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Abstract

Background and aims Root biomass is one of the most
widely used parameters to characterise root growth and
belowground carbon stock. Our aim was to define a
standard method to estimate the root biomass of young
and adult oil palm trees in commercial plantations.
Methods Three methods based on the sampling excava-
tion volume were compared using the same sampled
tree. Work time and the number of workers required
for each operation were recorded. We compared two
large excavation volumes based on Voronoi tessellation
and the standard root auger coring method in one 2-
year-old and one 16-year-old commercial oil-palm plan-
tation in Benin, West Africa.

Results Oil palm total root biomass was estimated at
0.84 and 22.23 Mg ha" in the 2-year-old and 16-year-
old plantation, respectively. Compared to the reference
method, the simplified Voronoi trench method estimat-
ed slightly higher (+5%) and lower (—17%) total root
biomass with no significant differences but required 2
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and 3 times more labour time, respectively, while the
auger method estimated significantly lower (—23% and
—53%) total root biomass in the 2-year-old and 16-year-
old plantation, respectively. Coarse and fine root bio-
mass were significantly higher under the windrow than
under the footpath zones.

Conclusion The simplified Voronoi trench method re-
quired twice as much labour time as the auger method
but was most efficient way to estimate oil palm total root
biomass, irrespective of the age of the plantation.

Keywords Oil palm - Root sampling method - Root
auger - Voronoi tessellation - Root biomass - Method
efficiency

Introduction

Roots are the most essential organ for plants to access
the water and minerals they need for their growth and

C. Jourdan
CIRAD, UMR Eco&Sols, F-34398 Montpellier, France

C. Jourdan (D<)

Eco&Sols, CIRAD, INRAE, IRD, Institut Agro, Univ
Montpellier, Montpellier, France

e-mail: christophe jourdan @cirad. fr

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-021-04939-4&domain=pdf
http://orcid.org/0000-0001-9857-3269

594

Plant Soil (2021) 465:593-611

development (Marschner et al. 1991; Tinker and Nye
2000) and to anchor the plant to its support, generally
the soil (Ennos 2000). As (except for epiphytes) roots
are hidden in the soil (Waisel et al. 1991), researchers
always face methodological problems to access the root
system. To date, numerous methods have been devel-
oped in order to characterize the root system architec-
ture, or the size of the root system, or its distribution in
the soil. The choice of method was mainly driven by the
objective of the study and generally, a single methodol-
ogy corresponds to each objective (Bohm 1979). There
is consequently no single reliable methodology avail-
able (Vogt et al. 1998) to simultaneously sample differ-
ent types of roots including coarse roots, depending on
the tree species or plant age (Levillain et al. 2011). Thus,
despite its importance for plant production and function-
ing, estimating belowground biomass and its distribu-
tion in the soil is still difficult and time consuming
because of the large quantity of soil that has to be
removed to access roots that are heterogeneously dis-
tributed in the soil (B6hm 1979; Waisel et al. 1991).

Different methods have been used to determine root
biomass (Bohm 1979; Smit et al. 2000). The way they
are set up generally depends on the ratio of their advan-
tages to their disadvantages, and priority is usually given
to those which are the least time consuming, cheapest
and easiest to implement, sometimes jeopardising accu-
racy. Little information is available in the literature
concerning the percentage of errors committed in the
evaluation of root biomass using these different sam-
pling methods as well as the time needed to achieve the
result with each method (Levillain et al. 2011). The
efficiency of the sampling method defined by Levillain
et al. (2011) as the ratio between the error of the esti-
mation using this method (compare to a reference meth-
od) and the time needed to apply the method (expressed
in person day "), is another key parameter for the clas-
sification of the root biomass estimation methods.

The easiest, cheapest, and quickest method to esti-
mate root biomass is using allometric equations or
models (Chave et al. 2005; Kenzo et al. 2009; Kralicek
et al. 2017; Saint-André et al. 2005; Vieilledent et al.
2012; Yuen et al. 2013). But equations or models need
to be calibrated with large datasets collected using reli-
able methods of excavation, the most common of which
is the auger method (Bohm 1979). With this method, the
volume of soil sampled is generally small (a few cm?),
meaning the method is easy to apply, cheap and rapid.
However, the reliability of this method is a major
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concern due to the very small volume of soil sampled,
which leads to poor accuracy in estimating root biomass
in the case of highly heterogeneous root distribution,
and particularly when sampling coarse roots (Levillain
et al. 2011). Comparable methods that sample a larger
volume of soil than the auger, e.g. monolith methods,
have been developed to avoid these drawbacks (B6hm
1979; Smit et al. 2000; Buczko and Kuchenbuch 2009).
They consist in sampling monoliths or blocks of soil in a
horizontal trench. According to Chopart and Siband
(1999), this method requires removing a relatively large
volume of soil, which means it is very labour consuming
and causes considerable disturbance to the sampled arca
as a trench must be dug. This method is mostly used as
complementary to the method of root impact cartogra-
phy in a soil trench profile (Maurice et al. 2010).

Before applying any method, it is important to un-
derstand the architecture of the root system of the plant
species concerned to position the excavation optimally
relative to the plant concerned. This is particularly true
for trees and shrubs which have different types of roots
(e.g., vertical coarse taproots, plagiotropic, medium and
fine roots) whose density varies with their distance from
the plant (Atger 1992; Jourdan and Rey 1997a).

The Voronoi polygon or diagram method (Honda
1978; Snowdon et al. 2002; Saint-André et al. 2005) is
hypothesised to be one of the most accurate methods
because it samples a representative volume of soil (tak-
ing the distance to the plant into account) that is suffi-
ciently large (a few m®) around the observed plant,
including under the plant itself (Levillain et al. 2011).
These authors compared four different sampling
methods based on the soil sampling volume distributed
around the sampled tree (Levillain et al. 2011). Using a
dicotyledonous plant in a 6-year-old plantation of euca-
lypt trees with a taproot system, planted in a rectangular
spacing design, these authors reported that the most
efficient method to estimate fine root biomass was auger
coring. According to the same authors, methods using
larger sampling soil volumes (half and full Voronoi
trenches) were shown to be the most appropriate
methods to estimate medium and coarse root biomass,
respectively. The aim of the present study is to assess the
performance of the methods on a monocotyledonous
tree with a fascicular and fibrous root system, such as
the oil palm, which is traditionally planted in alternate
rows based on an equilateral triangle planting design. As
the coarse roots of the oil palm are not more than 1 cm in
diameter and are rather soft to cut, we wanted to test the
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hypothesis (H1) that the auger method can efficiently
sample all oil palm roots, including coarse roots.

Researchers interest in the development of the oil-
palm root system is not recent (Yampolsky 1924;
Ruer 1968; Tailliez 1971; Tinker 1976; Reis de
Carvalho 1991; Cornaire et al. 1994; Henson and
Chai 1997). The quantification of root biomass under
and around oil palm trees were recurrent preoccupa-
tions up to recent times (Ruer 1969; Tailliez 1971;
Henson and Chai 1997; Khalid et al. 1999; Nelson
et al. 2006, 2014), often linked to the water and
mineral nutrition of the trees. In previous studies,
roots were sampled using different techniques based
on small sampling volume such as flat extractor
(Ruer 1969), “pala-draga” (Tailliez 1971), auger
cores (Goh and Samsudin 1993; Henson and Chai
1997; Khalid et al. 1999; Mohd Haniff 1998) or
monoliths (Dufréne et al. 1993; Rey et al. 1998),
but these methods did not sample the roots located
directly under the oil palm trunk. Consequently, all
these previous studies neglected a certain amount of
root biomass, leading to underestimation of total root
biomass. Some studies have shown that a large num-
ber of roots, mainly coarse primary roots, grow ver-
tically downwards under the trunk (Jourdan and Rey
1997a), and that their contribution to total root bio-
mass was consequently poorly estimated, at less than
2%, according to Harun et al. (2003). We hypothesise
(H2) that the root biomass directly under the palm
tree is larger than previously thought, especially in
adult palms whose trunk diameters are bigger than
the trunks of younger ones. We tested this hypothesis
using the Voronoi trench method which makes it
possible to collect roots under the trunk of the tree
(Levillain et al. 2011; Nodichao et al. 2011).

