the 278 

plantation area, the frond-stacked area 15 %, and the inter-row 67 %), and LME was carried 279 

out with treatment as fixed effect and random effects for sampling months and replicate plots 280 

nested with subplots. If the residuals of the LME models were not normally distributed, we 281 

applied either logarithmic or square root transformation. Differences were assessed with 282 
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ANOVA (Kuznetsova et al., 2017) followed by Tukey HSD (Hothorn et al., 2008). We also 283 

used LME to assess differences in soil water matric potential among management zones, with 284 

management zone as fixed effect and measurement days and depth nested with treatment as 285 

random effects. Comparability between modeled and measured soil water matric potential for 286 

each depth in each management zone (n = 50 field measurements) was assessed using Pearson 287 

correlation test. All tests were considered significant at P ≤ 0.05, except for soil pH which we 288 

considered a marginal significance at P = 0.06. All statistical analyses were performed with R 289 

version 3.6.1 (R Core Team, 2019). 290 

 291 

3 Results  292 

3.1 Soil biochemical properties and water balance 293 

Soil biochemical properties in the top 50 cm did not differ between experimental treatments (all 294 

P > 0.05) but strongly differed among management zones (Table 1). The frond-stacked area, 295 

where senesced fronds were regularly piled like mulch material, had higher SOC and total N 296 

stocks (P < 0.01) compared to the other management zones. The inter-row, with regular 297 

weeding but without direct fertilizer and lime inputs, showed lower exchangeable base cation 298 

contents (i.e. Ca, Mg, K) compared to the other management zones (P ≤ 0.02) and higher 299 

exchangeable Al content than the palm circle (P = 0.01). This was reflected in the lower base 300 

saturation and higher Al saturation in the inter-row compared to the other zones (P < 0.01). 301 

Also, inter-row had the lowest ECEC (P < 0.01) and marginally lower pH than the palm circle 302 

(P = 0.06). The palm circle, where fertilizers and lime were applied, had generally comparable 303 

exchangeable element contents with the frond-stacked area, except for K, which was higher in 304 

the palm circle (P < 0.01), and for Mn, which was higher in the frond-stacked area (P < 0.01).  305 
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There were high positive correlations between field-measured and modeled soil water 306 

matric potential (Fig. 1). The matric potential was generally lowest in the palm circle, 307 

intermediate in the inter-row, and highest in the frond-stacked area (P < 0.01). This pattern was 308 

also reflected in the low drainage flux in the palm circle and high drainage flux in the frond-309 

stacked area (Table 2; Fig. 2). In the palm circle, the low drainage flux had resulted from high 310 

plant transpiration and interception whereas the high drainage flux in the frond-stacked area 311 

was due to low evapotranspiration and runoff with the senesced frond mulch (Table 2). In ratio 312 

to annual precipitation, the calculated annual evapotranspiration was 51 %, 31 %, and 38 % in 313 

the palm circle, frond-stacked area, and inter-row, respectively; annual drainage fluxes at 1.5 314 

m depth were 20 % of precipitation in the palm circle, 65 % in the frond-stacked area, and 43 315 

% in the inter-row. Seasonally, the monthly drainage fluxes had two peak periods, May and 316 

November, after consecutive days of moderate rainfall, and were lowest during the end of the 317 

dry season towards the start of the wet season (Fig. 2). 318 

 319 

3.2 Differences in leaching losses among management zones and treatments 320 

For element concentrations in soil-pore water at 1.5 m depth, treatment differences were 321 

exhibited clearly in the palm circle and inter-row (Fig. 3), with the herbicide treatment showing 322 

higher element concentrations than the mechanical weeding (P ≤ 0.02). The frond-stacked area 323 

had generally lower ionic charge concentrations compared to the other management zones (Fig. 324 

3). The dominant cations were Al3+, Ca2+, Mg2+, K+, and Na+ across experimental treatments 325 

and management zones. Among the management zones, Al3+ concentrations were highest in the 326 

inter-row, intermediate in the palm circle, and lowest in the frond-stacked area (P < 0.01). The 327 

concentrations of Ca2+ were similar in the palm circle and frond-stacked area (P = 0.42), and 328 

these were higher than the inter-row (P < 0.01). The concentrations of Mg2+ and K+ were higher 329 

in the palm circle than in the other two management zones (P < 0.01). The Na+ concentrations 330 
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were higher in the palm circle and inter-row than in the frond-stacked area (P < 0.01). As for 331 

dissolved N, NH4
+ concentrations were lowest in the frond-stacked area, followed by the palm 332 

circle, and highest in the inter-row (P = 0.01). Across treatments, NH4
+ was 4˗18 % of TDN 333 

whereas DON was 1˗7 % of TDN. Thus, NO3
- was the main form of dissolved N, and this was 334 

highest in the inter-row, followed by the frond-stacked area, and lowest in the palm circle (P < 335 

