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Abstract

Key message Tree roots hold soil that is dramatically heavier than the tree biomass, wet or dried. This soil might
compensate for the imbalance between above- and belowground mass.

Abstract Root—soil plates are recognized to play an important role in root anchorage of plate-like root system, however,
actual measurements of their mass have rarely been reported. Even though the root—soil plate mass is often estimated using
aboveground allometric indices, no research confirms the validity. Seven root—soil plates of Cryptomeria japonica fallen by
Typhoon Jebi were divided into roots and soil, and their weights were directly measured. Mass of the seven plates ranged
from 251 to 3070 kg on a dry basis. Roots accounted for 8% of total plate mass and soil for 92%. The mass of the soil held in
the plates was 2.8 times greater than tree biomass. The root-to-shoot biomass ratio was 0.26, whereas the ratio of root—soil
plate mass to shoot biomass was 3.9, meaning that the root—soil plate mass was much greater than aboveground biomass.
These results suggest that the soil mass held in the plate is the main component of whole-tree mass including the plate.
The root system holds soil weighing as much as 13 times the root system’s mass. The soil might balance the aboveground
weight of the tree by adding mass. Aboveground allometric indices are good indicators of root—soil plate mass and allow the
belowground mass to be estimated to understand tree anchorage without soil disturbance.

Keywords Disaster - Root anchorage - Root—soil plate - Tree stability - Uprooting - Windthrow

Introduction and against tsunamis associated with huge earthquakes.

Windthrow studies in forests have gained popularity over
Root anchorage is an important factor in a tree’s tolerance  the last few decades because of the importance of tree stabil-
of slope failures associated with intense rainfall and storms, ity to both the environment and society (Sagi et al. 2019).
which are becoming more frequent with climate change, =~ Some recent studies have focused on the stability of coastal
trees against tsunami disasters (e.g., Nanko et al. 2019;
Todo et al. 2019). Tree-pulling experiments and simula-
Communicated by DesRochers . tions of tree uprooting processes, such as the finite element
method, have been adopted to improve our understanding
of tree anchorage (Dupuy et al. 2005a, b, 2007; Fourcaud
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et al. 2008; Yang et al. 2018). Key factors determining root
anchorage are root architecture (Danjon et al. 2005; Dupuy
et al. 2005a, b, 2007; Yang et al. 2018), soil shear strength
(Dupuy et al. 2005a; Nicoll et al. 2006; Yang et al. 2018),
root—soil plate (RSP) properties, such as shape and mass
(Coutts 1986), and the location of the rotation axis of uproot-
ing (Dupuy et al. 2005a, 2007). Recording local responses of
the root—soil system has identified the windward and leeward
roots, soil strength, and RSP mass as the main components
of anchorage (Coutts 1983, 1986; Dupuy et al. 2005a, b,
2007; Fourcaud et al. 2008; Ghani et al. 2009; Stokes 1999;
Yang et al. 2017).

The contribution of each factor to root anchorage seems
to vary among root system architectures and tree age. Lateral
windward roots provide the greatest resistance to overturn-
ing for many trees (e.g. Coutts 1983; Crook et al. 1997)
and allow adaptation to wind load because of their highly
branched pattern of growth (Stokes et al. 1995). The impor-
tance of the taproot for root anchorage depends on tree age.
Previous studies showed that the taproot is the main compo-
nent of root anchorage, but that its importance is decreased
in mature trees (Crook and Ennos 1998; Dorval et al. 2016;
Toral et al. 2011). On the other hand, only trees with tap
root or heart root systems receive the benefits of soil shear
strength (Mattheck et al. 2015). Trees with plate-like root
systems or buttress roots are like trees planted in containers
due to their own mass and RSP mass (Mattheck et al. 2015).
For trees planted in containers, the fracture moment of the
trunk is proportional to the soil mass (Mattheck et al. 2015).
In a Sitka spruce (Picea sitchensis), which has a shallow root
system, the second-most important anchoring factor after
lateral windward roots is RSP mass (Coutts 1983, 1986).
The RSP represents the association between the root sys-
tem and its adhering soils (Coutts 1986). RSPs are usually
observed in tree-pulling experiments, in which stem size
and mass, RSP dimensions (Cucchi et al. 2004; Nicoll et al.
2006), and root system architecture (Khuder et al. 2007)
are measured. Despite the importance of RSP mass, only
one study has measured it directly (Coutts 1986). Some rea-
sons for the lack of data might be that direct measurement
requires time and labor, and cases where RSP mass plays
an important role in root anchorage are limited. Although
RSP mass has been estimated from aboveground allomet-
ric indices, such as stem diameter at breast height (DBH),
no research has confirmed the validity of RSP mass esti-
mation from aboveground allometric indices. Nanko et al.
(2019) stated that direct measurements of RSP properties
are needed to increase the accuracy of numerical simulation
of tree stability.

Root biomass is usually smaller than aboveground
biomass. For firm anchorage of trees with plate-like root
systems, it is crucial that their small root systems hold a
large amount of soil. Understanding the balance between
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aboveground biomass and RSP mass or between root bio-
mass and soil mass in the RSP might be useful to evaluate
the soil-holding efficiency of a root system. The relative
weight balance of a tree, between above- and belowground
biomass, is commonly expressed as the root-to-shoot ratio,
indicating biomass allocation (Klepper 1991). Ennos (1993)
noted that although root-to-shoot ratios are usually analyzed
from a biological perspective, they can be modified to indi-
cate tree stability. This ratio varies with mean annual precip-
itation, mean annual temperature, forest stand height, stand/
tree age (Mokany et al. 2006), and soil type or soil nutrients
(Vogt et al. 1995). Cairns et al. (1997) performed a global
meta-analysis of root-to-shoot ratios for upland forests and
reported variation ranging from 0.05 to 0.7. Mokany et al.
(2006) also analyzed root-to-shoot ratios in global terrestrial
biomes and showed that the average value in forest ecosys-
tems is 0.26. These values indicate that the weight balance
is too biased toward the aboveground portions to expect tree
stability, based on tree biomass alone. One component that
may compensate for this imbalance is soil held by roots, that
is, within the RSP. We defined the RSP as a mechanism for
increasing the belowground weight of an individual tree. Our
first hypothesis is that RSP mass is equal to or greater than
the mass of the aboveground part of the tree.