The specific aim of this study was to test different
sampling methods to assess the root biomass of the
oil palm tree, chosen as a model of a fascicular and
fibrous tree root system, growing in a plantation by
comparing their efficiency, defined as the ratio of
accuracy of the results to the labour time required to
complete the experiment. We wished to identify a
standard root system characterisation protocol to en-
able root type classification and root biomass assess-
ment accurately and efficiently. This protocol will be
useful in studies that aim to characterise the behav-
iours of different plant material in Genotype x Envi-
ronment x mineral nutrition tests or other agronomic
studies on date, coconut, and oil palms, worldwide.

Materials and methods
Planting material

The planting material used was the oil palm (Elaeis
guineensis Jacq.), commercial variety (Tenera),
C1001F seed category, vascular wilt tolerant
(Ngando et al. 2013), extensively distributed in Af-
rica, particularly in Benin. It came from Deli x La
Me group, obtained by crossing Dura (DA 115D
origin) and Pisifera (LM 2 T origin). The trees
sampled in this study were selected in two
contrasted plantations, one containing young, 2-
year-old, unproductive palms, and the other adult
16-year-old productive palms.

Ecological parameters of the study area

The study was carried out in Pob¢ District, at the
Agricultural Research Centre on Perennial Crops
(CRAPP) of the National Institute of Agricultural
Research of Benin (INRAB). The study area was
located in Southeast Benin, longitude 3°55'E, lati-
tude 6°50°N. The height above sea level was 120 m.
Mean annual rainfall between 2000 and 2018 was
1200 mm, with a bimodal distribution. This distri-
bution was uneven and variable, especially during
the rainy seasons. The average annual temperature
in the same period ranged between 25.8 °C and
30.0 °C. The average annual solar radiation in the
same period was 14.91 MJ m 2 d "

The palms were planted 9 m apart in a staggered,
equilateral triangle design at a planting density of
143 palms ha ' on a ferrallitic soil (Ferralsols or
Oxisols according to FAO or USDA soil classifica-
tion, resp.). The soil was deep, unsaturated and
characterised by its red colour, formed on clay-
sandy sediments from the continental terminal. In
the 0 to 30-cm layer, soils were sandy with only 5
to 15% of clay, then clay content suddenly increased
to 35% between the depths of 30 and 60 cm, and
reached 45% and even 50% below this depth
(Azontondé 1991). Aholoukpe et al. (2016) proved
that recycling fronds in windrows improved soil
fertility parameters (C, N, K, CEC, Ca, Mg) in the
0-50 cm soil layer after 10 years. Leaf recycling
significantly increased carbon and nitrogen contents
in the 0-20 cm soil layer.
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Experimental design

Three root sampling methods based on differential ex-
cavated soil volumes were tested: (M1) full Voronoi
trench (total excavation of 1/12th of the Voronoi space
around the sampled tree, Figs. 1 and 2¢; Nodichao et al.
2011); (M2) simplified Voronoi trench (53% reduction
in excavated volume with respect to the distance to the
tree, Figs. 1b, ¢ and 2b); (M3) auger method (Henson
and Chai 1997) equally applied within the Voronoi
trenches (Fig. 2a). These three methods were applied
in the two contrasted oil palm plantations: one 2 years
old, the other 16 years old. The three methods were
applied successively to each oil palm tree, at the same
place (inside the same Voronoi trench and respecting the
same distance to sampled tree in a standard commercial
plantation, Fig. 2a), at the same period of the season,
starting with the least destructive method (auger meth-
od, M3) and ending with the full Voronoi method (M1),
defined as the reference method due to the large and
exhaustive soil volume to excavate. With the aim of
assessing the effect of the windrow (zone where fronds
are placed during bunch harvest or leaf pruning) on the
root system biomass, the roots were sampled systemat-
ically both in the windrow and under the footpath be-
tween the rows (passage of the harvesters during bunch
harvest where no fronds are piled) (Fig. 1a). Six repre-
sentative palm trees were chosen in each of the two
plantations; each with six neighbours of the same age
and of comparable size (no replacement trees), i.c. a
total of 72 experimental units considering the three
sampling methods used on the 12 palms and the two
sampling locations (windrow and footpath).

Method M1 (Figs. I and 2c)

The elementary Voronoi space around the sampling tree
was designed by the half distance between the tree to be
sampled and its neighbours (Levillain et al. 2011). In the
oil palm plantation, this space was hexagonal and the
trees were planted in alternate rows based on an equi-
lateral triangle design (Nodichao et al. 2011). The area
excavated for the full Voronoi method represented 1/
12th of the Voronoi space, which was represented by a
rectangular triangle with a base of 4.5 m and a hypote-
nuse of 5.2 m (Figs. 1 and 2). This rectangular triangle,
which represented the full Voronoi trench, was divided
into four zones based on different distances from the
centre of the oil palm trunk, along the adjacent side of
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the rectangular triangle (Figs. 1b and 2): (i) Z0, directly
under the trunk, between its centre and the edge of the
trunk, its periphery made up by remaining basal part of
leaves. This area was defined by the radius of the trunk
and the angle of 1/12th of 360°, equal to 30°; (ii) Z1,
from the periphery of the trunk to an average of 1 m
away (considering the adjacent side of the rectangular
triangle); (iii) Z2, between 1 and 2.5 m from the centre
of the trunk; (iv) Z3, from 2.5 m until 4.5 m (half
distance between two neighbouring trees) from the cen-
tre of the trunk. Z1 and Z2 zones represent the harvest-
ing ring around the tree that was generally kept weeded
and where fertilizers were applied. Z3 zone represents
the windrows or footpath (depending on the sampling
position). In each zone, the roots were sampled in 4
distinct soil depth horizons named HO (roots above the
surface of the soil, e.g. under the windrow), H1 (0-
20 cm), H2 (20-50 cm), H3 (50—100 cm).

The rooting profile of the oil palm in Benin was not
limited to a depth of 1 m (Nodichao et al. 2011). How-
ever, in this study, which aimed at comparing methods,
we limited root sampling to a depth of 1 m for budgetary
reasons to save labour time. The same soil depth layers
were used for all three methods and at both positions
(windrows and footpath).

Finally, for productive and mature oil palms, we
assumed that all the roots of the sampled tree that grow
outside the Voronoi trench are balanced by those of
neighbouring trees growing inside the polygon (Honda
1978; Levillain et al. 2011; Snowdon et al. 2002).