0.01). The dominant anion was Cl- with higher concentrations in the palm circle than in the 336 

other zones (P < 0.01). 337 

Monthly leaching fluxes showed a common pattern among the major solutes (Fig. 4): 338 

there were two peaks of leaching losses (May and November) that followed fertilizer 339 

applications, and lower leaching losses during the dry season from July to October. Leaching 340 

fluxes of NO3
- showed similar pattern as its concentrations: higher in the inter-row, followed 341 

by the frond-stacked area, and lowest in the palm circle (P < 0.01; Fig. 4). Total Al leaching 342 

fluxes were also higher in the inter-row than the other zones (P < 0.01; Fig. 4). On the other 343 

hand, although base cation concentrations were large in the palm circle (Fig. 3), the low 344 

drainage fluxes in this zone (Fig. 2; Table 2) resulted in opposite patterns of base cation leaching 345 

fluxes among management zones; Ca, K, and Mg leaching were higher in the frond-stacked area 346 

than the palm circle and inter-row (all P < 0.01; Fig. 4). Leaching of Na was higher in both the 347 

frond-stacked area and inter-row than the palm circle (P < 0.01; Fig. 4). 348 

Reduced intensity of management clearly influenced nutrient leaching losses (Fig. 5; 349 

Table 3). Specifically, mechanical weeding reduced NO3
- and cation leaching compared to 350 

herbicide weed control (P ≤ 0.03; Fig. 5; Table 3). Leaching of NO3
- was highest in the 351 

conventional fertilization‒herbicide treatment and lowest in reduced management treatments 352 

(P ≤ 0.02; Fig. 5). This was also reflected in the leaching fluxes of accompanying cations; 353 

specifically, total Al and Ca leaching were higher in conventional fertilization‒herbicide 354 

treatment than the reduced management treatments (all P ≤ 0.02; Fig. 5). For the other base 355 
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cations, mechanical weeding clearly lowered leaching losses compared to herbicide weeding, 356 

in particular K and Na leaching in both fertilization rates and Mg leaching in conventional 357 

fertilization (all P ≤ 0.03; Fig. 5).  358 

 359 

3.3 Annual leaching losses and nutrient retention efficiency 360 

In proportion to the applied fertilizer, annual leaching losses of TDN (Table 3) were 28 % of 361 

the applied N in the herbicide treatment for both conventional and reduced fertilization rates, 362 

24 % in the mechanical weeding with conventional fertilization, and only 19 % in the 363 

mechanical weeding with reduced fertilization. The annual leaching of K (Table 3) was 4 % of 364 

the applied K fertilizer in the herbicide treatment and 3 % in the mechanical weeding for both 365 

fertilization rates. In this highly weathered Acrisol soils with high capacity for P fixation by Fe 366 

and Al (hydr)oxides, there was no leaching of dissolved P (Table 3).  367 

Both N and base cation retention efficiencies were generally lower in the inter-row 368 

compared to the other management zones (P ≤ 0.03), except for reduced fertilization‒369 

mechanical weeding where there were no differences among management zones (Table 4). The 370 

area-weighted average N retention efficiency was comparable among experimental treatments 371 

(P = 0.89) but there was a trend of increasing efficiency with decreasing management intensity 372 

(Table 4). Base cation retention efficiency showed clear differences among experimental 373 

treatments for each management zones: in the palm circle, it was highest in mechanical weeding 374 

and lowest in the herbicide treatment (P = 0.04); in the frond-staked area and inter-row, it was 375 

lowest in the most intensive management treatment (conventional fertilization‒herbicide) and 376 

highest in either mechanical weeding or reduced fertilization (P ≤ 0.05; Table 4). The area-377 

weighted average base cation retention efficiency was also clearly influenced by weeding 378 
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method, being lowest in herbicide treatment and highest in mechanical weeding both with 379 

conventional fertilization (P = 0.03; Table 4). 380 

 381 

4 Discussion 382 

4.1 Water model and temporal pattern of nutrient leaching losses 383 

To our knowledge, this study is the first attempt to model drainage fluxes from the different 384 

management zones of an oil palm plantation, making our comparisons with literature values 385 

limited. Our modeled annual transpiration rate in the palm circle (Table 2) was remarkably 386 

similar to the values estimated with the same Penman–Monteith method (827‒829 mm yr -1; 387 

Meijide et al., 2017; Röll et al., 2019), and our average daily transpiration rate (2.3 mm d-1) was 388 

within the range of that measured with drone-based photogrammetry (3 ± 1 mm d-1; 389 

Ahongshangbam et al., 2019), all in the same oil palm plantation. Also, the modeled annual 390 

runoff in the palm circle and inter-row (Table 2) was within the range of runoff estimates in oil 391 

palm plantations in Jambi province (10‒20 % of rainfall; Tarigan et al., 2016) and in Papua 392 

