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Abstract: Tree root systems stabilize hillslopes and riverbanks, reducing landslide risk, but related data
for the humid tropics are scarce. We tested fractal allometry hypotheses on differences in the vertical
and horizontal distribution of roots of trees commonly found in agroforestry systems and on shear
strength of soil in relation to root length density in the topsoil. Proximal roots of 685 trees (55 species;
4–20 cm stem diameter at breast height, dbh) were observed across six landscapes in Indonesia.
The Index of Root Anchoring (IRA) and the Index of Root Binding (IRB) were calculated as ΣDv

2/dbh2

and as ΣDh
2/dbh2, respectively, where Dv and Dh are the diameters of vertical (angle > 45◦) and

horizontal (angle < 45◦) proximal roots. High IRA values (>1.0) were observed in coffee and several
common shade trees. Common fruit trees in coffee agroforestry had low medium values, indicating
modest ‘soil anchoring’. Where root length density (Lrv) in the topsoil is less than 10 km m−3 shear
strength largely depends on texture; for Lrv > 10 shear strength was > 1.5 kg m−2 at the texture tested.
In conclusion, a mix of tree species with deep roots and grasses with intense fine roots provides the
highest hillslope and riverbank stability.

Keywords: coffee; fruit trees; index of root anchoring; slope stability; soil shear strength; root length
density; root tensile strength

1. Introduction

Watersheds usually provide water but occasionally they generate mudflows. Intense seasonal
precipitation during monsoons in mountainous watersheds can trigger landslides, debris flows,
and flash floods. On steep slopes, landslides can destroy houses, villages, or any vegetation encountered
in the downhill path. Soil and debris flow can also be a major contributor of sediment load in the
river systems. Extreme rainfall events generate shallow slope failures by elevating pore pressures and
decreasing effective stress, but numerous site-specific factors, such as preferential hydrologic flow
paths, slope steepness, soil thickness, and existing plants root systems influence the potential for slope
instability [1,2]. Agroforestry can reduce risks by having appropriate trees (species, age, diversity,
management) at strategic locations at hillslope and landscape scale [3]. Higher plant diversity was
found [4] to enhance soil stability in disturbed alpine ecosystems.

Shear strength is a term used in soil mechanics to describe the resistance against structural failure,
or the magnitude of the shear stress that a soil can sustain before submitting to a sliding failure along a
plane that is parallel to the direction of the force. The shear resistance of soil is a result of friction and
interlocking of particles, and possibly cementation or bonding at particle contacts, strengthened by
roots depending on their tensile strength. Tensile strength is a measure of the force required to pull
something such as rope, wire, or a structural beam to the point where it breaks. Soil shear strength of
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rooted soil sr exceeds that of unrooted soil s according to sr = s+1.2
∑

Ta, where Ta it the tensile strength
per unit cross-sectional area of all roots at the plane sheared. The factor 1.2 is an approximation derived
for common slope angles [5]. A review of experimental methods and procedures to test root-strength
and rooted-soil shear-strength behavior, focused on obtaining data to parameterize root reinforcement
models. [6]. Common methods either determine the tensile strength of individual roots by loading the
root in a pulling device until it breaks or determine the shear-strength of rooted soil in comparison to
non-rooted soil in a Coulomb-type shear-box test. Laboratory shear-box tests encounter a difficulty in
that the roots are not generally fixed or constrained at the base of the shear-box and are pulled rather
than break.

The mechanics of ‘failure’ are broadly understood in terms of weight of the (wet) soil plus
vegetation, slope, and critical soil shear strength. A higher soil clay content and lower water content
lead to higher soil shear strength [7–9]. Intensifying soil management after forest conversion can
lead to soil compaction meaning lower pore space and soil infiltration, enhancing shear strength
and overland flow; along with a reduction of the weight of the vegetation such changes can reduce
the chances of slope failure with time after forest conversion [10]. However, loss of ‘root anchoring’
associated with gradual decay of tree roots in the first few years after conversion will enhance the risk of
landslides [11,12]. Conversion affecting only part of a hill slope, e.g., by road construction, can modify
subsurface flows, leading to concentrated flows and locally enhanced landslide risk. The deepest and
most destructive landslides, however, may be hardly influenced by vegetation. Still, a combination
of deep-rooted trees for anchoring and shallow rooted grass (for stabilizing topsoil) is hypothesized
to stabilize slopes prone to mass movement. At least four system levels are involved: the vegetation
(species, stem diameters, spatial distribution of trees), the distribution of roots of an individual tree
over the soil profile (shoot/root allometry, vertical root distribution), the effects of root length density
on soil shear strength throughout the profile (it is the weakest plane on which the soil will shear),
and the tensile strength of roots determining when individual roots will break. Most studies focus on
only part of this range of scales.