Not only the mass but the shape properties of the RSP are
important parameters for anchorage estimation. Achim and
Nicoll (2009) focused on the resistance offered by windward
roots and RSP mass as the most important components of
anchorage, and they showed that root anchorage can be mod-
elled as proportional to the square of RSP spread. Fourcaud
et al. (2008) also reported that, in their simulation, the shape
and size of RSP alter anchorage, even when some elements
of the root system are removed. The model showed that all
elements of the root system contribute to anchorage in purely
sandy soils, whereas only the longest element has a large
contribution in clay soil. Thus, it is important that soil type
and root architecture be used in combination to evaluate root
anchorage. The radius and thickness of an RSP also depend
on its root system architecture. If soil environments limit-
ing tap root development interfere with the exhibition of
species-specific root architecture, this may alter the radius
and/or thickness of an RSP. In soil with high penetration
resistance or with a shallow ground water table, tap roots
might not develop, causing all RSPs to become flat regard-
less of species-specific differences in root architecture. Our
second hypothesis is that the sizes of RSP, RSP radius and
thickness, are the same for all trees growing in hard soil
when standardized by tree size, regardless of species-specific
root architecture.

Trees felled by typhoons or windstorms offer an oppor-
tunity to gather information on the mass and dimensions of
RSPs. An intense, very large typhoon, the local name for a
tropical cyclone in the western Pacific, can leave huge RSPs
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on the ground. Typhoon Jebi, which formed on 28 August
2018, struck Japan on 4 September 2018 as a Category 3
typhoon on the Saffir—Simpson scale (i.e., I-min maximum
sustained winds of 50-58 m s~'; Takabatake et al. 2018). The
typhoon uprooted many trees in the Kinki district and left
complete RSPs on the ground. During Typhoon Jebi, instru-
ments in Kyoto city measured an instantaneous wind speed
of 39.4 m s~!, the maximum value recorded since the end of
World War II (Kyoto Local Meteorological office). Coutts
(1986) calculated that 13 m s™" is required for uprooting a
Picea sitchensis tree with DBH of 15.3 cm, and a slightly
higher speed (14—17 m s™') is required for trees with DBH
of 18.5-26.7 cm. Although whether the trunk snaps or the
tree is overturned is mediated not only by wind speed, but
also by RSP properties including previous partial failures,
the maximum wind speed of Typhoon Jebi was so high that
the wind uprooted or broke many trees in this region.

To improve our understanding of root anchorage, the
objectives of this study were (i) to quantitatively evaluate
the soil mass held by the root system of C. japonica, and
(ii) to confirm whether the RSPs of different tree species
growing in hard soil are similar in shape. We also aimed
to confirm whether aboveground allometric indices reflect
RSP mass. We divided RSPs of Cryptomeria japonica with
various DBH values growing in hard soil in a forest dam-
aged by Typhoon Jebi into soil and root portions and directly
measured their mass. The intrinsic root type of Cryptomeria
Jjaponica is deep rooting depth and a heart root system
(Table 1). We also measured radius and thickness of RSPs
in multiple species of trees with various types of root sys-
tems. We sampled trees species classified as deep-, interme-
diate-, and shallow-rooted types by Karizumi (2010), based
on exhaustive digging surveys of mature tree root systems in
Japan. Heart, tap, and plate-like root architectures as defined

by Kostler et al. (1968) and similarly defined by Karizumi
(2010) (Table 1). In tree-pulling experiments, trees are com-
monly pulled from one direction without shaking. Yang et al.
(2020) indicated that the successive wind gusts may damage
trees, lowering their critical overturning bending moment
compared to that predicted by tree-pulling experiments.
Furthermore, trees are generally crushed more in natural
uprooting than in pulling experiments. For these reasons,
the RSPs sampled here may have been smaller than those in
previous tree-pulling experiments.

Materials and methods
Study site

Typhoon Jebi traversed the Kinki district of Japan on 4 Sep-
tember 2018, causing devastating damage to forests. In the
damaged area, covering 1595 ha of 11 prefectures across
Japan, the economic value of damaged forest trees amounted
to about 4 million US dollars (Ministry of Agriculture, For-
estry and Fisheries 2019).

We conducted an RSP survey across about 1 ha of a
mixed forest of conifers and broad-leaved trees at the Kan-
sai Research Center, Forestry and Forest Products Research
Institute (FFPRI site, 34°56'N, 135°46'E, 70 m altitude),
Kyoto, Kinki district, Japan. The dominant tree is C. japon-
ica, which is planted frequently and covers 44% of the plan-
tation forest area in Japan (Forest Agency of Japan 2012).
Mean annual air temperature in 2018 was 16.9 °C and annual
precipitation was 1770 mm at the nearest weather station
(Kyoto station, AMeDAS, Japan Meteorological Agency).
The soil was classified as Inceptisols (Soil Survey Staff

Table 1 Categorization of sample trees according to Kostler et al. (1968) and Karizumi (2010)

Tree species According to Karizumi (2010)

According to Kostler ~ Number of samples

et al. (1968) ¢

Rooting depth®  Lateral root type®  Branches® Fine roots® RSP mass RSP shape
and volume

Cryptomeria japonica Deep Intermediate Intermediate Many Heart root system 7¢ 13
Quercus acutissima Deep Convergent Intermediate  Sparse Tap-root system 0 1

Quercus myrsinifolia Intermediate Convergent Many Sparse Heart root system 0 8 (7
Quercus glauca Intermediate Convergent Many Sparse Heart root system 0 2
Zanthoxylum ailanthoides Intermediate Intermediate Sparse Sparse Heart root system 0 1
Chamaecyparis obtusa Shallow Convergent Many Many Plate-like root system 0 5@)f