New Guinea (1.4‒6 % of rainfall; Banabas et al., 2008b). Considering the areal proportions of 393 

the three management zones, the weighted-average drainage flux (1161 mm yr-1) was lower 394 

than that estimated for smallholder oil palm plantations near our study site (1614 mm drainage 395 

flux with 3418 mm precipitation measured in 2013; Kurniawan et al., 2018), although their 396 

ratios to annual precipitation were comparable. Aside from the difference in precipitation 397 

during our study period compared to the relatively wet year of 2013, evapotranspiration rate is 398 

higher in large-scale than smallholder oil palm plantations in our study area (Röll et al., 2019), 399 

which would lead to lower drainage flux in large-scale plantation. Moreover, in the frond-400 

stacked area, enhanced porosity from organic matter that facilitates water infiltration (Moradi 401 

et al., 2015), as indirectly indicated by its low soil bulk density (Table 1), combined with low 402 
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evapotranspiration and runoff, resulted in large drainage flux (Table 2). This suggests that piling 403 

senesced fronds may amend groundwater recharge, which could moderate discharge 404 

fluctuations in water catchments of oil palm converted areas (Tarigan et al., 2020). Based on 405 

these comparisons with literature values and on the good agreement between modeled and 406 

measured soil water matric potential (Fig. 1), we conclude that our modeled drainage fluxes 407 

were reliable. 408 

The temporal peaks of nutrient leaching fluxes (May and November; Fig. 4) had resulted 409 

from the combined effect of high drainage flux and fertilizer application. The high drainage 410 

fluxes in May and November (Fig. 2) might have stimulated the downward transport of 411 

elements and decreased their residence time in the soil, and thus their adsorption onto the soil 412 

exchange sites (Lohse and Matson, 2005). These high water fluxes usually dilute the element 413 

concentrations in the soil-pore water; however, high concentrations were maintained because 414 

of fertilizer and lime applications in the same periods, resulting in parallel peaks of drainage 415 

and leaching fluxes (Figs. 2 and 4). The high NO3
- leaching following urea-N fertilization (Fig. 416 

4) suggests increased nitrification (Silver et al., 2005), fast NO3
- transport through the soil 417 

column, and reduced anion adsorbtion capacity, which otherwise would have delayed anion 418 

leaching (Wong et al., 1990). The latter was possibly aggravated by the additional Cl- from 419 

fertilization with KCl (Fig. 3), which could saturate the soil anion exchange sites, particularly 420 

at this mature plantation with already 16–20 years of high fertilization rates. Large NO3
- 421 

leaching is always accompanied by large leaching of buffering cations (Dubos et al., 2017; 422 

Kurniawan et al., 2018), resulting in their similar temporal patterns (Fig. 4). These findings 423 

showed that fertilization should be avoided during periods of high drainage fluxes. Generally, 424 

the high drainage was a consequence of a protracted period of moderate rainfall (Fig. 2). 425 

Prediction of periods of high precipitation and drainage will further be confounded by climate 426 

change, which is widening the range between wet and dry seasons and increasing the 427 
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uncertainties in rainfall intensity and distribution (Chou et al., 2013; Feng et al., 2013). 428 

Fertilization during the dry period is also not advisable given the high volatilization of applied 429 

urea even in acidic soil as this is always accompanied by liming (Goh et al., 2003; Pardon et 430 

al., 2016) and the low palm uptake during the dry season (Corley and Tinker, 2016). Thus, 431 

reduction of fertilization rates, e.g. at compensatory level equal to harvest export, seems a viable 432 

option to reduce leaching losses without sacrificing production. One other option is the use of 433 

organic amendments and slow-release fertilizers, which have been shown to reduce N leaching 434 

in tropical cropping systems (Nyamangara et al., 2003; Mohanty et al., 2018; Steiner et al., 435 

2008) and to improve soil fertility in oil palm plantations (Comte et al., 2013; Boafo et al., 436 

2020), as was also evident with mulching of senesced oil palm fronds (i.e. high SOC, total N, 437 

ECEC and base saturation in the frond-stacked area; Table 1).  438 

 439 

4.2 Leaching losses in the different management zones 440 

Contrary to our first hypothesis, leaching losses were generally higher in the inter-row, 441 

especially for mineral N (largely NO3
-; Fig. 3), compared to the other zones, whereas the palm 442 

circle had the lowest leaching (Fig. 4). This strikingly large mineral N leaching losses in the 443 

inter-row were surprising given that this area did not receive direct fertilizer inputs (see section 444 

2.1). This result suggests that mineral N was transported from the directly fertilized palm circle 445 

to the inter-row via surface and subsurface lateral flow as these two zones were just 3 m apart 446 

(Fig. A1). Surface transport of mineral N was probably a minor process at our site because of 447 

the low runoff (Table 2); in an oil palm plantation in Papua New Guinea, the loss of N fertilizer 448 

via surface runoff is only 0.3–2.2 kg N ha-1 yr-1 (Banabas et al., 2008b). Mineral N was probably 449 

predominantly transported to the inter-row via subsurface lateral flow. Acrisol soils are 450 

characterized by clay translocation from upper to lower depths that could create an impeding 451 

layer conducive to lateral water flow (Elsenbeer, 2001). Indeed, the clay contents of the Acrisol 452 
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soils at our study area increase with depth, and soil bulk density is highest at 100–150 cm than 453 

at 150–200 cm depth (Allen et al., 2016). In addition, the palm roots spreading from the palm 454 

circle to the inter-row may create channels for subsurface lateral flow of dissolved ions like 455 