Several studies on how woody species, mostly planted forests, influence slope stability have been
reported in temperate areas such as Alaska [13,14], Canada [15], China [16–18], New Zealand [19],
Australia [20], and the Mediterranean region [21,22]. A study in Australia [23] quantified increases in
soil strength due to root reinforcement, on the basis of root strength, interface friction between the roots
and the soil, and the distribution of roots within the soil for two common riparian species: river red
gum (Eucalyptus camaldulensis) and swamp paperbark (Melaleuca ericifolia). They found that interspecies
differences in the strength of living roots had less significance for bank reinforcement than interspecies
differences in root distribution. A study in New Zealand found that shear strength contributions per
tree did not differ between the native kanuka tree (Kunzea ericoides) and the species replacing it (Pinus
radiata) on hillslopes prone to storm-generated land sliding, but higher stand density explained a slope
protection advantage of the native vegetation [24]. A comparison between 9, 20, and 30-year-old stands
of Cryptomeria japonica stands in China found that root density was highest in the 9-year-old stand,
but that root tensile strength was lowest at this stage. As older stands had been thinned, however,
the 9-year old stands contributed most to slope stability [25]. A study in Italy with three local shrub
species found that these complement each other in different parts of the landscape in stabilizing steep
hillslopes which are seasonally affected by storm-induced shallow landslides, by anchoring into the soil
mantle. Root tensile force, at which a root breaks, increased with increasing root diameter, but tensile
strength (per unit cross-sectional area) decreased with increasing root diameter following a power law
curve [26]. Other studies found that when root distribution has a wide range of diameters, the root
reinforcement results are controlled by large roots, which hold much more force than small roots [27].

Measurements from tropical vegetation, with higher tree diversity, on shear strength in relation to
tree properties are scarce, however [28]. Interspecific variation in root strength in the tropics remains
largely undescribed, with the exception of a study in southern Thailand [29] that compared roots of
seven tree species in their effects on slope stabilization in the context of biotechnical slope protection.
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The coarse root system of trees may differ in mixtures from that in monocultures [30], with shorter,
more dense roots in focal trees growing with conspecific neighbors. A three-dimensional view on tree
coarse roots is needed to verify this [31].

The mechanical effect of root systems in enhancing soil stability is based on at least three
mechanisms [32]: (a) fine root systems in the surface layers bind soil particle strongly increasing
cohesion [33]; through the more stable soil structure they reduce the entrainment of soil particles in
overland flow of water; (b) the tensile strength of roots in the surface layers enhance shear strength and
the risks that small blocks of soil break away on river banks, roadsides, gullies, or natural channels;
(c) deep tree root systems support tree trunks and act as an anchor to the soil [34] resulting in a
high root resistance to storm force and reducing the chance that larger soil masses are flushed away
once channels are formed. Depending on the relative importance of those mechanisms, the choice
of vegetation and its associated rooting pattern can influence slope stability. The susceptibility of
cut slopes to land sliding can under certain circumstances be increased rather than reduced by the
establishment of a vegetation cover, if the increase in infiltration rate offsets the mechanical benefits of
soil reinforcement by roots.

Not all tree roots are the same. A study of 10 European perennials [35] found that root
tensile strength–diameter relationships depend strongly on taxa. Root characteristics including root
length density, diameter, lignin, and polyphenolic content are known to affect the soil cohesion [36].
Lignin content of wood is the primary determinant of strength, but also affects the rate of
decomposition [18]. The role of polyphenolics and protein (linked to N content) is less clear in
root strength, but these factors certainly influence the rate of decomposition and hence decay rate of
strength of dead roots [37–39]. Root tensile strength, which is supposedly an intrinsic property that
does not depend on the dimensions of the test specimen, can increase with decreasing root diameter,
associated with a higher percentage of cellulose [40]. While trees differ in their spatial distribution of
woody roots over the soil profile, their branching pattern generally adheres to fractal branching rules
and allometric relations on the basis of proximal root diameters at the stem base can be used to predict
total size of a root system, similar to the allometric equations that relate aboveground biomass to stem
diameter [41,42].

Scaling up from a bundle of roots to tree stands [43] needs to consider counteracting processes.
Tree roots not only influence tensile strength that reduces, but also infiltration and subsurface flows
that contribute to landslide risk [44]. In the context of a broad evaluation of the role of agroforestry in
maintaining or restoring watershed functions in the humid tropics [45], we tested hypotheses at four
scales (individual) woody roots, rooted volumes of soil, tree root systems, and riparian vegetation:

1. The critical load where individual roots break is related to the root’s lignin content,
2. The shear strength of a volume of soil increases proportionally to the number and strength of

individual roots,
3. With a similar overall ratio of woody root to stem cross sectional area, there are consistent

differences between tree species in root development in the topsoil and at depth, that contribute
to differences in soil binding and soil anchoring, respectively,

4. Differences in the distribution of tree roots between species can be used to reduce landslide risks
in the context of productive coffee agroforestry systems.