*Deep, intermediate, or shallow
bDispersion, intermediate, or convergent

“Many, intermediate, or sparse

9Heart, taproot, or plate-like. Karizumi (2010) also classified root systems using similar terms

¢Sample IDs were C1-C7

"Number in parentheses is for RSP thickness. Thickness was not measured for two trees with RSPs with collapsed bottoms
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2014), and the texture was clay loam. Slope gradient class
was flat according to FAO guidelines (Jahn et al. 2006). .S — QN % o O
. FE L Y L v O O O
The forest was devastated by Typhoon Jebi and many g5 é: EEEEEEE
: . 05 5 5 5 5 5 5 0=
trees were uprooted by the strong winds, falling on other Z3a |aAAs e AR
trees and toppling them as well. Because neighboring
trees fell one after another, almost all trees on the site were Z
uprooted, perhaps not only trees with poor root anchorage. g N E
The crowns of the fallen trees often overlapped, and numer- - Z G .o o H
. 3] en
ous RSPs were broken by other falling trees. We collected £ Z|82IX282 =~
weather data for the day that Jebi landed from the Kyoto 2
station of AMeDAS (Japan Meteorological Agency). To test 2 . 9
the first hypothesis, we chose seven (C1-C7) uprooted C. §° é 2 N
. . . ) -
japonica trees (Table 2). The number of samples was lim- 28 2|l88=d=z8¢5
ited because we only selected fully exposed RSPs that had
retained their original shapes with little or no collapse. Most =
of the other uprooted RSPs were damaged by surrounding ng 9
fallen trees and had been cleaned up immediately after the E 28888528
~ Sl S S S~
storm to restore the forest. Thus, we took the rare opportu-
nity to collect data on these seven RSPs immediately after . =
. . [ap} %]
the storm event. We measured the mass, radius, and thick- :'l o
o o £
ness of RSPs, as well as the aboveground allometric indices = 4 22808839 =
and fall directions of the trees. The stand density was not > Sl ¥ S S~ =S~ <
uniform in the site: 728 trees ha™' around C1 and C2, 113 B £
trees ha™' around C3 and C4, and 2916 trees ha™! around % %
CS, C6, and C7. Details of the mass, radius, and thickness S s
. . . o ]
measurements are described below. The fall directions of the s %ﬂ £
. o e =1
sample trees were measured using a compass glass. To test = = %l g g
. . . S o
the second hypothesis, radius and thickness of the uprooted R Sa-caowaco| =5
= N — N O NN AN~ o0 a2
RSPs and DBH were measured for 30 trees: the seven C. £ %
.. . . .. . = R
Jjaponica plus an additional six, eight Quercus myrsinifolia, s | 3 gz 8
2 2 =
two Q. glauca, one Q. tacutissima, one Zanthoxylum ailan- 5| E 2z - 3 S 2
thoides, and five Chamaecyparis obtusa. Root architecture Slg 2|882Z82gE8| ¢ ¢
. . . .. ' o £
types classified according to the categories of Kostler et al. 2 31;) <
. . L
(1968) and by the Japanese conventional root categories of £|% 8 3
. . . = = o
Karizumi (2010) are shown in Table 1. = E ~ ?g
S | B 2 ®
. . . . 5 | & )
Root-soil plate mass of Cryptomeria japonica % S = £
2|7 z 21 % 8
Th ted RSPs were divided into roots and soil S|8 »|leSzecszz| s
e seven uproote Ps were divided into roots and soi Zle ElocegcziLd|zi
and their masses were directly measured. Before measuring * ] i
the mass of an uprooted RSP, radius, thickness, and hinge g ) é g
. .. . = < —~
ratio of the plate and aboveground allometric indices of the 213 g PR IR
. = = Llo oo~ 0ol 8 8
sample trees were assessed as described below, and the stem =N ClY T e ool s o
. <
was cut off at about 50 cm aboveground. Tree age was esti- 2 °Z
. . . o | = | & 2
mated by counting the tree rings of a cross section of the cut N - R H| & =
. o |8 - = o
stem at ground level (0 cm) after division of the uprooted 2 T E|lasSeT 2oz _0,; S
RSPs. E el
We first removed roots extending out from the uprooted ° % e H| 5 &
. o S| o n o wn S o
RSPs and the mass of these roots (outside roots) was deter- E|RA S| Y = daa—=dl e g
. . . . .. Q S @
mined directly using a hanging scale. Then, the living roots g S 2
. . . . . & al 8 9
in soils at the hinge side (Fig. 1) were also cut off. Because A 2132
. . . N > .5
we did not measure the fresh weight of the outside roots 2 o gl 2 =
. . 5] — [>) =
for C5, we calculated it based on the dry biomass and the e | & cO08J38380C=IF2
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prooted RSP
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Inside root biomass / Total root biomass ]

Fig. 1 Measured parts of a root-soil plate. 2Ry .i,onw (horizontal
diameter), thickness, Ry, (vertical radius of the upper side) and
R, oyer (vertical radius of the lower side) are shown. The ratio of Vi

root water contents of subsamples from the six other sam-
ple trees. The root biomass of uprooted RSPs (Root,,;qoeq)
included outside roots of the uprooted RSPs. However, it
included neither living roots in soils at the hinge side nor
roots on the tipped-up side torn off by uprooting. The
uprooted RSP mass (RSP, oeq) and its s0il (Soilpg0eq) did
not include hinge side. We hung whole RSP or a fragment
of a plate either on the arm of an excavator (ViO30, Yanmar
Co., Ltd., Osaka, Japan) with wire rope or a belt sling or on
a tripod with a chain block and wire rope. A load cell (maxi-
mum load 50 kN, LT-50KNG56 Nikkei Electronic Instru-
ments Co. Ltd, Tokyo, Japan) was connected between the
belt sling and wire rope, and the mass was recorded using a
strain unit (EDX-11A, Kyowa Electronic Instruments Co.,
Ltd., Tokyo, Japan) (Fig. S1 of Supplementary materials).
After removal of the load cell from the hanging system, the
soil was removed from the hanging RSP using crowbars,
pickaxes, hammers, shovels, chisels, and screwdrivers. The
falling soil was intercepted by plastic sheets and/or plastic
containers, and the mass of each batch of removed soil was
measured using a balance scale. If RSP, .q €xceeded the
load capacity of the excavator or the chain block to lift, we
divided the uprooted RSP into several pieces on a plastic