Method M2 (Fig. 2b)

We aimed to reduce the volume of the full Voronoi
trench by half, but only in the zones located farthest
from the palm tree (Z2 and Z3) where a huge volume of
soil should be excavated. The simplified Voronoi trench
was limited to a strip of 70 cm in width along the base of
the rectangular triangle. The reduced Z2 and Z3 zones
were noted Z2s and Z3s while the complement zones
were noted Z2c¢ and Z3c, respectively. Thus, Z2 =Z72s +

Z2¢, and Z3 =Z3s + Z3c (Figs. 1b and 2).

Method M3 (Fig. 2a)

Three cores were sampled with a root auger (internal
diameter 8 cm) in each zone of the Voronoi trench apart
from under the palm tree itself (Z1, Z2s, Z2c¢, Z3s and
Z3c). The three sample cores were located on one of the
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Fig.1 Voronoi space (hexagonal
zone) of a sampled oil-palm tree
within commercial planting de-
sign made up by 12 rectangular
triangles (called Voronoi triangle)
of same area (a). The Voronoi
space was determined by the half
distance between the observed
palm and its six immediate
neighbours (b). One of the 12
Voronoi triangles, inside the
equilateral triangle formed by
three neighbour palms, located in
the planting row where frond
leaves were parked in windrow
(¢). The triangle was divided into
6 different sampling zones ac-
cording to distance to the centre of
the tree: under the tree (Z0), until
1m(Z1), from I mto2.5m
(Z2¢ + Z2s) and from 2.5 to 4.5 m
(Z3c¢ + 7Z3s) from the centre of the
tree
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Fig. 2 Position of the 15 root sampling locations for auger coring
method (a), inside the different zones of the simplified (b) and
complete Voronoi triangle (¢). a=30° arc portion; ¢ = collar girth
of the trunk; r=radius; Z0: 30° section of the trunk; Z1: zone
where fertilizers were applied; Z2: transition zone between the

diagonals of each zone formed by the opposite angles
from the point that lied at the centre of gravity of the
zone. In two successive zones concerned by the same
sampling point, two different corner angles were chosen
to avoid sampling the same area (Fig. 2a; M3). On each
sampled tree, a total of 9 and 15 cores were taken per
simplified and full Voronoi trench, respectively (Fig.
2a). The Z0 zone was not sampled using this method
as it was impossible to drill vertically under the tree
without cutting it.

Root processing

After collection, the roots were cleaned and sorted into
three classes of living roots according to their topolog-
ical order and diameter (Jourdan and Rey 1997a): first
order roots emerging on the root bole under the palm
tree, named primary roots (R1) whose diameter was
>5 mm; ramifications of R1 named secondary roots
(R2), with a diameter ranging between 2 and 5 mm; all
ramifications of R2 (tertiary and quaternary roots),
named fine roots (Rf=R3+ R4), whose diameter was
<2 mm. Dead roots were separated from living ones
according to colour (young living roots were white or
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windrow and the fertilization area, Z2 =Z72s+ Z2c; Z3: zone
where the fronds were parked into piles called windrow, Z3 =
Z3s + Z3c.The figures in bold indicate the distance from the centre
of the palm trunk

brown whereas dead roots were dark brown or black)
and flexibility (dead roots were more flexible) and were
discarded; only the living roots were included in the
estimations of total root biomass. For each type of roots,
the sampling zone, soil depth, and the total fresh weight
of the samples were recorded and a sub-sample was
weighed. The sub-samples were dried in the oven at
65 °C for 48 h to estimate their dry weights. The dry
matter weights were then calculated for each root type,
sampling zone and soil depth.

Total root biomass estimation according to each tree
and per hectare

To assess the possible effect of windrows of fronds in
the plantation on the distribution of oil palm roots in the
soil, roots were sampled systematically according to the
position of the windrows (W) and of the footpaths (P)
without pruned fronds, and the footpath zone was
hypothesised to be a homogenous zone with respect to
soil organic matter (Aholoukpe et al. 2013).

Root biomass sampled using the auger method (M3)
and the simplified Voronoi method (M2) were extrapo-
lated to the theoretical soil volume sampled with the
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reference method (M1) in order to be able to compare
the estimated root biomasses with the same sampled soil
volume. According to the arrangement of the twelve
rectangular triangles (Full Voronoi trenches, Fig. la,
b) inside the hexagonal Voronoi space, four Voronoi
trenches were under the frond windrows and the eight
others were in the footpath zone, with no fronds. Then,
for each method, to assess total root biomass (TRB) of
each tree, we used Eq. 1:

TRB”«@@ (Kg) = [TRBwindmw zone (Kg) X 4]
+ [TRbeot]Jath zone (Kg) X 8] (1)

For the total plantation, based on the tree planting
density of 143 trees per hectare, we used Eq. 2:

143

TRByinaion (Mg ha™') = TRByee (Kg) x o0 (2)

For M1 and M2 methods, measurements of the zone
actually excavated in the plantations were recorded in
order to adjust our sampling excavations to the theoret-
ical volumes of the different zones of soil around each
tree. This was considered when processing for the total
root biomass for each tree.

Comparison of methods and statistical analysis

As we assumed M1 sampled all the roots in the soil
volume of the full Voronoi trench accurately, it was
used as the reference method to which the two others
(M2 and M3) were compared. The amount of root
biomass obtained with method M3 was added to the
amount obtained successively with M2 and M3 in the
corresponding zones and soil depths.

The accuracy (A,,) of methods M2 and M3 was
determined as the relative difference in root biomass
(RB) estimated by each method compared to that of
the reference method (M1). The accuracy of the method
(Ayy) 1s given by Eq. 3:

RByn—RBy1
—X

M1

Ape(%) = 100 (3)

where x = {2;3.}
Consequently, the error (E,,) of each method is
given by Eq. 4:

Ep(%) = 100-Ap (4)

The efficiency of the root sampling method was
defined as the ratio between the percentage of error

and the time required (in person day ') to complete the
work using the corresponding method. Thus, the most
efficient method had the lowest absolute ratio.

For each root class (R1, R2 and Rf), soil depth (HO,
H1, H2 and H3), soil zone (Z0, Z1, Z2 and Z3), sam-
pling position (W or P), palm age (2 or 16 years old) and
sampling method (M1, M2 and M3), the average root
biomass was estimated for six trees located far from one
another, considered as replicates. A total of 192 and 324
root samples were processed for the Voronoi and auger
sampling methods, respectively. Total root biomass,
percentage of error and efficiency were calculated for
each method and the two palm tree ages. The differences
between methods were statistically tested using the
GLM (ANOVA Model) procedure in SAS (SAS® In-
stitute Inc., Cary, NC, USA, 2004) combined with a
Tukey’s test. In the Results section, mean root biomass
is given with the standard deviation (s.d.) and expressed
in terms of dry matter (Mg ha '). The root biomass
assessed per sampling zone and soil depth are expressed
as a percentage (%) of total root biomass.

Results
Oil palm root biomass

Considering the reference method (M1) and 1 m of
depth only, the total root biomass of the mature 16-
year-old oil-palm plantation was 22.23+0.81 Mg ha '
while in the young 2-year-old plantation, it amounted to
0.84+0.03 Mg ha ' (Table 1). Root types were quanti-
fied in the mature oil-palm plantation at 17.02 +
1.12 Mg ha ! (representing 76.6% of TRB) for primary
roots (R1); 3.11+0.29 Mg ha ' for secondary roots
(R2) (14.0% of TRB) and 2.10+0.25 Mg ha™' (9.4%
of TRB) for the fine roots (Rf). Using the same method
and at the same depth in the 2-year-old oil-palm planta-
tion, total root biomass was 0.36 +0.04 Mg ha™! (42.8%
of TRB); 0.26+0.02 Mg ha ' (31.0% of TRB) and
0.22+0.02 Mg ha ' (26.2% of TRB) for R1, R2 and
Rf, respectively (Table 1). The relative proportion of the
R2 and Rf were higher in the 2-year-old palms than in
the matured palms.

