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Soil physica] prope rties and  water  movernent  within  soil were  investigated using dyes in a tropical rain forest, the Bukit Tarek Exper-

imcntal Watershcd of  Peninsular Malaysia. The saturated hydraulic conductlvity  (Ks) decreased with  increasing soil depth. The Ks

values  were  higher than those reported  for othcr  tropical soils, The geometric means  ofthcK,  values  ranged  from 4.69 × 10-3  (80
cm)  to 4.07 × 10 

-
 
2
 cni  s 

-
 
L
 (10 cm),  

'I'his
 suggests  saturation  overland  flow may  not  be dominant but that subsurface  fiow must

pluy an  irnportant rolc  in stormfiow  generation, The shapes  of  the soil moisture  characteristic  curves  resembted  those of  foTest soi]s

which  have large changes  in volumetric  wateT  content  at prcssurc heads < 30 cmH20.  The relatively  high conductivities  were  due
to the pfescnce of  a pc)Tous zonc  ef  decomposed root  channels  which  existed  continuously  in vertical  direction, Besides decayed reots,

living roots  aLso  encourage  preferential flow in veTtical  and latcral (downslope) directions. Termite activities  may  also  form water

fiow pathways in tropica] rcgions,  These dctai]ed results  help us  analyze  water  flow within  the soil  in tropical rain  forests,

Key  words  : decayed and  llving roots,  prcfcrentia] flow pathwa},s, soil physical properties, teTmite activities,  tropical rain forest

  The  high rate  of  deforestation in tropical regions  has

become u  cause  of  concern  (FAO, 1993), The deterioration

and  disappearance of tropical forests are frequently caused  by

social factors, There is a poor understanding  about  the hydro-

togical functions of  tropical rain  fOrests, but there is con-

cern  about  the effects  of  deforestation on  overland  flow and
erosion.  Tb solve  problems of  water  resources  and  sedimen-

tation, it is nccessary  to clarify  the hydrological processes in

tropical rain forests.

  Many  studics  of  soil in tropical forests have been con-
ducted in southeast  Asia (e.g., Ohta, 1989; Ohta and  Effendi,
1992; [Eakahashi et  aL,  1994). However, most  evaluatcd  soi]

chemistry  and  nutrient  cycling  and  there has been little
detailed study  of  physical properties and  water  movemcnt,

Saturated hydraulic conductivity  and  sQil-motsture  charac-

teristics are useful  for analyzing  watcr  fiow and  slope  stabil-

ity (e.g, 
,
 Tsuboyama and  Sammori, 1989; Sammori and  Tsu-

boyama, 1990), Accordingly, it is necessary  to col]ect  these

data in tropical forests to understand  hydrological processes,
  ]n this study  we  investigated the soil  physical properties and

water  flow pathw'ays tn the soil of  a tropical rain forest, Bukit

Tarek in Peninsular Malaysia.

Materials and  Methods

1 Site description

  Bukit Tarek Experimental Watershed (BT) is located in
Seiangor Darul Ehsan in Peninsu]ar Malaysia (latitude, 30 31'

N; longitude, 101e  35'E; altitude,  48'213  m;  Fig. 1). The

vegetation  of  this area  is dominated by Kbompassia malac-

cencis,  Eitgenia spp., and  Canarium spp.  Surficial geology is
metamorphic  rocks  consisting  of  quartzite, quartz rnica schist,

graphitic schist, and  phyllite from thc Arenaceous Series

I
 Corresponding author.