10 Viprooted Was used to reconstruct the mass of the hinge side of root—
soil plates by Egs. (2), (3), and (4)

sheet. The mass of the trunk cut at O cm aboveground was
also measured and excluded from RSP, ;- Fresh masses
of both Root, 4eq @and s0il (Soil,pqeq) Were immediately
measured using the load cell or the balance scale in the field.
In the case of C2, the plate was too heavy and too large to lift
on the arm of the excavator, so we made a trench around the
plate and dropped soil from the plate onto plastic sheets or
containers in the trench using shovels and other tools (Fig.
S2 of Supplementary materials). The soil that was firmly
adhered to the stump was removed with the bucket of the
excavator by rocking or tapping gently. The fallen roots and
soil were collected separately. After initial soil removal, the
uprooted RSPs were cut into smaller pieces using a chain
saw, and the pieces were separated into soil and roots on
plastic sheets spread on the ground. As for the other plates,
the stump of C2 was separated into the aboveground (stem)
and belowground parts (roots), and the fresh masses of
the roots and soil were measured. Subsamples of soil and
roots were oven-dried at 105 °C and 80 °C, respectively,
for 10 days to determine their water contents. Wood tissue
density was also calculated from the root subsamples. All
values are reported on an oven-dry mass basis.
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Radius, thickness, and hinge ratio of the root-soil
plates

The radius and thickness of the uprooted RSPs were meas-
ured manually for a total of 30 trees, including the seven C.
japonica (C1-C7). Lundstrom et al. (2007a) reported that
the shape of an RSP is described well by a depth-dependent
taper model with an elliptical cross section. However, per-
haps due to a hard and shallow soil horizon, the roots were
not developed sufficiently downward to show a taper in this
study. Figure 1 shows an example that is representative of all
seven trees. Thus, we measured the both of radius and thick-
ness of the RSP as an elliptical-based cylinder having the
horizontal diameter in the direction parallel to the ground
(2R} orizonta)) (Fig. 1). Two stainless steel rulers were placed
on each side of an RSP—the ground surface side and the
bottom—and the distance between the rulers was taken as
the thickness of the plate. Since the bottom of each RSP was
uneven, the thickness was measured four times on each plate,

0-6 cm depth was 20.2+0.9% (mean + SD), as measured
every 30 min for 24 h using a soil moisture monitor equipped
with 60-mm rods (ThetaProbeML2x, Delta-T Devices Ltd.,
Cambridge, UK) (Takanashi et al., unpublished data). This
value was measured with four rods that had been buried in
the ground at points 15 m away from the nearest RSP (C5).

Calculation and statistical analysis

To estimate the volumes of the RSPs, we first calculated
the volume of an elliptical-based cylinder with radius
(Rhorizontal and Ryppe,) and height (thickness of the plate), as
Vi (Fig. 1). Then, the part leeward of the hinge was sub-
tracted from the volume of the elliptical-based cylinder in
R statistical software, version 3.5.3 using the hinge ratio (R
Development Core Team 2019), as V,;r4eq- The mass was
corrected using the following equations to restore the part
to the leeward of the hinge:

h 1 . For th .J j
and t! e'average.:. value was usefi or the seven C. Japonica, RSP mass = RSP rooted X Viatt/ Vaprooteds 2
the vertical radii of the upper side (R,;,,) and the lower side
(Rjower) Were also measured. Hinge ratio is defined as the ] .
ratio of Ryyye; t0 Rypper- This ratio was used for calculation Soil mass of RSP = Soilrooiea X Viunt/ Vaprooted: 3)
Total root biomass = RoOt,,goeq(inside r00ts) X Vi /Viproored T ROt pro0eq(OULSIdE TOOLS). “@

of the volumes of the uprooted RSPs.
Soil properties

Six soil profiles were made from trenches 70 cm wide and
80-90 cm deep. The bottom of each profile was so hard that
we could not make it deeper. Soil samples were collected
from three depth categories (0—10 cm, 35-45 cm, 50-80 cm)
from each profile. In the profiles, we measured soil penetra-
tion resistance using the soil hardness tester designed by
Yamanaka (Ref. No. 351, Fujiwara Scientific Co., Tokyo,
Japan) for the uppermost horizon (0-10 cm deep), the sec-
ond horizon (35-45 cm deep), and the deepest horizon
(50-80 cm deep). Penetration resistance was calculated as
follows:

penetration resistance (kg cm™2) = (100X)/0.7952(40—X)?,

ey
where X is the Yamanaka soil hardness index (reading, mm)
(Yamanaka and Matsuo 1962). Then 100-cm? soil cores
were collected from the three depth categories from each
profile. A three-phase soil meter (DIK-1150, Daiki, Tokyo,
Japan) was used to measure the proportions of solid, lig-
uid, and gas in the soil core samples. On the day Typhoon
Jebi struck the forest, the volumetric soil water content at
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We defined the IT ratio as the ratio of the biomass of
inside roots to that of total roots. Tree biomass was calcu-
lated as the sum of aboveground and total root biomass.
Aboveground biomass was calculated as the sum of leaf,
branch, and stem biomasses. According to Inagaki et al.
(2020), leaf and branch biomasses can be estimated by the
following method which is based on the pipe model theory
(Shinozaki et al. 1964). Equations adopted in the method
to estimate the biomasses using height (H, m), height at the
lowest living branch (HB, m) and stem cross-sectional area
at 1.3 m height (4 5, m?) were follows:

Leaf biomass (kg) = a X A, ; X (H—HB)/(H—-1.3)/1000,
&)
Branch biomass (kg) = b X A, ; X (H—-HB)/(H—-1.3)/1000,
(6)
where a and b are the coefficients for a tree species, A 3
was calculated from the measurement of diameter at breast
height (DBH). The coefficients (a and b) were estimated
from two felled trees in the study site (24.5 cm and 24.8 cm
in DBH). Since the coefficient of the pipe model is not
affected by tree size, sampling of two trees would be enough
for this estimation. In each tree, HB, A, ; and basal area of all
branches were measured. Three branches were taken from
the upper, middle and lower parts of the crown. Leaf and
branch biomass of the whole tree is estimated by multiplying
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basal area of all branches by the mean value of biomass
per unit of branch basal area of the two felled trees. The
mean value of coefficient (a and b) of the two trees was
1295 kg m~2 and 728.85 kg m~2 for leaf and branch, respec-
tively. Stem volume was estimated by an open-source stem
volume calculation program (Forestry and Forest Product
Research Institute 2010) using measured values of DBH and
H as independent variables. The program was established by
Hosoda et al. (2010). Stem biomass (kg) on a dry basis was
calculated from the stem volume and the wood tissue den-
sity. Aboveground allometric parameters, DBH, H, HB, and
tree age, were measured directly in the field survey, except
for HB of C5, C6, and C7. Before we could measure the
HB values, the aboveground parts of C5, C6, and C7 were
quickly cleared away as part of typhoon recovery. Instead of
direct measurement, HB and H were measured for 10 trees
surrounding C5, C6, and C7, and then a linear equation of
HB with H was obtained. Using the equation, HB of C5, C6,
and C7 was estimated from H.

The root-to-shoot ratio was calculated as the ratio of total
root biomass to aboveground biomass. We also calculated
the ratio of RSP mass to aboveground biomass, reflecting the
weight balance, to help us understand tree stability.

We used both power and linear regression analyses to
determine the relationships of aboveground allometric indi-
ces to mass or volume of uprooted RSPs and their com-
ponents (RSPuprooled’ SOiluprooted’ ROOtuprooled’ Vuprooted)' In
this analysis, we used both fresh and dried weights of RSP
components, because during the storm, the important com-
ponents were the fresh weight of the tree, which determined
the load on the root system; the wet weight of the soil; and
the fresh weight of the roots. The aboveground allometric
indices comprised DBH, stem biomass, aboveground bio-
mass, Hx DBH?, and stem taper index (height/DBH ratio).
The analysis was conducted first for all samples (the seven
C. japonica trees), and second for all samples excluding C1
(the RSP of a rotted tree) and C2 (the largest RSP). Lin-
ear regression analyses were performed between DBH and
Riorizontal OF thickness for all 30 RSPs. The same analysis was
performed to determine the relationship between RSP, eq
and V|, .o0eq- These analyses were performed with the SPSS
software package (version 23; IBM, Chicago, IL, USA) and

the IGOR Pro software (version 6.03; WaveMetrics, Inc.,
Portland, OR, USA).

Results
Change in the direction of strong wind

According to recordings at the Kyoto station of AMeDAS
(Japan Meteorological Agency), the strong swirling wind of
the typhoon had attacked trees from mainly two directions
within a short time (Fig. S3b of Supplementary materials).
At 14:30, the wind direction suddenly changed, and at the
same time, the maximum instantaneous wind speed of the
date was recorded. Perhaps the eye of Jebi passed over our
study site at this moment. We define the wind at the time
from 00:00 to 14:30 as the first attack, and the wind from
14:30 to 24:00 as the second attack. Six of the seven sample
trees (except C3) fell in directions ranging from north to
east, and this direction matched the wind direction of the
second attack (Fig. S3a of Supplementary materials). What
caused the sample trees’ fatal damage and led them to uproot
was probably the second attack after the eye of Jebi had
passed. Although the first attack probably felled the weak
trees, being struck by strong wind from two directions might
have increased the uprooting risk for healthy trees. The data
in this study describe the RSPs of the trees that had been
shaken by strong wind mainly from two directions.

Soil physical properties

Soil solid phase, dry bulk density, and penetration resist-
ances tended to be higher in the second horizons and the
deepest horizons (Table 3, Fig. 2a). The RSP of C2, the
sample tree closest to soil profile 2 with the lowest pen-
etration resistance, was thicker than those of the other trees
(Fig. 2b). The proportions of liquid phase, that is, volumet-
ric soil water contents measured using the soil core sam-
ples, were 23.8 +8.2%, 21.8 +8.5%, and 21.9 +10.6% for
the uppermost horizon, the subsurface horizon, and the
deepest horizon, respectively. These values were similar to
those measured using a soil moisture monitor on the day

Table 3 Soil physical properties recorded at the study site (mean =+ SD, n=6 soil profiles) on 16—18 January 2019

Soil physical properties/  Proportions of the three phases Bulk density Penetration resistance Yamanaka soil hard-
soil sampling depth - . ness index
Solid Liquid Gas
(%) (%) (%) (gm™) (kg em™) (mm)
0-10 cm (uppermost) 39.8+9.6 23.8+8.2 36.5+7.9 1.0+£0.3 2.56+1.33 (0.25 MPa) 12.37+3.59
35-45 cm (second) 54.0+4.6 21.8+8.5 242+12.7 1.4+0.1 7.10+2.26 (0.70 MPa) 19.27+3.03
50-80 cm (deepest) 55.9+4.5 21.9+10.6 22.2+8.5 1.5+0.1 6.02+1.18 (0.59 MPa) 19.15+£1.17
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Fig.2 Profiles of a penetration
resistance of soil at the study
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of the typhoon (20.2 +0.9%, mean + SD; Takanashi et al., 100%
unpublished data). Thus, we used fresh weight of RSP prooteds ﬁ = o P
. ) « £ 80%
S0ilyprooteds and ROOL, o eq directly measured on the day of ° 6% |
RSP dismantling as the fresh weights on the day Typhoon S e °
i 5 = 40%
Jebi struck the forest. 83 ° O Root
S 0 20% @ Soil
[=
Mass and volume of the root-soil plate 3 0% .
and aboveground biomass of Cryptomeria japonica 25
o & 20 b —
The RSP masses of the seven fallen C. japonica trees £ _g 15 L
ranged from 251 to 3070 kg, in accord with fluctuation in 5 2 10 1
the DBH, which ranged from 16 to 44 cm (Table 2). Total ug 8 5
root biomasses accounted for 5-15% (29-192 kg) with a 2 % I D H
mean value of 8% of mass of the plate, whereas soil mass 2 s 0
made up 85-95% (221-2880 kg) with a mean value of 92% - 6 c
(Table 2, Fig. 3a). Sample tree C1 with DBH of 31 cm, a rot- é a i 1 ]
ted tree, had a relatively low total root biomass (39 kg) and a = .S 3
lower RSP mass (675 kg). The ratio of soil mass to total root qg o 5 |
biomass in the RSPs was 13 +5 (mean + SD) (Fig. 3a). The 9 S 7 ﬂ H H H
ratio of soil mass to tree biomass was 2.8 + 1.1 (mean +SD) & 2 0 ‘ ‘ ‘ ‘ ‘ ‘