More detailed results on root biomass according to
the age of the palm tree, the type of root and soil depth
for each sampled palm tree are given in Table S1; they
showed little variation between trees.
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Table 1 Young (2-year-old) and adult (16-year-old) average (+ s.d.) oil palm root biomass (Mg ha ! according to the type of roots and soil
depth (only down to 1 m) estimated through the full Voronoi trench method (M1) in Benin

Age (Year) Root types H1 (0-20 cm) H2 (20-50 cm) H3 (50-100 cm) All profile (0-100 cm)
2 R1 0.09+0.03 b 0.24+0.08 a 0.03+£0.02 b 0.36%0.04 (43%)

R2 0.09+0.02 a 0.10+£0.02 a 0.07+0.18 a 0.26%0.02 (31%)

Rf 0.14+£0.05 a 0.06+£0.02 b 0.02+0.11 b 0.22+0.02 (26%)

TRB (Mg ha™) 0.32+0.04 a 0.40+0.05 a 0.12£0.02 b 0.84+0.03
16 R1 2.67+0.79 ¢ 6.81+1.18 b 7.54+1.28 a 17.02+1.12 (77%)

R2 0.73+0.11 a 1.224+0.20 a 1.16+0.07 a 3.11+0.29 (14%)

Rf 1.30+0.40 a 0.54+0.18 b 0.26+0.09 b 2.10+0.25 (9%)

TRB (Mg ha ") 4.70£0.60 b 8.57+0.90 a 8.96+1.20a 22.23+0.81

R1: Coarse or primary roots. R2: Medium or secondary roots; Rf: Fine or tertiary and quatemary roots. TRB Total root biomass (Mg ha ' ).
Root biomass found in HO (in the leaf litter on top of the mineral soil) concerned only fine roots in the 16-y old plantation in the Z3 zone

(windrow), it amounted to 0.05+0.02 Mg ha!

and was not considered to estimate total root biomass. For the same root type, values

followed by similar letters are not significantly different at p < 0.05 (Tukey’s test, n = 6). The percentage values are given for the part of each

root type within the whole sampled soil profile (0-100 cm)

Root biomass distribution according to the different
sampling zones

Total root biomass differed significantly (p = 0.0001) in
the different sampling zones, irrespective of the age of
the plantation. At 16 years old, oil palm root biomass in
Z0 (under the palm trunk) was 3.69+0.53 Mg ha !
which represented 16% of total root biomass (Fig. 3b).
This root biomass increased progressively until Z3
where the biggest quantity of root biomass was recorded
(8.33+1.09 Mg ha ' representing 37% of total root
biomass) and more or less constant estimated root bio-
mass in Z1 and Z2, at respectively, 5.44 +0.68 Mg ha ™’
(24%) and 5.27 +0.64 Mg ha ' (23%). Secondary (R2)
and fine roots (Rf) were almost absent under the trunk
(20, Fig. 3b). Close to the palm tree (Z1: up to 1 m from
the stem), the amount of fine root biomass was higher
than that of the secondary roots. By contrast, far from
the palm tree (Z2: between 1 m and 2.5 m from the stem
up to Z3: between 2.5 m and 4.5 m from the stem), R2
biomass was higher than that of fine roots (Fig. 3b). The
primary roots also followed the same trend according to
distance from the tree except in zone Z2, where a
decrease in R1 biomass was observed.

However, at 2 years old (Fig. 3a), the amount of
oil palm root biomass increased with distance from
the palm tree from 0.09 +0.02 Mg ha ' in Z0, which
represented 11% of total root biomass to 37% (0.32
£0.04 Mg ha ') in Z1 and 41% (0.35+
0.05 Mg ha™') in Z2; but decreased drastically to
11% (0.098+0.03 Mg ha ') in Z3 reflecting the
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progressive establishment of the juvenile root
system.

Root biomass distribution according to soil depth

Irrespective of the age of the plantation, all root type
biomasses differed significantly (p=0.0001) between
soil layers (Table 1). Root biomass in HO (above the
mineral soil) concerned only fine roots in the 16-y old
plantation in zone Z3 (where pruned fronds were placed
on the ground), it amounted to 0.05+0.02 Mg ha'. As
this biomass concerned only 2 sampled trees out of 6
(Table S1, supplementary material), it was not included
in our estimation of total root biomass.

In the 16-year-old plantation, total root biomass in-
creased with the rooting depth of the palm tree (Table 1,
Fig. 3d). This distribution represented 21% (4.70 +
0.60 Mg ha '), 38% (8.57+0.90 Mg ha ') and 41%
(8.96+1.20 Mg ha™') in the 0-20 cm, 2050 cm and
50-100 cm depth layers, respectively (Fig. 3d). Consid-
ering the different root types, R1 followed the same
trend while R2 were more abundant between 20 and
50 cm (Fig. 3d, Table 1). By contrast, fine root biomass
was higher in the top soil (0-20 cm payer) and decreased
drastically with soil depth.

In the 2-year-old plantation, root biomass increased
between topsoil and 50 cm of depth from 39% in the 0—
20 cm layer to 47% in 20-50 cm layer, then decreased to
14% below a depth of 50 cm (Fig. 3c, Table 1). R1 and
R2 followed the same trend as in the old palm trees,
whereas Rf decreased with soil depth (Table 1).
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Fig.3 Root biomass (Mg.ha ') per sampling zones (a, b) and soil
depth (¢, d) for each root type of 2- (a, ¢) and 16- (b, d) year old
oil-palm plantations. R1 (white bars): primary or coarse roots, R2
(grey bars): secondary or medium roots; Rf (black bars): fine or
tertiary and quaternary roots. The different letters above bars
indicate significant differences of root biomass for each root type

Depth (cm)

Irrespective of the age of the oil palms, the amount of
fine root biomass was always highest in the 0-20 cm
soil layer and decreased with soil depth. By contrast, R1
and R2 biomass were higher between the 20 and 50 cm
soil layers than at other soil depths (Figs. 3c, d).

Root biomass distribution in the windrow and footpath
sampling zones

In the 2-year-old plantation with the reference meth-
od (M1), no significant difference (p>0.05) was
found between total root biomass excavated from
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according to distance to tree (Z0: under the palm Z1: up to 1 m, Z2:
from 1 m to 2.5 m and Z3: up to 4.5 m from the centre of the
sampled tree) and soil depth (»p <0.05, Tukey test, n=06). The
percentages (%) displayed account for the part of all root types
per sampling zone regarding to distance to palm tree (a, b) and per
soil depth horizons (¢, d)

the windrow (W), where the pruned palm fronds
are placed during harvest, and from the footpath
(P), where workers walked during harvest and for
cultural management practices (0.89+0.028 t ha '
under the windrow and 0.83 +0.029 Mg ha ' under
the pathway). But the difference was significant
(»=0.020) in the 16-year-old plantation (23.86 =+
0.88 Mg ha ' under the windrow and 21.41+
0.74 Mg ha ' under the pathway).