(Saifuddin et  al,,  1991). In the 3 years between 1992 and

1994, the air temperature ranged  from 19,1℃  to 34.9OC and

the average  annual  precipitation was  2,414 rnm.  The mini-

rnum,  maximum,  and  average  mean  monthly  precipitatien
were  106.3 mm  (January), 354,3 mm  (November), and  221,2

mm,  respectively.  The  monthly  precipitation at BT  had a

bimodal distribution peaking jn May  and  Novembcr. The rain-

fall was  characterized  by short  duration and  high intensity

(Noguchi et  al., 1996).
2 Soil physical properties
  Vertical undisturbed  soil  cores,  leO cm2  in area  and  4 cm

deep (400 cm]  in volurne),  were  collected  frorn the ridge

(OR), upper  slope  (NR, DP) and  lower slope  (NS) at depths of

10, 20, 40, and  80 cm,  respcctively  (Fig. 1). Thc saturated

hydraulic conductivities  (Ks) ef these cores were  measured

using  a  constant  head permeameter. The seil-moisture  char-

actcristics for these cores were  determined by a sand  col-

umn  (for pressure head  fg 31.6 cmH20)  and  a pressure cham-

ber (for pressure head from 1()O to 1,OOO cmH20)  experiments,

respectively, The re]ationships  between pressure head (v) and
volumetric  water  content  (e) were  analyzed  by the van

Genuchten equation  (van Genuchten, 198e) as follows:

  e= e,+(es-er)  ii+[.ts )n lli-+' (i)

where  es is the saturated  soi;-water  content  which  was

ebtained  experimentally,  er is thc Tesidual  water  content,  and

a  and  n  are  constants  which  were  estimated  from the retention

data,3
 Investigation of  water  flow patterns  in soil

  Dye  techniques a[low  the direct observation  of  patteTns
of  water  movement  through soil profiles (e,g., Bouma  and

Dekker, 1978; Tsujimura et at,, 1991). In this experiment,

dilute solutions  of methylcne  blue (O.03%) and white  liquid
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Fig,1Map  of  the Bukit Tarek Experimental Wateished showing  thc  locations of  the basins and  their instrumentations,

paint (10% by volume)  in water  were  used  as a dye, TWo

plots (area: 1 × O.5 m)  were  established  at DP  (Fig. 1) using
wooden  frames. The dyes (application rate: 80 mm  hLi;

amount:  20 mm)  were  spTinkled  on  the pLot ufter watering

(application rate: 80 mm  h- i; ameunt:  40 mm),  [IXventy-four
hours after  applying  the dyc, the plots were  trenched from  the
downslope end  of  thc plot and  the vertical distribution patterns
of the dyes were  described. The prefiles were  photographed
and  the stained  dye patteTns on  the soi] profilc were  traced.
The pit face was  cut at 10 cm  increments, and  the profile
described for each  face successive]y.  The images were
scanned  in 256 celors  and  stored  on  computer.  The color

images were  then converted  to black and  white  images. An
examp]e  of  a soil profile dyed by white  paint and  its black and
white  image is shown  in Fig, 6. The arca  of dye was  calcu-

lated from the number  of  white  pixels in the black and  white

images of  each  profile,

Results and  Discussion
1 Soil physical properties

  Generally, the deeomposition of litter on  a tropical rain for-
est floor is relatively  rapid  and  the soil is poor in humus
(e,g., Whitmore,  1990). The organie-rich  layer (Ao andA  lay-
ers) at this site was  very  thin, Sketches of  soil profiles at OR,
NR  and  NS  are  shown  in Fig. 2.

  Figure 3 shows  the vertical Kk profiles and  the geometric

means  at  OR, NR  and  NS, [[he Kk values  ranged  from 6,4e ×
IO-4  to 7,51× 10-2  cm  s-T,  The Ks values  dccreased
with  incrcasing soil depth. Interestingly, one  samp)e  from each
of the 40 and  80 cm  depths at OR  had a high conductivity,
The  Ks values  at 40 and  80 cm,  were  7,51 × 10-2  cm  s-i

and  4,Ol × 1O-2  cm  s-  
i,
 respectively,  and  were  larger than

the geometric means  at 10 and  20 cm  depths. Thc high con-
ductivities were  due to porous zones  which  werc  predomi-
nantly  caused  by decomposed root  channels  and  which  exist-

ed  continuously  in a vertical  direction (Fig, 2),

  The  geometric means  ofKs  valucs  at BT  were  compared

with  Ks values  from other  tropical soils  (Fig. 4). At all sites,
the Ks values  decreascd with  increasing seil depth, but the val-
ues  varied  by a factor of 10 at 10 cm  depth and  by more

than 1(}O times below 4(} cm  depth. Such difiFerencesmay alter

theruinfall-runoffresponses.