(Fig. 3c).

The seven RSPs were in the form of ellipses with
radii in the direction of the wind (R,,,,) and in the direc-
tion parallel to the ground (R, i,onta)- Ellipticity, defined
as Rypper/Ruorizontar 10 this study, varied from 0.72 to 1.22
(0.99+0.21, mean + SD, Table S1 of Supplementary materi-
als). The coefficient of variation of thickness for each RSP
ranged from 0.11 to 0.30 (Table S1 of Supplementary mate-
rials). The bottoms of the plates reached the second soil
horizon, which had higher dry bulk density and penetration
resistance than the uppermost horizon (Fig. 2). The hinge
ratio varied from 0.23 to 0.57 (0.31+0.12, mean + SD,
Table S1 of Supplementary materials). As DBH increased,
Viprootea Varied from 0.38 to 3.03 m? (Table 2). Viprootea had
a significant linear relationship with RSP, .4 (Fig. S4a
of Supplementary materials). When C2 (the largest RSP)
was excluded, the relationship remained significant (Fig.
S4b of Supplementary materials). The gravimetric IT ratio
was 96.7 +3.2% (mean + SD) for the seven C. japonica. This
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C1 C2 C3 C4 C5 C6 C7
Tree ID (Cryptomeria japonica)

Fig.3 Contribution of the soil mass or total root biomass to the root—
soil plate mass (a), the ratio of the soil mass to total root biomass (b),
and the ratio of the soil mass to the tree biomass

value did not include roots from the tipped-up side that had
been torn off by uprooting, since it is difficult to identify
which tree roots left in the ground belong to.

Relationships of root-soil plate mass and volume
to aboveground allometric indices for Cryptomeria
japonica

The mean root-to-shoot ratio was 0.26, while the mean ratio
of RSP mass to aboveground biomass was 3.9 in the seven
sample trees (Fig. 4). The rotted tree, C1, had a much lower
ratio of RSP mass to aboveground biomass (1.9) than the
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other sample trees. Significant power and linear regression
equations were obtained between RSP properties (mass and
volume) and the aboveground allometric indices (Table 4,
Fig. S5, Fig. S6 of Supplementary materials) as for the
seven C. japonica. Only stem taper index was negatively
proportional to the RSP properties. The power regres-
sion was better fit to the data than the linear regression for
RSP, prooted @nd S0ily500cq- The relationships of RSPy o0cq
and Soil eq to aboveground properties were stronger than
those of ROOt,oreq A0 Vyjproorea> Fegardless of whether mass
was determined on a fresh or dried basis. The power mul-
tipliers of both RSP, ;;q and Soil 4 were larger than
that of Root,,.ooeq- Although RSP oeds SO1lpro0edr and
Viprooted had significant relationships with all of the indi-
ces, Root,;eq did not show significant relationships with
all of the indices. The trend was more obvious when trees
C1 (the rotted tree) and C2 (the tree with the largest RSP
by far) were excluded from the analysis. When C1 and C2
were excluded, the power regressions for the relationships
between RSP properties and stem biomass or aboveground
biomass were not converged.

uproote

Radius and thickness of root—soil plate across tree
species

Linear regression equations for the relationship between
DBH and 2R, ;,ona (R2=0.82, P<0.001) and between
DBH and thickness (R2:0.47, P <0.01) were determined
for 13 C. japonica (Fig. 5). Because neighboring trees fell
onto many of the RSPs in our study site, few of our RSP
samples retained their original shape. Therefore, the num-
ber of RSP samples was not equal among tree species. To

3500
3000
2500
2000
< 1500
o 1000
4

= 500

800
Aboveground biomass (kg dw)

@ with soil (root—soil plate)
Owithout soil (root biomass)

Root biomass or root-soil plate mass
d

Fig.4 Linear regression analysis of the relationship between above-
ground biomass and total root biomass or root—soil plate mass. Both
lines shown indicate a significant relationship. Broken line indicates
root-to-shoot ratio, and solid line indicates ratio of root—soil plate
mass to aboveground biomass

test the second hypothesis, we investigated whether the val-
ues of the other tree species fell within the 95% confidence
interval (CI) of the regression residuals for C. japonica.
For 2R, izonta1» S€Veral samples were outside the 95% CI.
However, the tendency to increase of 2R, i,one With DBH
was similar for all species, and no species-related bias was
detected. For thickness, two deep-rooted trees (C. japonica
and Quercus acutissima) were toward the upper edge of the
interval, whereas two intermediate-rooted trees (Q. myrsini-
folia) were toward the lower edge of the interval.