Likewise, there was no significant difference in
secondary root biomass (p > 0.05) between the wind-
row and the footpath, irrespective of age of the palm
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trees (Fig. 4). On the other hand, the Rf (W: 2.86 +
1.49 Mg ha' and P: 1.72+0.68 Mg ha™') and R1
(W: 18+1.27 Mg ha ' and P: 16.59+£0.16 Mg ha ')
biomasses differed significantly (p =0.042) between
the windrows and the footpath in the 16-year-old oil
palm tree plantation (Fig. 4b), but were not signifi-
cant in the young 2-year-old plantation (Fig. 4a). The
difference in fine root biomass between the two lo-
cations in mature plantation amounted to
1.14 Mg ha™' whereas it was only 1.41 Mg ha™' for
R1 (Fig. 4b).

With the simplified Voronoi trench method, there
was a significant difference in oil palm root biomass
under the windrow and under the footpath (p=
0.030), irrespective of the age of the oil palm plan-
tation. The auger method revealed no difference
between the windrow and footpath zones in the 16-
year-old plantation (p > 0.05). By contrast, in the 2-
year-old oil-palm plantation, the same method re-
vealed a highly significant difference (p <0.001),
indicating a high heterogeneity in root distribution
around young palm trees.

Accuracy of the root sampling method in estimating root
biomass

There was no significant difference between the simpli-
fied Voronoi (M2) method and full Voronoi method
(M1) based on the estimation of total root biomass
(p>0.05), irrespective of the age of the palms. Howev-
er, we found a significant difference between the full
Voronoi method (M1) and auger method (M3) for the
estimation of root biomass, irrespective of the age of the
palm trees (p <0.01). In the 16-year-old oil palms and
the 0 to 1 m soil layer, total root dry matter was estimat-
ed at 22.23+0.81 Mg ha ', 18.41 £1.26 Mg ha ' and
10.45+£0.34 Mg ha ' with the reference (M1), simpli-
fied Voronoi (M2) and auger method (M3), respective-
ly. In the young, 2-year-old oil palm plantation, total
root biomass was estimated at 0.84 +0.03 Mg ha™',
0.90+0.03 Mg ha™' and 0.66+0.026 Mg ha ' with
the reference (M1), simplified Voronoi (M2) and auger
methods (M3), respectively. The percentage of error of
each method (M2 and M3 compared to the reference
method M1) according to the different root types (R1,
R2 and Rf), the sampling positions (W and P), the
sampling zones (Z1, Z2, Z2s, Z2c, Z3, Z3s and Z3c)
and the three soil depths (H1, H2 and H3), refer to the
plantation ages (2 and 16 years old) are given in

@ Springer

Supplementary material, Tables S2 and S3, respectively.
The results we present here (Table 2) is for the whole
soil profile sampled (0—1 m).

In the 2-year-old plantation (Table 2), the auger
method underestimated total root biomass by 23%,
the simplified Voronoi method overestimated slightly
by 4.7%. This result confirmed the significant differ-
ence (p <0.01) found between the auger method and
the reference method. However, the simplified
Voronoi method and the reference method made sim-
ilar errors (p > 0.05). The percentages of errors pre-
sented below according to the different root types and
the sampling zones concern the auger method com-
pared to the reference method for the whole soil
profile (0—-100 cm). With the auger method, R1 was
badly sampled with a large underestimation by 56%
in Z1, by 42% in Z2 and a large overestimation by
68% in Z3 of total root biomass compared to the
reference method (Table S2). However, R2 was well
sampled with the auger method except in Z3 (Z3s +
Z3c) where 44% higher estimate of total root biomass
was observed. But specifically considering the Z3s
zone, total root biomass was estimated to be 17%
higher with the auger method than with the full
Voronoi trench method. By contrast, with still the
auger method, the percentages of error were 10%
and 15% lower in Z1 and Z2, respectively
(Table S2). The fine roots were quite well sampled
with the auger method except in Z3. The percentage
of error in Z1, Z2 and Z3 was —13%, —26% and +
30%, respectively. However, considering the Z3s
zone, the auger method estimated lower total root
biomass (—18%) than the full Voronoi trench method
(Table S2). Because we were unable to sample the Z0
zone with the auger method, this method
underestimated by —11% the total root biomass of
juvenile plantations.

In the 16-year-old plantation and considering the
whole soil profile (i.e. 0 to 100 cm), the auger method
produced a significantly lower estimation (—53.1%) of
total root biomass, whereas the error was 17.1% less
with the simplified Voronoi trench method compared to
the reference method (Table 2). The difference between
the auger method and the full Voronoi method was
significant (p <0.01) while the simplified Voronoi
method did not differ significantly from the full Voronoi
trench method (p >0.05). The percentages of errors
presented below according to the different root types
and the sampling zones only compare the auger method
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to the reference method. In the 16-year-old palm plan-
tation, R1 was poorly sampled with the auger method

R2
Root types

that produced huge errors —78%, —41% and —29% in
estimating root biomass for the Z1, Z2 and Z3 zones,

Table 2 Efficiency, error, labour time, and volume of excavated soil according to the sampling method and age of the oil-palm plantation

Palm age (y) Sampled soil volume (m3)

Labour time (person day ")

Method error (%) Method efficiency (%)

M, M, M, M, M; M, M; M, M;
2 5.85 272 421 19.6 6.8 +4.7 =233 0.24 3.42
(8.8) (9.9) (1.1)
16 5.85 272 113.6 37.7 13.4 -172 -53.1 0.46 3.96
(16.9) (10) (6.1)

M;. Full Voronoi method; M,. Simplified Voronoi method; M;. Auger method. In each column the first number is the average of root
biomass and the second number in brackets is the standard deviation. The efficiency values are in absolute values
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respectively, compared to the full Voronoi trench meth-
od. The R2 were also badly sampled by the auger
method with —26%, —32% and —23% errors in Z1, Z2
and Z3 zones respectively, compared to the full Voronoi
trench method. However, estimates of root biomass
using the auger method were reduced to —16% in the
Z3s zone (Table S3). Surprisingly, the fine roots were
also poorly sampled by the auger method with —44%
and —21% lower estimates of fine root biomass and +
34% higher estimation in Z1, Z2 and Z3 zones, respec-
tively, than the full Voronoi trench method (Table S3).
Furthermore, the auger method was not able to sample
the Z0 zone, which led to a— 16% lower estimation of
the total root biomass compared to full Voronoi trench
method.

Considering the previous results, the simplified
Voronoi method led to smaller errors when compared
to reference method than the auger method, irrespective
of the age of the oil palm trees. The auger method
produced more errors, and was less accurate in the 16-
year-old plantation than in the 2-year-old one.