2. Materials and Methods

2.1. Location

The research was carried out in six sites: (a) Waybesai watershed, Sumberjaya (W. Lampung),
(b) Ciherang and Cibadak sub-watershed, Sentul (West Java), (c) Kalikonto sub-watershed, Pujon and
Ngantang-Malang (East java), (d) the UB-forest on the slopes of the Arjuna mountain (Malang),
(e) Bangsri watershed Wajak-Malang (East java), (f) Upper Bedadung watershed, Jember, (East Java)
(Figure 1 and Table 1). The measurements were performed in three steps: (a) individual root strength
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in relation to root properties; (b) root length density in relation to soil shear strength in the surface
layer in Sumberjaya, West Lampung; (c) inventory of the potential of tree root systems as an anchor to
maintain hillslope and river bank stability in all six sites.
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Figure 1. Location of six study sites in East Java, West Java, and Sumatra.

Table 1. Geoposition and characteristics of five study sites.

Watershed and
Time of Study Geoposition Altitude, m above

Sea Level
Annual

Rainfall, mm Soil Type Main Tree Crops

Way Besai, Sumber
Jaya, West Lampung,

(2005–2006)

5◦01′29.9”–5◦02′34.2” S,
104◦25′46.5”–104◦26′51.4” E 700–1700 2500–2614 Inceptisol and

Andisols

Coffea, Gliricidia,
Persea, Durio,

Artocarpus, Aleurites
Ciherang and

Cibadak
sub-watershed,
Sentul Bogor,

West Java (2007)

6◦35′37”–6◦35′29” S,
106◦54′58”–106◦55′47” E 1529 4000 Inceptisol Maesopsis, Pangium,

Eugenia, Sandoricum

Kali Konto
sub-watershed

(Pujon and Ngantang
village), Malang,

East Java (2006–2007)

7◦46′03”–7◦56′54” S,
112◦19′20”–112◦29′55” E. 1150 1797–3151 Inceptisol

Coffea, Durio, Persea,
Gliricidia, Pinus,
Maesopsis, Toona,

Agathis

Kalisari
sub-watershed

(UB Forest), Malang,
East Java (2019)

7◦49′30”–7◦51′36” S,
112◦34′38”–112◦36′53” E 900–1300 2005 Inceptisol,

Andisol

Pinus, Swietenia,
Coffea, Gliricidia,

Calliandra, Hibiscus,
Parkia, Toona,

Erythrina
Bangsri

sub-watershed,
Wajak, Malang, East

Java (2018)

8◦7′29”–8◦7′32” S,
112◦47′30”–112◦48′30” E 660–720 2220–2314 Inceptisol,

Entisol

Persea, Durio,
Paraserianthes,

Swietenia, Pinus,
Michelia

Upper Bedadung
watershed, Jember,

East Java (2006)

7◦59′66”–8◦33′56” S,
113◦19′–114◦02′30” E, 300–3000 2699 Inceptisol and

Andisols

Coffea, Leucaena,
Swietenia, Hevea,

Ochroma,

2.2. Individual Root Strength in Relation to Root Properties

Root strength, the tensile force per unit area of root needed to break the root, was measured by
clamping a weight onto a vertically hanging root and increasing the downward force until rupture.
A tensile strength apparatus [46,47] was developed locally. Five tree species (all 5 years old) were
selected for this study: mahogany (Swietenia mahogani), gmelina (Gmelina arborea), suren (Toona sureni),
coffee (Coffea canephora), and bamboo (Bambusa arundinacea). Root samples were collected from three
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trees of each species from farmers’ plots in Singosari village (Malang). Fresh roots with a length of
about 25 cm and a diameter of close to 2 mm were placed in the tensile strength apparatus. The mean
of six replicate root measurements of the force required to shear the root was used as indicator of
root strength. A composite dry root sample of about 10 g from each species was used for analysis
of chemical root characteristics: total carbon content C measured with the wet oxidation method of
Walkley and Black [48], total nitrogen content (N) measured using the Kjeldahl distillation method,
concentration of lignin by boiling plant sample with a sulfuric acid solution of Cetrimethyl Ammonium
Bromide (CTAB) under controlled temperature [49], and polyphenolics by extracting plant tissues with
methanol and subsequently colorimetrically measuring absorbance at a wavelength of 760 nm by the
Folin–Denis method [50].

2.3. Role of Root Length Density in Soil Shear Strength

Roots add shear strength to soil when the root network penetrates a potential failure surface.
The amount of tensile root force contributed to a potential slide mass should increase with increasing
area of root intersection. Hence, we explored how soil shear strength was related to the root length
density (Lrv) at different distances to tree trunks. Tree roots can increase the shear strength of shallow
soils through mechanical reinforcement [9].

Measurement on tree root length density was done in two study sites, focused on coffee
(Coffea canephora) and shade tree species commonly grown in coffee agroforestry system of each
site. In Sumberjaya, root measurements thus included coffee (Coffea canephora), Gliricidia sepium
(‘kayu hujan’), Maesopsis eminii (‘pohon afrika’), Artocarpus heterophyllus (jackfruit), and Bambusa
arundinacea (bamboo), and mixed ‘fallow vegetation’ (dominated by Trema orientalis and Melastoma;
local names are, respectively, ‘anggrung’ and ‘harendong’) and the edges of rice fields. In Malang,
the measurement was performed on five tree species i.e., Coffea canephora (coffee) and Bambusa
arundinacea (bamboo), Swietenia mahogany (mahogany), Gmelina arborea (gmelina), Toona sureni (suren).
The trees selected for measurements were 5 years old, with three replications.

