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Atmosphere-plant-soil interactions: theories and mechanisms
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Abstract: Plants are sophisticated and intelligent natural construction materials. They can be used for enhancing the stability of
shallow soil slopes and minimizing surface erosion. It is evident that the use of plants can be low-cost, sustainable (almost
maintenance free) and environmentally friendly. Not only can plant roots provide mechanical reinforcement, they can also
induce soil suction via evapotranspiration (hydrological effects) to increase soil shear strength and to reduce water permeability
for minimizing rainfall infiltration in the ground. Most previous researches have mainly focused on the mechanical effects of

roots, while the mechanisms and contributions of induced soil suction to slope stability are often ignored. A multi-disciplinary
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research team led by the author has carried out an in-depth

study on the mechanisms of atmosphere-plant-soil interactions
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characteristics. New constitutive models are developed to estimate the water retention ability of vegetated soils and to simulate

conjunctive surface and subsurface transient flow considering different root architectures. In addition, a new analytical model is

derived to calculate soil suction induced by roots having one of four architectures (i.e., exponential, triangular, uniform and

parabolic distributions with depth) and thereby to predict the factor of safety of vegetated soil slopes. Moreover, a novel

artificial model root system is developed to simulate both mechanical and hydrological effects of roots in centrifuge. The

influences of root architectures on induced suction, slope stability and deformation mechanisms are investigated. The

experimental and theoretical results reveal that (1) vegetated soil is able to retain higher suction than bare soil under both drying

and wetting conditions; (2) for Schefflera heptaphylla (Ivy tree), a commonly found plant species in many Asian countries,

there is a linear relationship between root area index and leaf area index, which in turn has an approximately linear relationship

with evapotranspiration-induced soil suction; (3) fungi can significantly increase root tensile strength and therefore enhance the

mechanical reinforcement effects of roots; (4) among the four types of roots investigated, the exponential one induces the

highest suction and hence is the most effective in stabilizing shallow soil slopes. Through extensive laboratory testing, field

monitoring, centrifuge modelling and theoretical analysis, this study has established a theoretical framework, developed a novel

testing technique in centrifuge and contributed towards the fundamental understanding of atmosphere-plant-soil interactions.

The findings from this study also provide a scientific basis for the design of vegetated soil slopes.
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Fig. 1 Relationship between water permeability and suction
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Fig. 2 Research strategy for investigating atmosphere-plant-soil interactions
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Fig. 3 Major components of atmosphere-plant-soil energy balance
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Fig. 4 Major components of atmosphere-plant-soil water balance
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Fig. 7 Nitrogen cycling in ecosystem
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Fig. 8 Phosphorus cycling in ecosystem
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Fig. 9 Sulfur cycling in ecosystem

PLEFTAEIIK. RERMEFRITRMMEIR, &4&
ARGV EEHEL AT TS RG T HIEI).
YA+ B k2, V). H
VIR At G Re i . AKAVE FRIIEIR . X T
Y s, REE. AKAEFREW RS K EATHIA
R ERMEY N TRERS, HamE 1 EmfE
B HERAEZS RGP T B A A A KL

2 HFEEEPIRKS IR SR

VTR AR, FA, BRE LGS, B
R CL48 58 it 35 730N, ARYERMER NS
HiK o HEIAR, EATR S NYEE Y (vascular
plants) FIHE4EEAEY) (non-vascular plants). ZEEEH
MASETR AR VER. BARTRREEDS; a4
BARAL ORFUER xylem F137] J7 55 phloem) HR Rz
7K oy FFE o BIRE Y E oy Can 223 An et ). R4
EEVOIRSRES, A KEmHN . £ TIRNIR
BE TS St —RSHBITRAR, AR AR
Y (LU R RIFCONEYD, BRI OB ER N HE
AT 73 RS B s S L2

IRy EAEY KR R B AR R R R, T
273 7K 4 2 a8 I AR AR B M T s Rl AR
EBRERAREE EHBRY, ERSRGHEARS
BIEMEES, I BN R AEYROK 73 (1) 255
gy, FERRFEAEY) . EYTEEAWRBOK S, 2R
NIEVIRZEEVER, K AW e, WY 2
R 2R AR I AT /K 43 SR 3 it K U T LA £ 286 s i R