  Some  interesting hillslope hydrological studies  have been
undertaken  in Australia (e.g., Bonell, 1993; Bonell with
Balek, 1993). The Ks values  between 10-20 cm  and  below
20 cm  depth at NC  (North Creek in Australia) were  57 mm

h- 
i
 and  3,3 mm  hM  

i,
 respectively,  Below 20 cm  there was

an  impeding layer where  saturated  subsurface  flow occurred
during storms,  Furthcrmore, infiltration-exccss was  possible
in most  storms  because of the shallow  impeding layer and  high
rainfall intensity. In contrast  to this, the Ks values  at BT
were  higher than those of  other  tropical soils at most  depths l

NII-Electronic  



Japanese Forestry Society

NII-Electronic Library Service

Japanese  Forestry

   Noguchi et aLSociety 117

o

Pit : OR

lsol
  I-. ..
  t

H

100-
 cm

op

''

Ah

11Bl

/B2

zone   /yed

 /･1

 i

   lBc
l

o

50

Mt:NR

/

      .･vFToglived;nthishole

"i･?･'1,･,:'･.g;i

Ah

 lii

/

B2

t---･--･
 ------- - -

. .-

1･ii"

 leol
  cmFig.2

et

ag

tw

     1--.-
 -1

     i     bop

 
-

w
/

B3

c

Sketch and  description of  soil p

Many  rooeomecntTathe

 perou

rofile,

Pit:NS

50-,

  ls
  1

  1-
     es

go1cm

AhBl

ll]

--
 

-'-
 
'1

e

.n".

 IB3

g ag 
'k'''''ts

 si--･･,

o-zoil/
 OR-
 ･ -- MetLn

r".S
 40 i.Li 1fn

 fie8

  80 .l.t/1

ieo L
   lo-4
  Saturated

/

,lv'･･

'1'T''
o  -./.t./.

 

.(.l

    i/c,
 c･.-

- -- "-
  lo-3 lo-Z
hydraulic cortductivit]'  (cm

  
.]1'

a-,/l,,
   s'])

Saturated hvdrau]ic conductMty  (cm s'])
loa  lo'j lu'2 le'i

o

50==s

 loef5=

m p

.-.Eeega

o-

20-

, -r ･-

   LNMRcan-, ep..S

4o
 

-
 

'#r/

 
"

 
'1

:lt ･-si)I

                          11

lool iidil  o[ . i6., t o.t

 Saturated hydraulic conductivitr  (cm s")

 
e
 

-fi.
 
･Nsm T,

 =v,

ffil
1..'O

+mm

   omooXb

 +)?Y.OD

oN  LMe

×

       m

Xb

    -pt

N

m

..
e  BTN
 UKo
 SP

×  cu+
 NCa
 RDo
 AFo
 ANN
 BSm
 PA

 20E#40

.". 
6o
 ,.

Pi''
t

Meun..

･c･-c,

          iooio4 LittFi3'  #t2 lllei
           Saturated hydrau]ic conductivity  {cm s't)

Fig. 3 The relationship  between depth and  saturated hydraulic con-

ductivities (Ks) and  the geornetric mean,

(Fig, 4). The  Ks  vulues  ranged  from 1,466 mm  h- 
i
 at  10 cm

depth to 169 mm  h-i at 80 cm  depth. These Ks values  are

larger than the prevailing rainfall  intensity at this site (Noguchi

   200
     10U lol lo] lo3 lo4

       Saturated hydrauLic conductivity  (mm  h'i)