Soil and root samples were taken using two PVC rings of 5 cm height and 10 cm in diameter,
temporarily connected, for measuring soil shear strength (Figure 2; [51]), and subsequently root length
density. Soil and root samples were taken from the topsoil layer of 0–10 cm, at different distances
to trees i.e., 50, 100, 150, 200 cm to obtain variation in root length density. For rice, samples were
taken along a bund at 0–5 cm soil depth. Soil shear strength was measured by holding the lower
and pulling the upper ring, recording the weight that had to be added to cause a break between
the two rings. Soil texture and soil bulk density were measured in these same samples using the
pipette and gravimetric technique. Subsequently, roots were separated from the soil by wet sieving.
Roots of selected trees were separated from other roots of different crops. Root length density (Lrv)
was measured using the line intersect method [52] on washed soil samples. Root samples were dried
in the oven at 80 ◦C for 48 h to estimate their dry weight (Drv). The GENSTAT 8.0 software [53] was
used to carry out ANOVA (analysis of variance) including a t-test to separate means.
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Figure 2. Taking soil samples in the study site in a double ring and measuring soil shear resistance by
increasing the pull by adding water to a bucket until the upper ring moves.

2.4. Inventory of Potential Tree Root System as an Anchor to Maintain Slope and Riverbank Stability

At each of the six sites saplings (<5 cm dbh) and trees (>5 cm dbh) of common trees species
were selected in multistrata coffee and other agroforestry systems, with a minimum age of 5 years
(according to local farmer assessment). High economic value trees were prioritized for the observations
and compared to bush fallow vegetation. Proximal roots (close to the tree stem) were exposed [41],
with their diameter measured at 20–30 from the trunk, classified as either ‘horizontal’ or ‘vertical’
(using an angle of 45◦ as threshold; Figure 3). Two root indices were calculated i.e., Index of Root
Anchoring (IRA) and Index of Root Binding of Soil (IRB). IRA was calculated as ΣDv

2/dbh2 where dbh
is tree diameter at breast height (1.3 m height) and Dv is the diameter of vertical roots [54,55]; IRB was
calculated as ΣDh

2/dbh2, where Dh is diameter of horizontal roots. Some vertical roots were sampled
for measurement of wood density, lignin content, and polyphenolic content using the same method as
described in Section 2.2.
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Figure 3. Schematic diagram of the distribution of proximal roots [41]; horizontal (H) roots descend at
an angle of <45◦, vertical (V) roots descend at an angle of >45◦; D = root diameter; dbh = diameter at
breast height.

3. Results

3.1. Individual Root Strength in Relation to Root Properties

Tree roots of approximately 2 mm in diameter (fine roots) were found to break when a weight
of 2–15 kg was applied, which corresponds with 64–478 kPa (kg cm−2) or 0.06−0.48 MPa of root
tensile strength. There was considerable variation in lignin content of the roots (13–30%, with high
contents in mahogany and coffee; Table 2) and this was associated with root tensile strength (Figure 4A).
About 70% of the variation in root strength was associated with variation in lignin content. The ratio
of (Lignin + Polyphenol)/N that generally associate with decomposition rate [38] had less predictive
power on root strength than lignin content alone. A multiple regression shows that root strength was
positively related with the N content, but negatively with the polyphenol content, with about 80% of
variation accounted for (Figure 4B).

Table 2. Chemical characteristics of tree root system.

Litter Type N (%) L (%) P (%) L/N P/N (L + P)/N

Mahogany 0.6 29.2 26.4 45.0 40.7 85.7
Toona 1.2 18.9 7.7 16.4 6.7 23.1

Gmelina 1.3 13.5 8.1 10.1 6.0 16.1
Coffea 5.4 20.1 5.4 3.7 1.0 4.7

Bamboo 1.0 16.0 1.6 16.5 1.6 18.2

N: total nitrogen content, L: lignin content, P: polyphenol content.
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3.2. Tree Root Length Density (Lrv)