Labour time and efficiency of root sampling methods

There was a major difference in the amount of labour
time needed for root sampling depending on the method
and irrespective of the age of the plantations at the 1%
level. Otherwise, the volumes of soil handled differed
with the method at the 5% level, but did not differ with
the age of the plantation. The average labour time
needed for the full Voronoi trench method for 6
sampled trees was 113.6+16.9 person day ' in the
16-year-old plantation and 42.1 + 8.8 person day ' in
the 2-year-old plantation (Table 2). The shortest la-
bour time was required with the auger method (6.8 +
1.1 person day ' and 13.4+6.1 for the 2-year-old
and 16-year-old plantation, respectively). The full
Voronoi method required handling 5.85 m® of soil
while it was more than 1000 times less (5.10> m>)
using the auger method. The efficiency of the sim-
plified Voronoi method was 0.24 and 0.46 for 2-year-
old and 16-year-old plantations, respectively. With
the auger method, efficiency was 3.42 and 3.96 for
the 2-year-old and 16-year-old plantations, respec-
tively (Table 2). The simplified Voronoi method
was thus more efficient than the auger method com-
pared to the reference method, irrespective of the age
of the plantation (Table 2).
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Discussion
Estimating oil-palm root biomass

Total root biomass estimated using the full Voronoi
trench method for young 2-year-old oil palms in our
study (0.84+0.03 Mg ha ') was slightly lower than that
estimated in previous studies conducted in Benin using
the same method but on 4-year-old palms (Nodichao
2008; Nodichao et al. 2011). These authors estimated
total root biomass ranging from 2.41+0.3 to 3.22+
0.25 Mg ha ' depending on the oil palm progenies.
For the progeny C1001F studied here, Nodichao et al.
(2011) estimated total root biomass at 2.87 +
0.17 Mg ha'. This amount represents almost 3.3 times
our estimation in the 2-year-old plantation. This differ-
ence might be due to the exponential root growth after
the plantation reached the age of 2, but was probably
due to soil variability and different local weather condi-
tions in the two sites that are located 50 km apart.
Nevertheless, in both situations, root biomass was high-
ly variable, as pointed out in many studies (e.g. Vogt
et al. 1998; Jackson et al. 1997) particularly in young
plantations when the root system is not yet well
established (Jourdan 1995; Jourdan and Rey 1997a).

The quite low root biomass observed in young oil
palms showed that their root system was still in estab-
lishing itself with only 6 root types, whereas the adult oil
palm has 8 root types with the same number (4) of
topological root order (Jourdan and Rey 1997a), indi-
cating an exponential increase in root production with
age by young oil palms. Indeed, 2 years after planting,
the R2 biomass increased suddenly and reached
0.57 Mgha ™' at 3 years old, while the fine root biomass
amounted to 0.215 Mg ha" at the same stage (Jourdan
1995). Subsequently, total root biomass increased expo-
nentially during the young stage due to the increasing
number of new R1 emitted following the 8th month after
germination. At the end of the young stage, R1 biomass
represents more than 40% of total biomass and this
amount increases thereafter to stabilize at around 80%
in adult phase (Jourdan 1995), which was confirmed in
our study (Table 1).

Using the auger coring method, Haniff et al. (2014)
estimated similar total root biomass in young oil palms
in the northern region of Malaysia (dry site): 1.07 =
0.24 Mg ha™' for 2.5-year-old oil palms (Table 3) com-
pared to 0.84 Mg ha ' in the 2-year-old trees in our
study. The slight differences might be due to the
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Table 3 Literature references of estimated oil-palm root biomass using different sampling methods
Methods Age of Sample soil  Total Root Fine Root Pedoclimatic conditions” References
plantation  volume biomass Biomass (Country)
(year) (m’) Mgha')  (Mgha)
Complete 2 5.85 0.84+0.03 0.22+0.02 Dry, Oxisols (Benin) This study
Voronoi
trench
Simplified 2 2.72 0.90+0.03 0.2+0.04 Dry, Oxisols (Benin) This study
Voronoi
trench
Root auger 2 0.005 0.66+0.026 0.21+0.02 Dry, Oxisols (Benin) This study
Complete 16 5.85 22.23+0.81 2.10+0.25 Dry, Oxisols (Benin) This study
Voronoi
trench
Simplified 16 2.72 18.41£1.26 1.37+0.73 Dry, Oxisols (Benin) This study
Voronoi
trench
Root auger 16 0.005 10.45+0.34 1.02+0.12 Dry, Oxisols (Benin) This study
Root auger 10 0.005 15.9 - Humid, Coastal Inceptisols Henson and Chai
(Malaysia) (1997)
Root auger 10 0.005 7.0-10.8 - Dry, Inland Ultisols (Malaysia) Henson and Chai
(1997)
Root auger 4 0.005 14 - Dry®, Oxisols (Ivory coast) Ouvrier (1995)
Voronoi Trench 11 5.85 11 - Dry, Oxisols (Benin) Nodichao (2008)
Voronoi Trench 4 5.85 241+£0.3 to 0.9+0.02to 1.4 Dry, Oxisols (Benin) Nodichao et al.
3.22+0.25 +0.02 (2011)
Root auger 2.5 0.005 1.07+0.24 - Dry, Ultisols (Malaysia) Haniff et al.
(2014)
Root auger 45 0.005 2.03 - Dry, Ultisols (Malaysia) Haniff et al.
(2014)
Root auger 4 0.005 4.4 - Humid, Ultisols (Malaysia) Henson and Chai
(1997)
Root auger 9 0.005 16.9+1.3 8.6+0.4 Humid, Ultisols and Oxisols (Eastern Riiegg et al.
plains, Colombia) (2019)
Root auger 15 0.005 23.5 — Humid, Ultisols and Oxisols (Eastern Riiegg (2017)
plains, Colombia)
Root auger 23 0.005 16.0 - Humid, Ultisols (Malaysia) Khalid et al.
(1999)
Root auger 9 0.005 14.0 - Humid, Typic Kandiudults (Est Sommer et al.
Amazon, Brazil) (2000)
Root auger 9 0.005 20.0 - Humid, Typic Hapludand (Papua Nelson et al.
New Guinea) (2006)
Root auger 10 0.005 16.1 - Humid, Typic Hapludults (Sumatra, ~Syahrinudin
Indonesia) (2005)
Root auger 3 0.005 8.1 — Dry, Typic Paleudults (Kalimantan, — Syahrinudin
Indonesia) (2005)
Model simulation 4 unlimited 3 - Dry®, Oxisols (Ivory-Coast) Jourdan and Rey
(1997b)
#wetter than in Benin, ® USDA soil classification
difference in the genetic origin of the palms, the soil sites. In the west coast region of Malaysian peninsular
environments and maybe the rainfall regime in the two (more humid) on mineral soil, using a root auger in the
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0—-100 cm soil profile, Henson and Chai (1997) estimat-
ed total root biomass at 4.4 Mg ha ' in 4-year-old palms
(Table 3) which is significantly higher (about 2.2 times
higher) than that estimated by Haniff et al. (2014)
(2.03 Mg ha ' at 4.5-y old), about 5.2 times higher than
our estimation in the 2-year-old oil-palm plantation, and
about 1.5 times higher than that estimated by Nodichao
etal. (2011) in4-year-old C1001F progeny but using the
full Voronoi trench method.

All the differences observed in the young oil-palm
plantations around the world could be explained by the
different methods used, which involved different sam-
pled soil volumes, different sampled soil locations
around the trees, and finally, a poor consideration of
the spatial heterogeneity of the root distribution, which
is particularly high at that growth stage. Moreover,
different ecological and soil conditions may influence
the young oil-palm root dynamics and root distribution
according to soil depth. When comparing the wetter
Malaysian and Indonesian sites with the drier sites in
Ivory Coast and Benin and if we include the differences
in oil palm ages and the variability in the genetic mate-
rial, comparisons are really difficult to accurately assess
oil-palm root biomass (Table 3).