Fig. 4 The relationship  betwecn depth and  suturated  hydraulic con-

ductivities in tropical regions,  BT, Bukit Tarek in Malaysia; UK, Ulu

Kalumpang in Ma]aysia (Source: Puul and  Kuraji, 1993); SP, Supu]ut in

Malaysia (Source] Pau] et al., i995){ CU, Cunha in Brazil (Source: Fuji-

eda, 1995); NC, North Creck in Australia (Source: Bonell, i993); RD,

Reserva Ducke in Brazil (Source: Nortcliff and  Thornes, 198i); AF,
Andulau Forest Reserve in Brunei (Source: Takuhushi et aL,  1994); AN,

Annandale in Grenada (Source: Ternan et  al., 1987); BS, Bukit Soehurto
Conservation Forest in Indonesia (Sourcc: Data provided by Ohta);

PA, Pantabangan in Philippines (Source : Ohta, 1989).

et aL, 1996), Therefore, saturation  overland  flow may  not  be

dominant but subsurface  fiow must  be irnportant for generat-
ing stormflow,  The high permeability of  soils at this site

could  affect  the runoff  mechanisms  on  hillslopes,

  The Ks values  at BS (Bukit Soeharto in Indonesia) are

similar  to those ofBT  (Fig, 4), At BS, there are many  mineral

fragments and  conspicuous  coarse  soil aggregates  in the soil

which  could  account  for the high hydraulic conductivity

through the profile (Ohta and  Effendi, 1992). Further analy-

sis,  such  as X-ray diffraction, is needed  to clarify why  the Ks
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values  at BT  are  higher than those of  other  tropical  soils.

  The retationships  between pressure head (w) and  vo]u-

metric  water  content  (e) described by cuTves  fitted using

Eq. (1) wcre  determined for the soils of  OR, NR  and  NS

and  are shown  in Fig. 5. Kosugi (1994) found that the typical
retenlion  curve  of  forest soils shows  changes  in e whcn  v  <
30 cmH20.  Although the e-v  curves  of  OR  at 10 and  20 em

dcpth were  a  ditferent shape  from those of  NR  and  NS, a]l the
curves  resembted  a typical retention  curve,

2 Characteristics of  water  flow patterns in soil

  White liquid paint wag  useful  but methylene  blue was  not

effective  for investigating the patterns ofwater  fiow in the soil,
bccause  most  of  it was  absorbed  in the organic-rich  layer.
After the white  paint dye tcst, it was  observed  that the organ-
ic-rieh layer outsidc  the frame was  dyed. This suggestcd
that vertical  percolation was  deficcted laterally between the
organic-rich  layer and  the B layer. This was  probably because
the organic-rich  layer was  thin and  had a very  high density of
roots  and  was  therefore high]y transmissive rclative to the B
layer. The rainfall at BT  was  characterized  by high intensity

(Noguchi er al,, 1996), and  a perchcd wa{er  table might  occur

above  thc B layer during ]arge storms,

  The･dye-flow patterns were  uniform  in the organic-rich
layer but not  in the B laycr (Fig. 7b), The distribution pattenis
of  the dye were  not  continuous  vertically  in the soil  profiles

Fig. 6Dlr  ed  soil profi]e cens,erted  to u black and  "h]tc  image,
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Fig, 8Decaycd  root  with  termites and  thc dye stained  around  and  insidc  t.
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(Fig, 7). The areas  covered  by dye were  45 - 73 %  at O- 1O cm
depth, 20-67  %  at 10-20 cm  depth, and  2,5L14 %  at 20-30
cm  dcpth. The area  coveredby  dye decreased with  increasing
soi1 depth in each  soil  profile.
  Interestingly, thc dye concentrated  on  decayed and  }iving
roots, especially,  those which  had developed vertically  (Fig.
7b) or  in a downslope (Fig, 7a) dircction. Decayed roots

provide channels  which  can  act as pipes (e.g., Tsukamoto et
aL,  1988), Living roots  may  also affect the preferential flow

paths, This is probably because living roots  can  impede flow
locally and  change  the flow towaTds the soil around  root

which  is non-compacted  and  highly conductive,  In general,
surface  and  shallow  rooting  habits are found in tropical rain
forests. Lateral roots  run  beneath the soil surface  at depth of
ISN40 cm  and  can  extend  to 35 m  frorn the stem  (Baillie and

Mamit,  1983), Such lateral root  networks  may  play a more
importan[ role in distributing water  in the soi] of  tropical

rain  forests than in tempcratc  forests. Deep  rooting  habits in

vertical  direction can  alsQ  be important, BaMie and  Mamit

(1983) found that the mean  rooting  depth in 32 trees was

2.35 m  and  that sinkers  penetrated to depths ef  up  te 4 m.