Figure 5A shows root length density, Lrv (km m−3) in the topsoil layer of 0–10 cm for different tree
species with ages of 3, 5, and 7 years old. The average Lrv for coffee, Gliricidia, Maesopsis, and Artocarpus
was 2.9, 1.4, 2.7, and 1.7 km m−3, respectively. Statistical analysis revealed a significant (p < 0.05)
interaction between tree species and age. Root length density of coffee was lower at 7 than at 5 years of
age, probably affected by tree pruning regimes after the peak coffee harvest years around 5 years of
age. The highest Lrv was found in 5-year-old coffee (6.5 km m−3). At 7 years, Maesopsis and jackfruit
had a Lrv of about 2.1 km m−3 significantly (p < 0.05) higher than that in 7-year old coffee and Gliricidia.
The lowest Lrv was found in 3-year-old Gliricidia (1.2 km m−3). In comparison to non-tree species i.e.,
bamboo and shrubs (about 3–5 years) and rice, the trees tested here had about 80 % lower Lrv than non-
tree (average 10 km m−3). Bamboo has the highest Lrv, with about 14.6 km m−3 followed by mixed
shrub vegetation (10 km m−3) and rice (5.6 km m−3).
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Figure 5. (A) Root length density (Lrv), (B) root dry weight (Drv), and (C) specific root length (Lrv/Drv)
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The highest root biomass and root weight per unit volume of soil, Drv, was found in 5-year-old
coffee (0.68 mg cm−3); jackfruit had the lowest Drv with an average of about 0.12 mg cm−3 (Figure 5B).
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The specific root length (specrol = Lrv/Drv, m g−1 of roots) differed between tree species; coffee had
finer roots as shown by a high specrol value of about 22 m g−1, but it declined rapidly with time to
9 m g−1 (Figure 5C); a similar case was also found in Maesopsis. Jackfruit roots, by contrast, increased in
specrol with time up to 19 m g−1, while the specrol of Gliricidia was not changing with time at about
8 m g−1. Bamboo had the lowest specrol (5.5 m g−1).

3.3. Soil Shear Strength

The average soil shear strength in our measurements was 3.37 MPa (Figure 6). There appeared to
be (p = 0.055) a significant interaction between tree species and age on soil shear strength, accompanying
a significant difference between tree species. The highest soil shear strength was found in the plot with
bamboo (average of 4.82 MPa). Soil shear strength in the bund of a paddy rice field (2.38 MPa) was
higher than that for all trees tested, except for coffee.
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3.4. Soil Shear Strength in Relation to Root Length Density in the Topsoil

The high shear strength close to bamboo stands was clearly correlated to the high root length
density (Figure 7). In other trees and non-trees such relation was not clear, possibly due to the scarcity
of soil samples with Lrv values above 10 km m−3.
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3.5. Allometry of Proximal Tree Root Systems

Results of the root survey of various tree species in six locations suggested difference among
locations, with proximal root diameters relative to the stem diameters high in Bangsri and low in
Ngantang (Figure 8). Our data allow a partial disentangling of site (e.g., soil or climate related), species,
and age effects.
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Across all tree observations, variation in tree diameter accounted for 74% of variation in the sum
of proximal root CSSA (Figure 8C), 62% of variation in vertical root CSSA (Figure 8B), and 64% of
variation in horizontal root CSSA (Figure 8A). Average root-to-shoot ratio in terms of CSSA was around
2.39 (mean 2.21), average IRA 1.30 (median 1.11), and average IRB 1.09 (median 0.816).

Across all species the relative importance of vertical roots decreased with increasing stem diameter,
and that of horizontal roots increased, with only a slight decline in root/shoot ratio (in terms of
cross-sectional area) from 1.95 to 1.74 in the observed range of tree sizes (Table 3). The ratio of vertical
to horizontal roots declined from 2.42 to 0.60, with lateral roots taking over from the tap root in
most species.

Table 3. Average impact of increasing stem diameter (and cross-sectional area, CSSA) on vertical and
horizontal proximal root CSSA, based on regression equations in Figure 8.

Stem CSSA,
cm2

Vertical
(IRA)

Horizontal
(IRB)

Root/Shoot
CSSA

Vertical/Horizontal
Ratio

1 1.28 0.53 1.95 2.42
10 0.98 0.64 1.88 1.52
100 0.74 0.78 1.81 0.96

1000 0.57 0.94 1.74 0.60

The ANOVA showed that tree species differed significantly (p < 0.05) in IRA (Index of Root
Anchoring) and IRB (Index of Root Binding) values but given the overall relationship between stem
diameter and both IRA and IRB values (Table 3), differences in the diameters at which tree species
were observed could be (partially) responsible for this finding.

Appendix A lists the 50+ species to which the 685 measured trees belong with, a minimum of four,
a median of 9.5, an average of 12.7, and a maximum of 58 observations per tree species (with robusta
coffee as most studied tree). The mean diameters per species of the observed trees had a minimum of
1.5 cm, a median of 8.5 cm, an average of 8.0 cm, and a maximum of 19.9 cm. Across all tree species,
there was no significant relationship (as evident from the low fraction of variance accounted for or
R2 value) between the average stem diameter at which a species was observed, and the average IRA
(or IRB) value recorded (Figure 9). We can thus assume that differences in observed IRA and IRB values
between species cannot be simply attributed to the differences in stem diameters for the trees observed.
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Figure 9. Relationship between average value of the IRA and IRB indices and average stem diameter at
which a tree species was observed for the 50+ tree species in the survey.