NO3
- (Li and Ghodrati, 1994). Higher mineral N leaching in the inter-row than palm circle was 456 

also observed in Brazil and it was attributed to lower root density and higher N mineralization 457 

at increasing distance from the palm´s trunk (Schroth et al., 2000). Hence, a combination of 458 

lower root uptake, higher N mineralization, and subsurface lateral transport (particularly for 459 

NO3
-) may all have contributed to higher mineral N leaching losses in the inter-row than the 460 

palm circle. The main accompanying cation for NO3
- leaching in the inter-rows was Al3+ (Figs. 461 

3 and 4), as this zone’s soil pH (Table 1) was within the Al-buffering range (pH 3–5; van 462 

Breemen et al., 1983), having no direct lime application and thus low base saturation (Table 1). 463 

Our findings showed that if leaching is measured only within the palm circle, this largely 464 

underestimates mineral N and Al leaching losses.  465 

 The palm circle had relatively low N leaching losses (Figs. 3 and 4) despite the direct 466 

application of fertilizer. This was probably due to the large root density in this zone that 467 

facilitates an efficient nutrient uptake (Edy et al., 2020; Nelson et al., 2006). Hence, the 468 

dominant anion in soil-pore water in the palm circle was Cl- (Fig. 3), enhanced by the applied 469 

KCl fertilizer, which was accompanied by high base cation concentrations relative to dissolved 470 

Al (Fig. 3). The former was due to the applied micromag fertilizer and dolomite (section 2.1), 471 

which increased pH and exchangeable bases and rendered Al in insoluble form (i.e. lower 472 

exchangeable Al; Table 1; Schlesinger and Bernhardt, 2013). Despite their high concentrations, 473 

the leaching fluxes of base cations in the palm circle (Fig. 4) were constrained by the low water 474 

drainage flux due to high evapotranspiration (Table 2). 475 

The frond-stacked area was at the same distance from the palm circle as the inter-row 476 

(Fig. A1) but had substantially lower mineral N leaching losses (Figs. 3 and 4). Decomposition 477 
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of nutrient-rich fronds (Kotowska et al., 2016) resulted in high SOC and N stocks (Table 1), 478 

which can support large microbial biomass in this zone (Haron et al., 1998). Thus, the low 479 

mineral N leaching in the frond-stacked area may be attributed to immobilization of mineral N 480 

by large microbial biomass, converting mobile NO3
- to less mobile organic N (e.g. Corre et al., 481 

2010). In addition, it could be possible that palm root uptake of nutrients (including mineral N) 482 

was higher in the frond-stacked area compared to the inter-row as roots proliferate in nutrient-483 

rich zones (Table 1; Hodge, 2004). This is supported by studies that showed higher root density 484 

and higher water uptake under the frond piles compared to the inter-row (Rüegg et al., 2019; 485 

Nelson et al., 2006). The high ECEC, base saturation and pH in frond-stacked area (Table 1), 486 

despite having no direct lime application, were due to the release of nutrients from 487 

decomposition of frond litter, which contain high levels of base cations (Kotowska et al., 2016). 488 

Thus, although leaching of base cations were larger in the frond-stacked area than in the inter-489 

row (Fig. 4), these losses merely mirrored their high exchangeable levels (Table 1). Finally, the 490 

leaching of Al was low in the frond-stacked area (Figs. 3 and 4) because Al becomes insoluble 491 

as pH increased (i.e. lower exchangeable Al; Table 1). Altogether, these results highlighted the 492 

benefits of piling senesced fronds onto the soil to reduce leaching of mineral N and Al, which 493 

otherwise can potentially diminish ground water quality, and to amend soil fertility (Table 1). 494 

Oil palm plantations in other areas (e.g. Borneo; Rahman et al., 2018) were reported to practice 495 

piling of senesced fronds on every inter-row, which we did not observed in our study region as 496 

that is claimed to hinder access to palms during harvest; nonetheless, our findings implied that 497 

increase in the frond-stacked area can contribute to sustainable management practices of oil 498 

palm plantations. 499 

 500 

4.3 Leaching losses under different intensity of management 501 
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There was a clear influence of management intensity treatments on nutrient leaching losses with 502 

a general reduction of leaching in reduced management intensity (Fig. 5; Table 3). In line with 503 

our second hypothesis, the weeding methods clearly influenced leaching losses with a common 504 

pattern of lower leaching fluxes in mechanical weeding than herbicide treatment (Fig. 5; Table 505 