Using the auger method in adult palms, Henson and
Chai (1997) found a higher total root biomass in a
coastal alluvial soil (15.9 Mg ha™' at 10-years) than in
inland mineral soils (7.0-10.8 Mg ha '), both of which
are less than our observations in 16-year-old oil palms
(22.23 Mg ha !). Using the auger method in a 9-year-
old oil-palm plantation in the “Llanos Orientales” sa-
vannahs in Colombia, Riiegg et al. (2019) estimated
total root biomass to be 16.9+1.3 Mg ha ', with 8.6 £
0.4 Mgha " of fine roots in the top 30-cm soil layer. The
same authors estimated the total root biomass of a 15-
year-old oil-palm plantation at 23.05 Mg ha™' (Riiegg
2017) similar to our value of 22.23 Mg ha ™' in our 16-
year-old plantation, even if ecology conditions in Benin
are less favourable for oil palm productivity (Table 3).

Using the auger method in Sumatra, Syahrinudin
(2005) estimated oil palm root biomass to be
16.1 Mg ha™' in a 10-year-old oil-palm plantation,
which is higher than in Benin conditions where
Nodichao (2008) estimated the total root biomass of an
11-y old oil-palm plantation to be 11 Mg ha™' using the
full Voronoi trench method, considered as the reference
method in the present study. Here again, the differences
in root biomass production between oil palm trees grow-
ing in different ecological conditions could also be
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explained by root growth dynamics. Indeed, according
to Jourdan and Rey (1997a), at the adult stage, more
primary roots were produced than the other types of
roots because of their regular speed of growth which is
about 0.3 cm day ', corresponding to a 1-m increase per
year and with no mortality in those roots, However, oil
palm roots stop elongating in the 3- to 4-month dry
season in Benin (Nodichao et al. 2011) whereas this
phenomenon was not observed in Ivory Coast
(Jourdan and Rey 1997a) or at wetter sites like in Indo-
nesia (Jourdan, Unpublished data).

Effect of distance from the tree on root biomass
distribution

According to the distance from the tree in Columbia,
Riiegg (2017) found no significant effects in oil-palm
total root biomass between zones in the shallow rooting
profile (0-30 cm). But, when the weeding circle (fertil-
izer application zone) was included in the analysis, the
effect of the distance from the tree was only significant
in the fine root biomass in the topsoil (0—10 cm) (Riiegg
et al. 2019), whereas total root biomass was evenly
distributed in the three sampled layers (0-10 cm, 10—
20 cm and 20-30 cm) (Riiegg 2017). These observa-
tions only resemble our results for primary roots in the
16-year-old plantation (Fig. 3b) but not those of the
other root types at that age nor for any root types in
the 2-year-old plantation (Fig. 3a). Syahrinudin (2005)
uprooted 3, 10, 20 and 30-year-old palms, and found
that the so-called trunk base, made up by the base of the
trunk itself and the roots located below down to a depth
of 1 m (equivalent to Z0 in our study, but we exclude the
trunk base) added another 10, 55, 45 and 46% to total
root biomass, respectively. These results are similar to
our observations but only in the 2-year-old plantation
(11%) where the weight of the trunk base was not
included at 2 years old. According to preliminary obser-
vations in Benin using the simplified Voronoi trench
method, the primary root biomass in Z0 amounted to
20% of total root biomass in 4-year-old oil palms
(Nodichao 2008) and reached 17% in 11-year-old oil
palms in Sumatra, Indonesia (Jourdan, Unpublished
data).

Effect of soil depth on root biomass distribution

According to soil depth, our results clearly show that the
oil-palm roots were mostly unevenly distributed at both
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young and adult stages (Figs. 3c, d). Indeed, primary
roots, which accounted for the majority of total root
biomass (Table 1, Nodichao et al. 2011), were mainly
located in the 20-50 cm and 20-100 cm soil layer, while
fine roots preferentially colonized the topsoil (020 cm)
layer in our 2- and 16-year-old plantations, respectively.
Secondary roots were mostly evenly distributed
throughout the whole root profile observed at both ages.
These results are typical of those in the oil palm root
literature (Henson and Chai 1997; Khalid et al. 1999;
Nelson et al. 2006; Nodichao et al. 2011; Syahrinudin
2005) despite the different ecotypes. This is probably
due to the regular topology and geometry of the root
system architecture of this monocotyledonous tree
(Jourdan and Rey 1997a) where the growth direction
of R1 and R2 is fixed according to the perception of
gravitropism (Jourdan et al. 2000). Primary roots were
found growing either vertically (under the palms) or
horizontally (around the palms). The R2 branched on
the horizontal R1 were mostly grew vertically either
upwards or downwards (Jourdan and Rey 1997a), due
to the specific perception of gravitropism in the root cap
of'these roots (Jourdan et al. 2000) and this phenomenon
is observed worldwide.

The oil palm root system is not limited to a depth of
1 m. As many authors have reported, it can go down to a
depth of at least 6 m in deep ferrallitic sandy soil in Ivory
Coast (Jourdan and Rey 1997a) or in the loamy-sandy
soils of the Eastern Amazon region of Brazil (Sommer
et al. 2000) or in the mineral soil of western Kalimantan
and Sumatra, Indonesia (Syahrinudin 2005). However,
most root biomass is concentrated in the top 60 cm
(Syahrinudin 2005), mainly due to R1 roots located in
that soil layer. For that reason, in our study, we chose to
stop the excavations at a depth of 1 m in order to
compare the sampling methods in a rooting profile that
includes the maximum root biomass.

Effect of windrow on root biomass distribution

Using the full Voronoi trench method, no difference in
total root biomass was found (p =0.606) between the
windrow (W) and the footpath (P) zones in the 2-year-
old plantation. This is quite obvious because no fronds
are pruned and placed on the ground in the young
development stages of the oil palm, in order to maximise
photosynthetic activity for carbon production, storage
and allocation to roots before fruit production, which
starts at the beginning of the third year. Thus, no

windrows could add heterogeneity to soil organic matter
(Aholoukpe et al. 2016) leading to spatial heterogeneity
of root distribution. According to Aholoukpé¢ et al.
(2016), recycled oil palm fronds that are placed in
windrows after pruning only improve soil fertility after
10 years. This could explain why the difference in root
biomass between windrow and footpath zones was only
observed in the 16-year oil-palm plantation.

The lack of any difference in root biomass between
the windrow and footpath zones in the 16-year-old
plantation with the auger method questions the accuracy
of the method itself when used to sample oil-palm roots
because differences were clearly observed with both the
reference and the simplified method. The marked dif-
ference between the windrow and footpath zones in the
2-year-old plantation using auger method despite of the
lack of pruned fronds, shows that this difference is not
related to the windrow but more likely to the inability of
the auger method to capture even highly heterogenous
root distribution.

The difference in primary root biomass between
windrow and footpath zones could be explained by
the lower soil density observed under the windrow
zones (Aholoukpe et al. 2016), leading to favourable
R1 growth dynamics. Indeed, in Eastern plains of
Colombia, Riiegg (Riiegg 2017; Riiegg et al. 2019)
found that shallow (0—10 cm) root biomass increased
significantly under the piles of fronds due to more R1
and Rf proliferation compared to in deeper soil
layers, whereas this phenomenon was not observed
under the footpath zone.