Based on the observed IRA and IRB distributions at species level (rather than at the observed tree
level, as the number of observations per species was uneven), the lower and upper quartile were 0.5
and 1.8 for IRA, and 0.5 and 1.5 for IRB, respectively (Figure 10). Using these thresholds, Table 4 shows
a two-way classification of the tree species observed in the survey.
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Figure 10. Examples of root-to-shoot relations at the four classification thresholds in Table 4. The IRB
for a tree with stem diameter of 10 and 6 horizontal roots of 5 cm diameter is 6 * 52/102 = 1.5, while that
for a tree with 5 roots of 3.16 cm is 5 * 3.162/102 = 0.5.

Table 4. Two-way classification of trees based on rooting indices IRA (Index of Root Anchoring) and
IRB (Index of Root Binding soil particles) classified by lower and upper quartiles of their distributions

INDEX IRB_Low (<0.5) IRB_ Medium (0.5–1.5) IRB_High (>1.5)
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All nine cells of Table 4 had at least one tree species, with the largest number (obviously) in the
mid-range values for both IRA and IRB. The seven species in the upper left cell (low IRA and low IRB)
had a low overall root-to-shoot ratio, while the four species in the lower right cell (high IRA and high
IRB) a high overall one. The other cells represent a partial tradeoff between vertical and horizontal
roots (or IRA and IRB values, respectively).

The two main coffee species (arabica and robusta) had a relatively high IRA value (strong taproot
system), with average or high lateral root development as well (relative to stem diameters). Most of the
fruit trees commonly found in coffee agroforestry (such as Artocarpus elasticus (jackfruit), Parkia speciosa
(petai), and Durio zibethinus (durian)) had intermediate values for both IRA and IRB. The same holds
for common timber species such as Maesopsis eminii (pohon afrika), Toona sureni (suren), Tectona grandis
(teak), Swietenia mahagoni (mahogany). However, their generally larger stem diameters, relative to
coffee, still imply a larger absolute contribution to vertical root development in the plot as a whole.
Legume trees commonly used as shade trees in current coffee agroforestry systems, Gliricidia sepium
and Senna spectabilis (ramayana), provided a higher anchoring per unit stem diameter than the more
traditional shade tree, Erythrina subumbrams (dadap).

A further comparison between pruned and unpruned robusta coffee in Sumberjaya (data not
shown) found the highest IRA (7.7) for unpruned coffee, suggesting that unpruned coffee is a good
species for anchoring riverbanks. This characteristic disappears with pruning, confirming earlier
research where frequent pruning of other tree species also led to the formation of more roots in the
surface layer [56].

4. Discussion

All four hypotheses were confirmed in this study. The break strength of woody roots across five
species was positively related to lignin and nitrogen content and negatively to polyphenol content.
A linear model explained 81% of the variation (Figure 4B). Lignin content alone accounted for 70%
of the variation. Mahogany (Swietenia mahogani) and coffee (Coffea canephora) had the strongest roots,
gmelina (Gmelina arborea) and suren (Toona sureni) the weakest, and giant bamboo (Bambusa arundinacea)
had an intermediate root strength.

Soil shear strength depends on soil texture and soil water content, and we found a considerable
spread in shear strength with low root length densities (Figure 7). The only species with sufficiently
high root length densities to increase shear strength was bamboo. However, our test was based on the
top 10 cm of soil, testing a possible break at 5 cm depth, which is unlikely to happen. The shallow
landslides of most interest would slide at depths of 30 cm to 1 m. From our data it is unlikely that root
length densities at such depth would be high enough to have a substantial effect on shear strength.
However, as landslides are binary (yes or no) events, a small change in the threshold value may still
be relevant. In terms of land use change, it is the change in root presence that matters, especially a
decrease, as a preceding (forest) vegetation may have prevented landslides to occur that were otherwise
‘due’ (as the thickness and weight of soil layers exceeded what can be prevented from sliding by the
soil properties as such). To judge absolute contributions to anchoring of the rooted soil, absolute tree
size may be at least as important as the relative allocation over vertical and horizontal roots indicated
by the IRA and IRB values.

The combination of root quality characteristics determining tensile strength according to our
results in Figure 4 is different from that determining decomposition rate [39], although high lignin
content is associated with strong and slowly decomposing roots. Tree species having specific rooting
habits (high root strength and root diameter) can be used to control erosion and when linked with
extreme flood probability can be used to indicate the risk of a storm likely to cause slope instability in
the period between clear-felling and tree re-growth [19]. Our root tensile strength measurements of
64–478 kPa were lower than values reported in the literature, such as the 17.6 MPa for woody roots of
5.5 mm diameter measured for Pinus radiata [24]. More measurements on larger-diameter woody roots
are still needed to clarify the difference between these results.
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Trees with high IRA (Index of Root Anchoring) do not always have a low IRB (Index of Root
Binding of soil particles) value or vice versa. Results in Table 4 can be interpreted as guide for
suitability of trees as riverbank stabilizer. Coffee (especially without pruning) is potentially suitable for
anchoring and soil surface holding at the riverbank, but it has a low root length density (Figure 5).
Combination with other trees such as Gliricidia (high IRB as well as IRA) and other grasses is probably
better to increase slope stability. High economic value trees (fruit and timber trees) in Sumberjaya
(West Lampung) [57] are mostly grouped in the medium class (Table 4). Indeed, tree roots contribute
to soil shear strength, but only in the upper 0.4 m of the soil. Most failures, however, occur at greater
depths as anchorage by deeper roots was not effective or absent [58]. Evaluation of suitable trees for
stabilizing riverbank should also consider the root strength differences [59].