Discussion

The soil mass held in a root-soil plate
of Cryptomeria japonica

This is the first study to show quantitatively that roots hold
soil with a mass dramatically heavier than the tree biomass.
The roots of the C. japonica trees held soil weighing up
to 13 times their own mass (Fig. 3b). Separate measure-
ment of the soil and roots in RSPs indicated that the soil
mass held by a tree’s roots was 2.8 times larger than tree
biomass (Fig. 3c). The root-to-shoot ratio, indicating bio-
mass allocation, was 0.26 (Fig. 4), which is the same as the
average value for temperate forest reported by Cairns et al.
(1997) and the average for C. japonica calculated using data
presented by Fukuda et al. (2003). On the other hand, the
ratio of RSP mass to aboveground biomass was 3.9 (Fig. 4),
which was much higher than the root-to-shoot ratio (0.26).
The soil accounted for 92% of the RSP mass (Fig. 3a) and
72% of the whole-tree mass, including the RSP, the sum of
tree biomass and soil mass. In line with our first hypoth-
esis, the soil perhaps compensates for the weight imbalance
between above- and belowground, adding additional mass.

Achim and Nicoll (2009) estimated RSP mass from RSP
volume using RSP shape parameters, such as radius. Ray
and Nicoll (1998) also calculated RSP mass by multiplying
volume and soil bulk density, because RSP masses were too
large and heavy to weigh directly. This study confirmed that
Viprootea Was linearly proportional to RSP, ocq (Fig. S4 of
Supplementary materials). Measurement of radius and thick-
ness of RSP can help to estimate the uprooted RSP mass via
its volume.

Downward development of the root-soil plates

The lower edge of the RSPs of the seven C. japonica
reached nearly to the second soil sampling depth (Fig. 2);
this horizon had higher solid phase, dry bulk density, and
penetration resistance than soil at the uppermost sampling
depth (Table 3). The ability of plant roots to penetrate
soils is restricted as soil strength increases (Hamza and

@ Springer
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Fig.5 Relationships of DBH
t0 2R} orizontal A0d thickness of
root—soil plates for different
tree species. Solid lines show
the linear relationship for the
13 Cryptomeria japonica,

and the broken lines show the
95% confidence interval of the
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Anderson 2005). McKenzie et al. (2004) reported that dry
bulk density greater than about 1.6 g m™ restricted root
elongation. Similarly, Simmons and Pope (1987) reported
that root elongation was impeded at dry bulk density
greater than 1.40 g m~. The dry bulk density of the soils
around the bottoms of the RSPs (i.e., second soil sampling
depth) was close to these values (1.4—1.5¢g m=3, Table 3).
Although the critical dry bulk density that restricts root
growth depends on soil type (Hunt and Gilkes 1992) and
axial root growth pressure depends on plant species (Tay-
lor and Willatt 1983), root downward elongation may have
been restricted in this forest. In fact, all sampled RSPs
were flat regardless of tree species, and roots easily distin-
guishable as taproots were not found during examination
of C. japonica RSPs.

In line with our second hypothesis, RSP thickness
was roughly the same, regardless of species-specific root
architecture, when standardized by tree size (Fig. 5Sb). RSP
thickness for almost all tree species, including shallow-
rooted trees, fell within the 95% CI of the regression resid-
uals of C. japonica, a deep-rooted tree. The increasing
thickness with increasing DBH implies that root elonga-
tion had not stopped entirely, and the downward develop-
ment of RSPs continued to progress. Downward develop-
ment may have been as slow in deep-rooted trees as in
shallow-rooted trees, owing to the high penetration resist-
ance of the soil, which would have restricted expression of
species-specific root architecture. Two deep-rooted trees
(C. japonica and Q. acutissima) were toward the upper
edge of the 95% CI, whereas two intermediate-rooted
trees (Q. myrsinifolia) were toward the lower edge of the
95% CI. If these two deep-rooted trees were growing in
soft spots in the hard soil, their RSPs could have become
thicker than the others. Similarly, when shallow- or inter-
mediate-rooted trees were growing in especially hard spots
in the soil, their RSPs may have become thinner than the
others.

The ratio of soil mass to total root biomass (13), may
reflect RSP formation efficiency. If the soil has high dry bulk

density, a relatively small quantity of roots can hold a high
soil mass. Instead, high penetration resistance may restrict
formation of taproots, the most effective root component for
anchorage (Yang et al. 2017). Therefore, this ratio may vary
depending on the combination of root system architecture
and soil properties.

Radius of root-soil plate across tree species

The RSPs of most species fell within the 95% CI of the
regression residuals of the linear relationship between DBH
and 2Ry izonta fOT C. japonica (Fig. 5a). However, several
trees did not. Regarding our second hypothesis, we conclude
that RSPs of trees growing in hard soil are likely to have a
similar if not identical form.

The ratio of RSP radius to DBH represents part of the
area into which the root system penetrates. According to
Danjon et al. (2005), the main sinker root volume (70%) is
located within a radius of just over twice the tree’s DBH.
The area forms a solid cage to hold soil mass within a zone
of rapidly tapering roots, which rarely breaks during uproot-
ing. In the case of Pinus pinaster which forms deep root
systems, the RSP radius equals 2.2 X DBH (Danjon et al.
2005). In this study, the ratio of R, i,on to DBH was 4.1,
or half of the regression coefficient (8.1) in the regression
equation between DBH and R} i on- EXamining the ratio
of RSP radius to stem radius (half the DBH) was proposed
by Mattheck et al. (1993), who indicated the ratio produced
a curve that decreased with increasing stem radius for both
Picea abies and other species having flat RSPs. The distribu-
tion of the ratios in this study completely overlapped with
the variance of the curve for this relationship for shallow-
rooted trees produced by Mattheck et al. (1993) (data not
shown). Deep-rooted tree species grow roots in the horizon-
tal direction when their downward elongation is limited by
soil environments (Hirano et al. 2018). Therefore, not only
shallow-rooted trees, but deep-rooted trees with root systems
that develop horizontally instead of downward would tend to
have a larger RSP radius. This is in line with the observation
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of Ray and Nicoll (1998), that the RSP radius of P. sitchensis
increased when limited by the soil moisture environment.