FE HRAIES (I RKRRAR S KA A XUESED
A R 0 )AL S AT ) . R T A ER
i (20 (8)), ML AL UAR R A it AT
HEER, BRUIE K T 2 3, InERAR 2 1 Wk
o BN RMOK EZH T A BERREAE, 2E
YIRS — A S A B 7 B [RI ~F- 38 22 4 2% 400 7K
O3, XA AR (7K 4y 95%# &4k 21,
MIAAAE L RATZE B E R, B TIPFRAER, Y
SRR FT T AL, PRI ()t 2 7= AR 25 R
T A AE A AT AT AN AR R SOK 43 o (LR AR (] (1) 25 i 2
THHESRARE 5%~15%, X2 K YR W )64 e
NG
2.1 1EIK S IRYSTHLEE
TR R AN RS, B2 A A4
AR AE . REREARMAK, KRR
R (non-woody fine root) 11 57 7K /318 4 Al 35 40 B 40
T B K B TR BB IROK AR 0%, — Lt R
S HEE R R, DU IR R4 oK AR,
ZNESIEE 4 T H.

AR E R WK, K E RS TSR

(epidermis ), #RJ5 % B BT Ccortex ) HIN K )=
(endodermis) & [AIAREBATH L, 55 IR A B
B (xylem). 4R CA IR, KorsimEiAm
WA =FigE (10 1 a. b Al o). a NN AME
T (FEZMRBE RSN, 2fafEdifust, At
HMAS B IEIE: b N[EFUEE a4 M S S
IR R 22, Fi 1) /2 20 B B B4 i I (20 B I — 38 40D
R TE , (AN G A0 AR s T ¢ DU) 24t B [)5EE (el
AT 4H MR ) 7KOEE TR 5D, A2 FRES R HAE . 20
i P 3 sk 4 () TE

a RSB

b FFEE _
c ﬂﬂ@.fmiﬁiﬁ} gnﬂ%éﬂ "

E 10 KFARERPEMBEFIEE (BB HKB5))
Fig. 10 Cross section of transportation pathways of water and
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Fig. 11 Schematic diagram of transporting water and cavitation

repairing mechanism (microscopic)
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Fig. 12 Schematic diagrams of idealized water transportation
model (after Ref. [40])
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Fig. 13 Measurement of Leaf Area Index (LAI)
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Fig. 14 Definition and measurement of Root Area Index (RAI)
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Fig. 15 Atmospheric-controlled rooms in HKUST
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Fig. 26 Effects of degree of compaction on root depth
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Fig. 32 Schematic diagram of vegetated soil column with shrub
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Fig. 33 Distributions of suction with depth in bare and vegetated
soil columns during drying
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Fig. 34 Distributions of suction with depth in bare and vegetated
soil columns during wetting
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Fig. 35 Effects of arbuscular mycorrhizal fungi on carbon

distribution and cellulose biosynthesis
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Fig. 38 Comparison of roots with and without AMF treatment
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Fig. 39 Effects of AMF on root tensile strength derived from
different classes of diameter
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Fig. 40 Biochar effects on shoot height of Schefflera heptaphylla
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Fig. 41 Effects of suction on root water uptake (after Ref. [124])
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Fig. 47 Computed ratios of FOS in vegetated to bare soil slope
immediately after rainfall intensity of 181mm/day for 24 hours!'38!
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Fig. 48 Computed ratios of FOS in parabolic rooted to bare soil
slope immediately after different rainfall intensities for 24

hours!"®
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Fig. 49 Illustration of conjunctive surface and subsurface flow

with vegetation
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Table 1 Manning’s roughness coefficient for overland flow

(after Ref. [141])
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Mt i) 0.02 0.012~0.03
-kt 0.02 0.012~0.033

T B 0.45 0.39~0.63
+ EE- PN 0.41 0.30~0.48
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. sHh, HROKREh R R 2D, H
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Fig. 50 Effects of surface flow on distribution of pore-water
pressure for vegetated slope with exponential root architecture
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Fig. 51 Comparison between ratios of FOS with and without

consideration of surface runoff
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Table 2 Summary of scaling factors relevant to this study at 15g
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Fig. 52 Overview of a new root model using cellulose acetate as a
high AEV porous filter '"'! (in model scale)
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Fig. 53 Idealisation and simplification of plant root systems with

. . 116, 14
three representative architectures!''® '*’}
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Fig. 54 Comparison of RAR profiles of root models (in prototype
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Table 3 Summary of soil and root properties and input parameters used for finite element seepage-stability analysis!"'*!
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Fig. 55 Measured and fitted SWRCs and predicted water
permeability function of CDG [*]
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Fig. 56 Peak and ultimate interface strength of soil-root model'*’
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Fig. 57 Comparison of measured (a) vertical and (b) horizontal
distributions of induced pore-water pressure between the

new root system (Test M) and living tree (Test T) at 1g [11¢]
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Fig. 58 Comparison of the distributions of pore-water pressure

after 36 hours of drying period!'®!
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