3). Mechanical weeding was associated with more ground vegetation cover (Darras et al., 2019) 506 

and higher nutrient retention efficiency than herbicide weeding (Table 4), suggesting that faster 507 

regrowth of understory vegetation by mechanical weeding have additionally contributed to the 508 

uptake of nutrients and thus reducing leaching losses. This is in line with some studies in 509 

temperate forests and a cedar plantation, which showed that understory vegetation can take up 510 

excess NO3
- in the soil (Olsson and Falkengren-Grerup, 2003) and reduce NO3

- leaching and 511 

the mobilization of Ca and Mg (Baba et al., 2011; Fukuzawa et al., 2006). Enhanced understory 512 

vegetation in oil palm plantations may also positively impact biodiversity by increasing plant 513 

species richness and soil macrofauna diversity and abundance (Luke et al., 2019; Ashton-Butt 514 

et al., 2018), which may facilitate uptake and recycling of nutrients. Increase in soil macrofauna 515 

might have contributed to lower leaching of Na with mechanical weeding (Fig. 5), since 516 

herbivores and decomposers take up a large amount of Na (Kaspari et al., 2009). In addition, 517 

the use of glyphosate is associated with possible health risks to workers and the environment 518 

(van Bruggen et al., 2018); also, the economic gross margin (i.e. revenues minus costs) is 519 

comparable between mechanical weeding and herbicide treatment because of needed labor for 520 

periodic mechanical cutting of resistant ground vegetation in oil palm plantations with herbicide 521 

weeding (Darras et al., 2019; Pahan, 2010). Altogether, these results advocate for the higher 522 

sustainability of mechanical weeding over herbicide application.  523 

The reduction of N fertilization rates decreased NO3
- leaching, supporting our third 524 

hypothesis. Comparing conventional and reduced fertilization rates, there were no differences 525 

in total N stocks (section 3.1), mineral N levels (Darras et al., 2019), N retention efficiency 526 
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(Table 4) and oil palm yield (Darras et al., 2019), suggesting that excess N (above harvest 527 

export; section 2.1) from high N fertilization was largely lost through leaching (Table 3). The 528 

decreased Al and Ca leaching with reduced fertilization can be attributed to the lowered NO3
- 529 

leaching, since these were the accompanying cations (Figs. 4 and 5). Also, a reduction of Ca 530 

leaching could have resulted from the lower application rate of triple superphosphate fertilizer, 531 

which contains 16 % of Ca. The reduced K fertilization had no effect on K leaching (Fig. 5) 532 

because K fertilization rate was only reduced by 15 % of the conventional rate due to high K 533 

requirements of oil palm fruits (section 2.1). We conclude that this mature (16–20 years old) 534 

plantation with conventional management was overly fertilized for N, and that a reduction in N 535 

fertilization rate may be included in the Indonesian program for precision farming (Ministry of 536 

Agriculture of Indonesia, 2016) to reduce environmental footprint of oil palm production.  537 

Comparing the N leaching losses in the studied plantation with other fertilized tropical 538 

plantations (Table A2), our plantation had higher N leaching than other large-scale oil palm 539 

plantations on similar soils with comparable fertilization rates (Omoti et al., 1983; Tung et al., 540 

2009). However, in these studies the leaching losses were measured in the palm circle (Omoti 541 

et al., 1983) or the sampling location was not specified (Tung et al., 2009), such that N leaching 542 

may be underestimated as our results showed the high contribution of the inter-row to leaching 543 

losses (Figs. 3 and 4). The N leaching fluxes in our plantation were also higher than in 544 

smallholder oil palm plantations in the same area, which typically had much lower fertilization 545 

rates (Kurniawan et al., 2018). On the other hand, our plantation had lower N leaching losses 546 

than an oil palm plantation and coffee agroforestry systems on volcanic soils (Banabas et al., 547 

2008b; Cannavo et al., 2013; Tully et al., 2012), which have high inherent nutrient contents, 548 

highly porous soils and high infiltration rates. The N leaching losses from our plantation were 549 

also lower than in banana plantations, characterized by very high fertilization rates (Wakelin et 550 

al., 2011; Armour et al., 2013).  551 
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The nutrients leached at 1.5 m depth should be considered lost from uptake of oil palm 552 

roots, as majority of the root mass and the highest root density are in the top 0.5 m depth (Nelson 553 

et al., 2006; Schroth et al., 2000; Kurniawan et al., 2018). The high leaching fluxes of NO3
- and 554 

Al implied a risk of groundwater pollution. During the high drainage fluxes following 555 

fertilization, NO3
- concentrations in soil-pore water reached to 20‒40 mg L-1 in the inter-row 556 

(covering 67 % of the plantation area), which was close to the 50 mg L-1 limit for drinking water 557 

(WHO, 2011), and Al concentrations in soil-pore water exceeded the limit of 0.2 mg L-1 in 60 558 