The gravimetric IT ratio was as high as 97%, meaning
that most roots were within the RSPs. Because this value
did not include roots on the tipped-up side that were torn
off by uprooting, we calculated the volumetric IT ratio
for C. japonica trees in the same study site that were not
felled by the storm. The root systems of the three C. japon-
ica (roots A, B, and C) were carefully excavated and were
used for a study focusing on reconstruction of root system
architecture using root point coordinates and diameters
(Ohashi et al. 2019). Although fine roots <2 mm in diam-
eter were removed, most roots larger than 2—-5 mm in diam-
eter remained. The root point coordinates were connected
by virtual cylinders, and the IT ratio was calculated on a
volumetric basis. Determination of the RSP radius of Roots
A-C was performed using DBH, as described above. The
direction of collapse due to wind damage is unknown in
advance, so we determined the mean of Ry ionia a0d Rypper
for C1-C7, and divided this mean value by DBH. The RSP
radius was 3.75 times the DBH, on average, for the seven C.
Jjaponica. Using this value, the volumes of Roots A—C were
divided into inside and outside roots. The volumetric IT
ratios were 98.0%, 97.8%, and 98.7% for roots A, B, and C,
respectively (Fig. S7 of the Supplementary materials). The
lower boundary of the RSP was considered for the IT ratios
of C1-C7, but not for those of Roots A—C. Nevertheless, the
IT ratios of C1-C7 were very similar to those of Roots A—C.
Therefore, we conclude that the biomass of outside roots
accounts for only a few percent of the total root biomass,
and the RSP area included most of the roots beneath each
C. japonica tree in our study site.

Relationships of root-soil plate mass
and aboveground allometric indices of Cryptomeria
japonica

Due to the difficulty of estimating root anchorage nonde-
structively, it is commonly estimated by aboveground tree
size, such as Hx DBH? (Cucchi et al. 2004; Hale et al.
2012; Kamimura et al. 2012; Lundstrom et al. 2007a, b;
Nicoll et al. 2006; Peltola et al. 2000). This study is the
first to validate that uprooted RSP properties is directly pro-
portional to aboveground allometric indices (Table 4, Fig.
S5, 6 of Supplementary materials). The power multipliers
of both RSP, cq and Soil, . Were larger than that of
ROOt o0t INdicating that RSP development rate was higher
than the root development rate. Longer roots formed as trees
grow may efficiently enclose a larger amount of soil. This
is in line with the suggestion by Ennos (1993) that RSP
becomes more efficient at large tree size, because the ener-
getic cost of RSP construction becomes relatively cheaper
with plant growth. Ennos (1993) pointed out that anchorage
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provided by the RSP mass increases with the fourth power of
linear dimensions rather than with their cube; however, our
power multipliers did not reach four. Even as roots enclose
larger areas of soil, promoting tree stability, the potential
turning moment created by the concurrently heightening
stem and crown area may threaten it. To understand tree
stability, we need to evaluate the two opposite contributions
of enclosing soil with roots.

The RSP properties were negatively proportional to the
stem taper index (H/DBH ratio), an important index of tree
stability with respect to stem failure (Cremer et al. 1982;
Petty and Swain 1985). This result suggests that a tree with
higher stem taper has a lighter RSP because the amount of
soil held within the plate is reduced. A lighter RSP could
be one of the factors that impairs the stability of trees with
a highly tapered stem.

When data for trees C1 and C2 were excluded, the
relationships of RSP, oeq and Soiloeq to many indi-
ces remained significant, whereas the relationships of
ROOt 150t @A Viyprooreq tO all indices became insignificant
(P> 0.05). Therefore, the relationship of soil mass to above-
ground indices appears to be more robust than those of root
biomass or RSP volume.

Limitations of this study

Removal of storm debris to restore safety was the highest
priority at our study site, where the forest was severely dam-
aged by the typhoon. Because cleanup of the forest site was
urgent, we could not measure aboveground biomass. Stem
biomass and aboveground biomass were not robust indices
of RSP mass (Table 4), because the relationships were not
significant when C1 and C2 were excluded from the regres-
sion analysis. In future studies, we should measure biomass
directly instead of estimating it.

Simplification of the spatial variation of soil structure
may impact prediction of tree uprooting, RSP shape, and
the critical bending moment (Yang et al. 2020). Further, we
were unable to consider the root architecture of individual
sample trees. The most effective root structures for forming
a “cage” enclosing soil are the “zone of rapid taper” defined
by Danjon et al. (1999a, b) and the sinker roots (Danjon et al.
2005). The zone of rapid taper is one of the predominant fac-
tors in critical turning moment (Yang et al. 2018). Because
we used a chainsaw to divide the RSP piece by piece to
carefully collect even soil that was bound very tightly to the
roots, it was impossible to collect data on the size or shape
of the root cage. Thus, the associations between root archi-
tecture and RSP size as trees grow remains to be clarified.
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Conclusions

This study is the first to show quantitatively that roots hold
soil that is dramatically heavier than tree biomass. Because
for trees with a plate-like root system soil mass is more
important than soil shear strength (Mattheck et al. 2015),
we dismantled flat RSPs formed in hard soil to evaluate soil
mass. The roots enclosed soil 2.8 times heavier than tree
biomass. Thus, the soil held by a tree’s roots would alter
the belowground to aboveground weight balance ratio from
0.26 (total root biomass only) to 3.9 (with soil), providing
additional anchorage. We also verified that aboveground
allometric indices are good indicators of RSP mass and vol-
ume. In regression analyses with aboveground allometric
indices, the power multipliers of RSPs were larger than those
of roots, suggesting that trees expand RSPs at an acceler-
ated rate as they grow. Multiple species with different types
of root architecture showed similar radius and thickness of
RSP in the hard forest soil, likely because the soil hard-
ness prevented them from exhibiting their characteristic root
shapes. Further research is needed to clarify the associa-
tions between RSP development and (1) tree growth, and (2)
development of root structures that form soil “cages”, such
as a zone of rapid taper. Gaining a better understanding of
these associations will help to develop and manage forests
with a higher tolerance against wind damage.
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