Compared to other methods of observing tree root characteristics the proximal root method,
based on fractal branching theory [42], allowed a much wider part of the field-level variation among
sites, tree species, tree management, and tree size to be sampled, with an investment of 1–2 person-hours
per tree for preparation and observation. As no roots are cut and soil can be returned to the original
position the method is essentially ‘non-destructive’. Among the limitations of the classification of
proximal roots is that tree species with large horizontal roots may have ‘sinker’ roots further away
from the stem that can have a major effect on strengthening the rooted soil as a whole. Root studies on
Indonesian trees in the 1930s showed a wide range of rooting patterns along vertical and horizontal
spread, including sinker roots [60].

A further caveat is that measurements in the dry season might be different; as all our measurements
were during the rainy season. Landslide risk can be higher at the start of the rainy season (when
roots are not yet fully active), as well as towards the end (when the whole soil system tends to be
water-saturated).

The interest of farmers or watershed managers in deep roots for possible landslide risk reduction,
may need to be balanced by considerations from the tree’s perspective [61]. In terms of plant strategies,
deep roots help first of all in water acquisition during dry (and sunny etc.) periods [62]. Horizontal
roots provide nutrients and water during rainy seasons. It is tempting to interpret the root-to-sheet
ratio in terms of cross-sectional area (and likely xylem vessel transport capacity) as a fail-safe strategy
to be able to support the leaf canopy on either surface or deeper soil water, depending on conditions.
Any impact on slope stabilization is at best a ‘co-benefit’ for the tree, not a major selection force.

Conceptually the different scales (root, tree, and vegetation) can be combined to understand
landslide risk at landscape level and to target interventions to reduce risk, but a fully quantitative model
that includes all relations of dynamic tree root system growth and decay along with the probability of
rainfall intensities and slope geo-hydrology is not feasible at this stage. While most practices that try
to reduce erosion target an increase of water infiltration [45], such increase can effectively increase
landslide risk unless it is accompanied by deep and strong tree root systems. The collapse of terraces
on steep slopes can be interpreted this way. Increased risk of landslides after reduction in tree cover is
likely to peak once tree root system decay has reduced soil shear strength and before water infiltration
into the soil profile has been reduced. Gradual replacement of trees on hill slopes, as practiced in
the ‘sisipan’ management style of agroforests [63], will have lower risk than a clear felling-replanting.
Maintaining and promoting mixed tree vegetation will reduce (but not necessarily minimize) risk,
while providing other benefits to local livelihoods. Based on this study, we suggest a mix of tree species
with deep roots and grasses with intense and strong fine roots will provide the highest riverbank and
hillslope stability, especially if drastic tree pruning or clearing-replanting events can be avoided.

5. Conclusions

Our investigations confirmed that woody roots play a role in holding soil together and resisting
mass movement in landslides. The critical load where individual roots break is related to the root’s lignin
content (its woodiness). The shear strength of a volume of soil over any plane increases proportionally
with the number and strength of individual roots. With a similar overall ratio of woody root to stem
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cross sectional area, there are consistent differences between tree species in root development in the
topsoil and at depth, that contribute to differences in soil binding and soil anchoring, respectively.
Differences in the distribution of tree roots between species can be used to reduce landslide risks
in the context of productive coffee agroforestry systems. Tree root architecture varies with species,
location, and age. On average the cross-sectional area of proximal roots is twice that of the stem,
with only a small reduction in the ratio with increasing stem diameter. The fraction of proximal roots
in the vertical and horizontal categories varies more between species than the root-to-shoot ratio of
cross-sectional areas. Using the Index of Root Anchoring (based on vertical roots) and the Index of Soil
Binding (based on horizontal roots), tree species in the upper and lower quartile of each indicator were
identified. However, the strong location effect that was observed implies that site-specific observations
will be needed for selecting trees that are locally deep-rooted, taking current observations only as
first indication. A mixed vegetation is the simplest way of ensuring that both soil binding and soil
anchoring functions are provided.
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Appendix A

Table A1. Root observations across six sites, with number of trees observed (N), average dbh, IRA,
and IRB, and quartiles in IRA and IRB distribution.