% of the samples. Nevertheless, before reaching to streams and rivers, these NO3
- and Al 559 

concentrations can be diluted by surface flow and retained in the soil along flow paths: NO3
- 560 

can be temporarily adsorbed in the deeper layers of highly weathered soils by its inherently 561 

high anion exchange capacity (Harmand et al., 2010; Jankowski et al., 2018) and can be 562 

consumed by denitrification (Wakelin et al., 2011). Riparian buffers can mitigate the transport 563 

of these agricultural pollutants to streams (Luke et al., 2017; Chellaiah and Yule, 2018). 564 

Restoring riparian buffers in former forests converted to oil palm plantations have been listed 565 

as one sustainability criteria, endorsed by the Roundtable for Sustainable Palm Oil association 566 

(RSPO, 2018), and may provide additional regulation services (Woodham et al., 2019). 567 

5 Conclusions 568 

Our findings show that nutrient leaching losses in an oil palm plantation differed among 569 

management zones, as a result of fertilization, liming, mulching and of different drainage 570 

fluxes. The reduction of management intensity, i.e. mechanical weeding with reduced 571 

fertilization rates, was effective in reducing nutrient leaching losses without reduction in yield 572 

at least during the first two years of this experiment (Darras et al., 2019). Long-term 573 

investigation of this management experiment is important to get a reliable response of yield and 574 

a holistic economic analysis, including valuation of regulation services. Greenhouse gas 575 

emissions should also be quantified, as another important parameter of environmental footprint 576 
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of oil palm production. Our findings and these further investigations should be incorporated 577 

into science-based policy recommendations such as those endorsed by the RSPO.  578 
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Tables and figures 939 

Table 1 Soil physical and biochemical characteristics (mean ± standard errors, n = 4 plots) in 940 

the top 50 cm depth for each management zone, averaged across experimental treatments. 941 

Means within a row followed by different letters indicate significant differences among 942 

management zones (one-way ANOVA with Tukey HSD or Kruskal–Wallis H test with multiple 943 

comparisons extension at P ≤ 0.05). Bulk density measured in the top 10 cm of soil, whereas 944 

all the other parameters are for the 0–50 cm soil depth: element stocks are the sum of the 945 

sampled soil depths (0–5 cm, 5–10 cm, 10–30 cm and 30–50 cm) and the rest are depth-946 

weighted averages, calculated for each replicate plot. ECEC, effective cation exchange capacity 947 

Soil properties Palm circle Frond-stacked area Inter-row 

Bulk density g cm-3 1.37 ± 0.01a 0.89 ± 0.01b 1.36 ± 0.01b 

Soil organic C kg m-2 6.2 ± 0.6b 9.1 ± 0.8a 6.4 ± 0.2b 

Total N g m-2 402 ± 31b 571 ± 39a 426 ± 15ab 

soil C:N ratio  15.5 ± 0.5a 15.7 ± 0.3a 15.0 ± 0.5a 

15N natural abundance ‰ 5.9 ± 0.1a 5.3 ± 0.2a 5.7 ± 0.2a 

pH 1:4 (H2O) 5.05 ± 0.08a 5.00 ± 0.08ab 4.81 ± 0.05b 

ECEC mmolc kg-1 35 ± 2a 28 ± 2a 18 ± 1b 

Base saturation % 48 ± 3a 46 ± 4a 20 ± 2b 

Aluminum saturation % 52 ± 4b 50 ± 2b 78 ± 2a 

Mg g m-2 32 ± 3a 28 ± 6a 9 ± 1b 

Ca g m-2 169 ± 21a 157 ± 15a 37 ± 5b 

K g m-2 39 ± 13a 13 ± 1b 6 ± 1b 

Na g m-2 1.5 ± 0.4a 0.7 ± 0.2a 0.6 ± 0.2a 

Al g m-2 66 ± 4b 71 ± 4 ab 87 ± 3a 
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Fe g m-2 1.4 ± 0.2a 1.8 ± 0.4a 1.8 ± 0.5a 

Mn g m-2 0.7 ± 0.1b 1.8 ± 0.3a 0.6 ± 0.2b 

H g m-2 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.1a 

 948 

Table 2 Annual water balance simulated from March 2017 to February 2018 for each 949 

management zone. 950 

Water flux (mm yr-1) Palm circle Frond-stacked area Inter-row 

Precipitation 2772 2772 2772 

Transpiration 828 448 401 

Evaporation 228 214 434 

Interception 351 209 209 

Runoff 338 0 216 

Drainage (at 1.5 m depth) 556 1806 1179 

  951 
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Table 3 Annual leaching losses at 1.5 m depth for each experimental treatment from March 952 