Fine roots are considered as the most important
organs for water and nutrient uptake (Marschner
et al. 1991; Nelson et al. 2006; Tinker and Nye
2000) and they proliferate in presence of organic
matter or humidity (Aholoukpé et al. 2016). Accord-
ing to Jourdan (1995) and confirmed by Nodichao
(2008), oil palm fine roots are preferentially located
under the windrow because of the higher soil organ-
ic matter and humidity content. Windrows usually
contain the empty fruit bunches and frond leaves,
rachis, spikes during pruning management, and their
application in oil palm plantations should improve
local soil fertility and hence improve local root
proliferation (Aholoukpe et al. 2016; Kheong et al.
2010). This would be in agreement with Lopéz-
Bucio et al. (2002), who reported that plants devel-
oped more roots in response to nutrient hotspots that
stimulate root growth.
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Comparison of root sampling methods

Our results clearly show that the auger method produced
lower estimates of oil palm root biomass than the refer-
ence method. A technical reason could be simply the
relatively limited volume of soil sampled. Indeed, when
an auger with a small diameter is used, the probability of
sampling heterogeneously (horizontally and vertically)
distributed roots is rather low, particularly in young
plantations. A (horizontally and vertically) homoge-
neously distributed root system in a more suitable envi-
ronment for oil palm growth such as in Asia or South
America would probably minimise the percentage of
error committed with the auger method. What is more,
it is almost impossible to efficiently collect coarse roots
(@ >1 cm) using the auger method. Given these results,
our first hypothesis that the root auger method is effi-
cient for sampling primary roots, is invalidated.

According to Kirby and Rackham (1971), root bio-
mass is underestimated using the auger method if the
number of cores is not sufficiently representative of the
distribution of the rooting system in the different soil
layers (Uwe et al. 2008). This has been confirmed in
cereal crops with no coarse roots (Kumar et al. 1993).
Thus, increasing the number of auger sampling points
would probably reduce the error but a systematic reduc-
tion in the percentage of errors is not guaranteed. The
main challenge is to be able to capture roots in the soil
(which can be considered as a black box), given the
heterogeneous root distribution (considering all the
zones apart from the tree and all soil layers). Then,
sampling roots using small volume auger cores must
tackle the problem of the representativeness of root
distribution in the soil, which is quite difficult to assess
prior to root sampling. However, in a well root-
colonized soil volume (suitable environment, very old
plantation), the percentage of error would decrease sub-
stantially with auger sampling, regardless of the number
of sampling points. The auger method cannot properly
sample roots located very close to and immediately
under the trunk of the palm tree (Z0 zone) without
cutting the palm and drilling across the trunk base. Z0
is the zone where primary roots are denser and mainly
grow vertically (Jourdan and Rey 1997a), sampling
them in a small volume of soil with a standard root
auger (4-10 cm in diameter) is thus difficult or
impossible.

In contrast, the full Voronoi trench method estimates
root biomass using a huge sampled volume 1/12th of
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which is made up of the soil around the selected palm
surrounded by 6 neighbours. As the reference method, it
was supposed to sample all the roots located under the
palm tree, integrating all variability as a function of soil
depth and distance from the tree. Between these two
methods, the simplified Voronoi method also samples a
big volume of soil. It is long and wide enough to be
representative of the spatial heterogeneity of root distri-
bution according to distance from the tree. The width of
the trench in Z2s and Z3s is the minimum width that can
be obtained by a single worker down to a depth of 1 m or
more. This size also makes it possible to sample all the
roots located under the trunk of the tree, as the reference
method does (same Z0 and Z1) which confirms our
second hypothesis. The lack of difference in the estima-
tion of root biomass between these last two methods
makes the simplified Voronoi method as accurate as the
reference method and is thus recommended for users.

Efficiency of the different sampling methods

It took about 3 times as long labour time (person day ')
to sample the roots of the 16-year-old palms than those
of the 2-year-old palms using the full Voronoi method
and about twice as much time using the simplified
Voronoi method than the auger method (Table 2). Using
the auger instead of a full excavation (full Voronoi
trench method), reduces the sampling time and therefore
the related costs 8-fold. But, as the accuracy of the auger
method was not demonstrated (compared to the refer-
ence method, the auger method underestimated by
23.3% and 53.1% the total root biomass of the 2- and
16-year-old plantations, respectively), this argument
should not be discriminating. The full Voronoi method
requires handling 5.85 m® of soil per replicated zone
(windrow or footpath in adult plantations) or per repli-
cated tree (in young plantations) and down to a depth of
1 m, justifying the high labour requirements for root
processing (42 and 114 person day ' for the 2- and 16-
year-old plantations, respectively, Table 2). Compared
to the reference method, the main advantage of the
simplified Voronoi method is the significant reduction
in the volume of soil sampled (2.2 times less) without
losing too much accuracy in the estimated total root
biomass (+5 and — 17% of errors in the 2- and 16-year-
old plantation, respectively, Table 2). Moreover, the
simplified Voronoi method properly accounts for the
heterogeneity of the root distribution in the plantation
according to distance from the tree, the windrows and
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soil depth. Finally, the simplified Voronoi trench meth-
od reduced the labour time by 2.1 (20 person day ') and
3.0 (38 person day ') in the 2- and 16-year-old planta-
tions, respectively, (Table 2) and accordingly also the
cost. The efficiency, calculated here as the ratio of the
error obtained by the auger or simplified Voronoi meth-
od compared to the reference method and the time
required to perform the method, were clearly in favour
of the simplified Voronoi method. This method was 14
and 9 times more efficient in estimating root biomass
than the auger method in the 2- and 16-year-old oil-palm
plantations, respectively (Table 2).

A similar study which compared methods, including
root auger, simplified and full Voronoi trenches, per-
formed on a dicotyledonous tree (eucalypt) in a Congo-
lese forest plantation, led to contrasted results (Levillain
et al. 2011). Eucalypt fine roots were homogeneously
distributed within the plantation and therefore were
most efficiently sampled using the auger method,
whereas the full Voronoi trench method was recom-
mended to sample the coarse and medium roots, which
were distributed heterogeneously.

Conclusion

Total root biomass of 2-year-old oil-palm was estimated
at 0.84+0.03 Mg ha™' whereas that of 16-year-old
palms was estimated at 22.23+0.81 Mg ha '. The
simplified Voronoi method was the most efficient meth-
od to estimate root biomass, especially at 2-year old.
The comparison of this method with the reference meth-
od revealed a higher (+4.7%) estimation of root biomass
in a 2-year-old plantation and lower (—17.2%) estima-
tion in a 16-year-old oil palm plantation. Our first hy-
pothesis was not validated: the auger method did not
enable efficient sampling of the primary roots and pro-
duced a twice 2 lower (—53.1%) estimation of total root
biomass stock of 16-year-old oil palms and even a—
23.3% lower estimation of 2-year-old palms. In partic-
ular, the root auger method did not show differences in
fine root biomass between the windrow and the footpath
in adult plantations whereas these differences exist
(more than 30% more root biomass under the windrow
at the adult stage compared to under the footpath). On
the other hand, although with serious drawbacks in
accuracy, the auger method was the fastest.

Our study suggests that, compared to the reference
method, the simplified Voronoi trench method, with a

reduced volume of 2.72 m® (compared to 5.85 m® with
the full Voronoi trench method), required 2 and 3 times
fewer person day ™ to sort out and process root samples,
and with a reliable accuracy of +4.7% and —17.2% of
errors, and is therefore the most efficient method to
assess the root biomass of 2- and 16-year-old oil-palm
plantations, respectively. This method is highly recom-
mended to estimate the root biomass of oil palm trees
with respect to soil depth, distance from the tree, and
including the roots located directly under the tree, there-
by validating our second hypothesis, and accounting for
soil heterogeneity in commercial plantations and as
expected, all monocot trees in such standard planting
design.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11104-
021-04939-4.
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