These suggest  that vertical  rooting  habits might  also  con-

tribute to preferential fiow in tropica]  rain  forests.

  Where  there was  a decayed root  with  termites in it, the dye
stained  around  and  inside it (Fig, 8), wr  found tcrmite nests
in the soil at three ef  the s{x sites we  surveyed,  The termite

ncst was  softer than the soil around  it. Thesc arcas might  have
difft]rent conductivity  relative  to the soil arounct them. In gen-
erui, termites play an  importanL role  in the decomposition

of  dead wood  and  fallen ]eaves in tropical forests (Matsu-
moto,  1978), In addition,  there are two contrasting  theories  on

the effects  of  termitcs on  water  infiltration. One theory is that
the termites repack  the soil so that it forms a compact  structure

which  reduces  water  infiltration, while  thc other  thcory con-

siders  that termites increase infiltration by ineorporating

organic matter  into the soil and  constructing  galleries through

the soil  (Lobry and  Conacher, 1990), A  study  on  the hydro-

geomorphologica] ro]e of  termites in Tanzania found that
thc undcrground  tunnel network  excavated  by the termites in
weathered  bedrock might  serve  as a macro-pore  to transmit or
stoTe  groundwater (Matsumoto et  al., 199'1). Tcrmitcs are

more  wideiy  distributed in tTopical regions  than in temperate
regions  (Abe and  Matsumoto, 1978), Thus, termitc activities
may  play an important role  in the formation of water  fiow

pathways in tropical regions.

Conclusions

  Soil physical properties and  water  movement  Nvithin  soil

werc  investigated using  dye in a tropical rain forest, Bukit
Tlewek Experimental Watershed (BT) in Peninsular Malaysia,
The folLowing findings ",ere  obtained:  (1) The geometric
means  of Kk vatues  decreased vt'ith increasing soil depth. The
Ks values  at BT  were  highcr than  those  of  other  tropical soils

at all depths, The values  differed between 1O times at 10 cni
depth and  over  1OO times below 40 cni dcpth. The K'svalues
ranged  from 4.69 × 10- '3 (80 cm)  to 4.07 × 1O-2  cm  s-i  (1O

119

cm),  This suggests  saturation  overland  flow may  not  be

dominant, but subsurface  flow must  play {mportant rolcs  in
stormfiow  generation. (2) The shapes  of  the soil moisture

characteristic  curves  at BT  were  typical of  forest soils, and
showed  large changes  in volumetric  water  contcnt  at prcssure
heads < 30 cmH20.  (3) The  dyc tcst showed  that vertical  per-
colation  was  deflected lateTally between the organic-rich  soil

and  B ]ayers. The relatively  high conductivities  of  the soil

were  due to porous zones  which  were  mostly  decomposed Toot
channels  that existed  centinueuslv  in vertical  direction,                            "

Besides decayed roots,  living roots  also  encourage  preferen-
tial flow in vertical and  lateral (downslope) directions, :[lermite
activities may  a]so  form water  flow pathways in tropical
reglons.