2017 to February 2018. Values are area-weighted averages of leaching losses in each 953 

management zone (mean ± standard error, n = 4 plots). Means followed by different letters 954 

indicate differences among experimental treatments (linear-mixed effect models on monthly 955 

values followed by Tukey HSD test for multiple comparisons at P ≤ 0.05). Treatments: ch = 956 

conventional fertilization–herbicide; cw = conventional fertilization–mechanical weeding; rh = 957 

reduced fertilization–herbicide; rw = reduced fertilization–mechanical weeding. DON = 958 

dissolved organic N; TDN = total dissolved N. 959 

Element leaching (kg ha-1 yr-1) ch cw rh rw 

NO3
--N 71.5 ± 20.1a 48.2 ± 13.0ab 36.3 ± 20.1b 30.0 ± 5.7b 

NH4
+-N 1.7 ± 0.2a 1.7 ± 0.1a 1.8 ± 0.1a 1.7 ± 0.2a 

DON 0.5 ± 0.5a 0.6 ± 0.3a 0.4 ± 0.1a 0.3 ± 0.0a 

TDN 73.6 ± 20.2a 50.4 ± 13.1ab 38.4 ± 8.9b 32.0 ± 5.8b 

Ca 26.6 ± 4.3a 19.4 ± 4.4b 18.2 ± 1.8b 17.0 ± 2.1b  

Mg 11.6 ± 2.5a 7.7 ± 0.8b 9.1 ± 0.7ab 10.8 ± 3.6ab 

K 8.1 ± 1.3a 6.2 ± 0.7b 8.9 ± 0.6a 5.7 ± 1.1b 

Na 15.9 ± 3.5ab 13.6 ± 2.4b 18.9 ± 3.1a 13.1 ± 1.2b 

Mn 0.3 ± 0.1a 0.2 ± 0.0b 0.2 ± 0.0bc 0.1 ± 0.0c 

Total Al 40.8 ± 11.5a 20.8 ± 7.6b 19.9 ± 6.8b 21.8 ± 3.1b 

Total S 2.4 ± 0.5a 1.8 ± 0.4a 2.1 ± 0.6a 4.9 ± 3.3a 

Total Fe 0.2 ± 0.0a 0.5 ± 0.3a 0.2 ± 0.0a 0.5 ± 0.3a 

Total P 0.0 ± 0.0a 0.1 ± 0.0a 0.0 ± 0.0a 0.0 ± 0.0a 
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Cl 79.7± 15.8a 36.9 ± 8.3b 67.7 ± 8.7a 78.3 ± 7.5a 

 960 

 961 

Table 4 N and base cation retention efficiencies in the soil for each management zone and 962 

experimental treatment (means ± standard error, n = 4 plots). Means followed by different 963 

lowercase letters indicate differences among experimental treatments for each management 964 

zone, whereas different uppercase letters indicate differences among management zones for 965 

each experimental treatment (one-way ANOVA with Tukey HSD or Kruskal–Wallis H test 966 

with multiple comparisons extension at P ≤ 0.05). Weighted-average is based on the areal 967 

coverage of each management zone: 18 % for palm circle, 15 % for frond-stacked area, and 67 968 

% for inter-row. Treatments: ch = conventional fertilization–herbicide; cw = conventional 969 

fertilization–mechanical weeding; rh = reduced fertilization–herbicide; rw = reduced 970 

fertilization–mechanical weeding. See section 2.4 for calculations of N and base cation 971 

retention efficiency. 972 

 ch cw rh rw 

N retention efficiency (mg N m-2 d-1 / mg N m-2 d-1) 

Palm circle 0.987 ± 0.002a A 0.982 ± 0.007a AB 0.986 ± 0.003a AB 0.997 ± 0.000a A 

Frond-stacked area 0.984 ± 0.004a A 0.989 ± 0.004a A 0.993 ± 0.001a A 0.987 ± 0.002a A 

Inter-row 0.877 ± 0.025a B 0.870 ± 0.022a B 0.900 ± 0.018a B 0.906 ± 0.039a A 

Weighted-average 0.925 ± 0.022a 0.934 ± 0.020a 0.945 ± 0.012a 0.946 ± 0.018a 

Base cation retention efficiency  (molc m
-2 yr-1 / molc m

-2 yr-1) 
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Palm circle 0.967 ± 0.008ab A 0.982 ± 0.002a A 0.937 ± 0.013b A 0.974 ± 0.010ab A 

Frond-stacked area 0.884 ± 0.013b A 0.950 ± 0.004a A 0.960 ± 0.002a A 0.928 ± 0.016ab A 

Inter-row 0.588 ± 0.086b B 0.875 ± 0.022a B 0.704 ± 0.048ab B 0.822 ± 0.063ab A 

Weighted-average 0.876 ± 0.009b 0.945 ± 0.007a 0.902 ± 0.019ab 0.934 ± 0.012ab 

  973 
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Figure 1 Pearson correlation test between modeled (red line) and field-measured soil water 974 

matric potential (black points) (n = 50 field measurements over one year) for each management 975 

zone at 30 and 60 cm depths. 976 

 977 

https://doi.org/10.5194/bg-2020-153
Preprint. Discussion started: 2 June 2020
c© Author(s) 2020. CC BY 4.0 License.



47 

 

Figure 2 Monthly water drainage at 1.5 m depth, simulated in each management zone, and 978 

daily rainfall from March 2017 to February 2018. The gray shaded area represent the dry season 979 

(precipitation < 140 mm month-1) 980 

 981 

https://doi.org/10.5194/bg-2020-153
Preprint. Discussion started: 2 June 2020
c© Author(s) 2020. CC BY 4.0 License.