Species N Dbh Avg IRA Avg IRB Avg Quartile Quartile

Mangifera indica 6 11.2 0.04 0.29 IRA Q1 IRB Q1
Citrus × sinensis 6 4.0 0.18 0.19 IRA Q1 IRB Q1
Malus domestica 6 3.5 0.23 0.36 IRA Q1 IRB Q1

Cassia fistula 6 19.9 0.26 0.42 IRA Q1 IRB Q1
Agathis dammara 6 5.9 0.29 0.43 IRA Q1 IRB Q1
Ficus benjamina 6 7.9 0.29 0.41 IRA Q1 IRB Q1

Annona muricata 6 6.3 0.37 0.35 IRA Q1 IRB Q1
Spathodea campanulata 6 4.0 0.25 0.61 IRA Q1 IRB Q23

Pinus merkusii 11 12.9 0.34 0.83 IRA Q1 IRB Q23
Melia azedarach 11 7.6 0.40 0.75 IRA Q1 IRB Q23
Jatropha curcas 6 6.3 0.41 0.68 IRA Q1 IRB Q23
Ceiba pentandra 6 5.9 0.41 0.89 IRA Q1 IRB Q23
Trema orientalis 10 7.8 0.47 0.64 IRA Q1 IRB Q23

Litsea garcia 5 4.3 0.30 1.88 IRA Q1 IRB Q4
Eucalyptus deglupta 6 12.0 0.56 0.33 IRA Q23 IRB Q1

Cinnamommum burmannii 10 7.3 1.65 0.38 IRA Q23 IRB Q1
Parkia speciosa 19 12.8 0.59 1.50 IRA Q23 IRB Q23

Sandoricum koetjape 20 10.2 0.62 0.96 IRA Q23 IRB Q23
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Table A1. Cont.

Species N Dbh Avg IRA Avg IRB Avg Quartile Quartile

Hevea brasiliensis 10 16.9 0.75 0.64 IRA Q23 IRB Q23
Aleurites moluccana 15 8.9 0.80 0.71 IRA Q23 IRB Q23

Durio zibethinus 15 10.4 0.87 0.95 IRA Q23 IRB Q23
Erythrina subumbrans 20 7.8 0.95 0.98 IRA Q23 IRB Q23
Ochroma pyramidale 7 9.6 0.99 0.76 IRA Q23 IRB Q23

Syzygium polyanthum 5 8.9 1.00 1.218 IRA Q23 IRB Q23
Swietenia mahagoni 45 12.0 1.09 1.11 IRA Q23 IRB Q23

Persea americana 21 8.2 1.13 1.26 IRA Q23 IRB Q23
Calliandra calothyrsus 15 6.6 1.26 0.57 IRA Q23 IRB Q23

Pangium edule 23 13.3 1.27 1.11 IRA Q23 IRB Q23
Maesopsis eminii 31 10.9 1.36 1.14 IRA Q23 IRB Q23

Nephelium lappaceum 32 7.6 1.37 0.77 IRA Q23 IRB Q23
Psidium guajava 10 6.3 1.40 0.58 IRA Q23 IRB Q23

Toona sureni 25 16.4 1.50 1.07 IRA Q23 IRB Q23
Coffea canephora var. robinson 16 4.0 1.66 0.80 IRA Q23 IRB Q23

Artocarpus communis 4 10.2 1.76 0.83 IRA Q23 IRB Q23
Tectona grandis 9 11.9 1.79 1.03 IRA Q23 IRB Q23

Homalantus populneus 5 3.4 0.73 1.90 IRA Q23 IRB Q4
Artocarpus heterophyllus 35 9.9 0.82 1.93 IRA Q23 IRB Q4

Hibiscus tiliaceus 20 6.2 0.86 1.68 IRA Q23 IRB Q4
Pterocarpus indicus 5 5.7 1.25 1.86 IRA Q23 IRB Q4

Paraserianthes falcataria 15 8.1 1.28 2.91 IRA Q23 IRB Q4
Leucaena leucocephala 15 12.7 1.59 4.17 IRA Q23 IRB Q4
Artocarpus elasticus 4 10.6 1.62 1.99 IRA Q23 IRB Q4

Quercus lineata 4 6.9 2.57 0.48 IRA Q4 IRB Q1
Macarangga triloba 4 8.5 2.96 0.30 IRA Q4 IRB Q1
Syzygium aqueum 4 10.6 3.60 0.19 IRA Q4 IRB Q1
Croton argyratus 4 6.7 3.84 0.34 IRA Q4 IRB Q1

Ficus padana 4 10.4 3.96 0.22 IRA Q4 IRB Q1
Coffea canephora var. robusta 58 2.5 1.99 1.35 IRA Q4 IRB Q23

Piper aduncum 4 8.2 2.28 0.58 IRA Q4 IRB Q23
Gmelina arborea 4 8.1 3.28 0.62 IRA Q4 IRB Q23
Michellia alba 5 5.4 1.81 1.96 IRA Q4 IRB Q4
Coffea arabica 10 1.5 2.23 4.43 IRA Q4 IRB Q4

Gliricidia sepium 14 5.4 2.35 1.60 IRA Q4 IRB Q4
Acacia auriculiformis 16 6.8 2.58 2.72 IRA Q4 IRB Q4
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