  There are few research  reports  abeut  the physical properties
and  subsurface  flow characteristics  of  tropical forest soils,
Therefore, these findings will  provide usefu1  information for

anal>,zing  water  fiow within  soils in tropical rain  forests,

  Thanks to all personnel in Hydrology Seclien of  Forcst Research
Institutc Muluysiu for their cva}rts, Yoshio Tsubeyama for his commcnts
on  the manuscript,  Dr. Seiichi Ohta for providing data of  saturated

h},draulic conductivi!ics,  and  thc State Forestry Departmcnt of  Selangor
for giving the pcrmisslon to usc  the rescarch  site, This srudy  was  carried

out  as part ofajoint  research  projcct bctween Forest Rcsearch Institutc
of  Mulaysia, UniveTsity Pertaniun Muluysia and  National Inslitute for
Environmental Studies of  Japan (G]oba] Environmenta]  Rcscareh  Pro-

gramme  granted by Japan Environment Agency, Grant No, E-3),
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Appendix
Descriptions of  surveyed  soil profiles
Profi[e OR
Ah  O-315  cm;  Dark  brown  (7.5YR3f4); loam; moderate

medium  granular and  subangular  blocky; common  fine roots;
vcry  fcw mycclium;  diffuse smooth  boundary,
Bl 3f5-35 cm;  Brownish  yellow (10YR6f6); light c]ay;
weak  finc blocky; very  fcw faint humus cutanic  features on

pedfaces; few fine roots;  very  few mycelium;  diffuse smooth

J, For. Res. 2 (2) 1997

boundarv.       J

B2 3S fi55 cm;  Brownish yellow (10YR6/6) and  very  pale
brown (1OYR7!4) mottling;  light clay;  weak  blocky; few finc
roots;  very  few mycelium  and  charcoal;  diffuse smooth

boundarv,       '

BC  5S-80  +  cm;  Reddish yellow (7,5YR6,'8); clay; struc-

ture]ess; common  weathered  medium  graL,el; very  few fine
roots,

Pro file NR
Ah  O-2!4cm;StrongBrown(7.5YR4/6);siltloam;medi-
um  weak  blocky  and  medium  moderate  granular; no  rock

fragment; common  fine roots; very  few mycelium;  gradual
smooth  boundary,
Bl 2/4u15 cm;  Strong brown (7.5YRS16); light clay; mod-
erate  coarse  blocky: no  rock  1'ragmeni; veTy  few medium

intcrstitial voids;  very  few faint clay  culanic  feature on  ped-
faces; few fine roots;  dift'use smooth  boundary.

B2  15-53 cm;  Reddish yellow (7,SYR616); light clay;
weak  ¢ oarse  blocky; very  few medium  channe[s;  very  few

faint clay  cutanic  features on  pedfaces; vcry  few fine roots:
difuse smooth  boundarv.
                    :
B3 53-65  cm;  Reddish },ellow (7.5YR6,'6) with  few fine

distinct clear  pink (7,5YR7/4) mottling;  clay; very  few medi-
um  interstitial voids  and  channels;  i,'ery few faint clay  cutan-

ic t'eatures on  pedfaces; very  few very, fine roots;  elear smooih

boundary,

C 65- 100 +  cm;  Reddish yeNow  (7.5YR616); clay  mary

subrounded  weathered  coarse  gravel; few medium  interstitial

voids;  very  t'ew very  fine roots.

Profile NS

Ah  0-2f4 cm;  Brown  (7.5YR4,,'4); sandy  clay; moderate

medium  granular and  modcrate  fine blocky; very  few sub-

rounded  weatheTed  medium  gravel; feNN' flne roots;  common

ant s]est; clear wave  bouiidary,
Bl 2,i4-8/20 cm;  Yellowish brown (leYR5f6); light clay;.

weak  medium  blocky; very  few subrounded  weathered  medi-

um  gravel; very  few  medium  rool; diflfuse wave  boundary,
B2  8/20-4S cm;  Strong brown (7.SYR5f6); clay;  weak

medium  b]ock},; very  few subrounded  weathered  medium

gravel: few  fine root; cliffuse smooth  boundary.
B3 45-83  cm;  Strong brown (7.5YR5/'6); clay  structureless:

very  fcw subrounded  weathered  medium  gravel; fcw fine
roots;  clear  smooth  bounclar},.

C 83-90+  cm;  Strong brown (7.5YR5/7); clay;  many

subrounded  strongly  weathered  coarse  gravcl structurcless.
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