48 

 

Figure 3. Partial cation-anion charge balance of the major solutes (with concentrations > 0.03 982 

mg L−1) in soil water at 1.5 m depth for each experimental treatment in the different 983 

management zones. The concentrations of organic acids (RCOO-) and carbonates (HCO3
-) are 984 

calculated as the difference between the measured cations and anions. Treatments: ch = 985 

conventional fertilization–herbicide; cw = conventional fertilization–mechanical weeding; rh = 986 

reduced fertilization–herbicide; rw = reduced fertilization–mechanical weeding. 987 

 988 
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Figure 4 Monthly leaching losses at 1.5 m depth (mean ± standard errors, n = 4 plots) for each 989 

management zone. Black arrows indicate fertilizer applications and the gray shaded area 990 

represents the dry season (precipitation < 140 mm month-1). 991 

 992 
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Figure 5 Average monthly leaching losses at 1.5 m depth for each experimental treatment from 993 

March 2017 to February 2018. Values are area-weighted averages of leaching losses in each 994 

management zone (means ± standard errors, n = 4 plots). For each parameter, different letters 995 

indicate significant differences among treatments (linear-mixed effect models on monthly 996 

values followed by Tukey HSD test for multiple comparisons at P ≤ 0.05). Treatments: ch = 997 

conventional fertilization–herbicide; cw = conventional fertilization–mechanical weeding; rh = 998 

reduced fertilization–herbicide; rw = reduced fertilization–mechanical weeding 999 

 1000 

 1001 
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Appendices 1002 

Table A1 Gross N mineralization rates (means ± SE, n = 4 plots) in the top 5 cm soil for each 1003 

treatment and management zone in a large-scale plantation in Jambi, Indonesia. Measurements 1004 

were done on intact soil cores in February 2018 using the 15N pool dilution technique, as 1005 

described in details by Allen et al. (2015). Treatments: ch = conventional fertilization–1006 

herbicide; cw = conventional fertilization–mechanical weeding; rh = reduced fertilization–1007 

herbicide; rw = reduced fertilization–mechanical weeding 1008 

Gross N mineralization (mg N m-2 d-1 ) 

 ch cw rh rw 

palm circle 2.2 ± 0.6 1.9 ± 0.4 1.8 ± 0.6 3.4 ± 0.2 

frond-stacked area 22.4 ± 3.3 32.5 ± 8.0 22.4 ± 7.2 16.6 ± 5.2 

inter-row 4.8 ± 1.1 4.0 ± 0.6 3.8 ± 0.8 4.4 ± 0.9 

Note: These data are not included in the manuscript to avoid double-publication as these 1009 

results were reported in our previous study (Formaglio et al., unpublished data).   1010 
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Table A2 Literature comparison of annual N fertilization and total N leaching losses across 1011 

tropical plantations. 1012 

Author Soil type rainfall 

(mm yr-1) 

Type of 

plantation 

management 

N 

applied 

(kg ha-1 

yr-1) 

Total N 

leaching 

(kg ha-1 

yr-1) 

Percentage 

N leached 

(%) 

Present study loam 

Acrisol 

2772 intensive oil 

palm 

260 74 28 

Present study loam 

Acrisol 

2772 intensive oil 

palm 

130 38 28 

Omoti et al. 1983 sandy clay 

Acrisol 

2000 intensive oil 

palm 

150 9 6 

Kurniawan et al. 2018 loam 

Acrisol 

3418 smallholder 

oil palm 

88 11 12.5 

Tung et al. 2009 Acrisol - intensive oil 

palm 

128 3 (150 

days) 

2 

Tung et al. 2009 Acrisol - intensive oil 

palm 

251 3 (150 

days) 

1 

Banabas et al. 2008 clay loam 

Andosol 

2398 intensive oil 

palm 

100 37 37 

Banabas et al. 2008 sandy loam 

Andosol 

3657 intensive oil 

palm 

100 103 103 

Cannavo et al. 2013 clay loam 

Andosol 

2678 coffee 

agroforestry 

250 157 63 
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Tully et al., 2012 clay loam 

Andosol 

2700 coffee 

agroforestry 

120 119 99 

Armour et al. 2013 clay Acrisol 1958 intensive 

banana 

476 164 34 

Wakelin et al. 2011 loam 

Acrisol 

2685 intensive 

banana 

305 116 38 

 1013 

 1014 

Figure A1 Lysimeter locations at each treatment plot, with two subplots (blue rectangles) that 1015 

each included the three management zones (blue crosses): 1) lysimeters in the palm circle 1016 

were at 1 m from the palm trunk, 2) in the frond-stacked area, at about 4 m from the palm 1017 

trunk, and 3) in the inter-row, at approximately 4 m from the palm trunk. 1018 

 1019 

 1020 
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