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ABSTRACT

Tropical Indonesian rainforest is managed using an Intensive Forest Management System (IFMS). The main
activity is selective logging for timber harvesting and intensive line planting to enrich the standing stock. These
activities significantly alter the forest canopy cover and the hydrologic response of catchments, including peak
discharge, direct runoff and soil erosion. Understanding the hydrologic effects in an IFMS is helpful to develop a
forest management strategy. This study investigated the impact of vegetation changes on runoff and soil erosion
characteristics in different periods of an IFMS resulting from their respective forestry treatments. This study was
conducted in a natural tropical rainforest at Bukit Baka Experimental Catchment, Central Kalimantan, Indonesia.
Runoff and soil erosion characteristics were investigated in three small catchments, a virgin forest catchment
(C1), a 10-year-old line plantation catchment (C2) and a 1-year-old line plantation catchment (C3). The IFMS has
increased in large scale of open forests and exposed the bare soil, especially in the early years after forest opera-
tion. This condition has changed drastically in the catchment hydrologic responses. The increase in discharge,
direct runoff, and suspended sediment discharge in the C3 was higher than those in the C2 and C1, particularly for
large rainfall events. The proportion of annual rainfall as water yield in the C1, C2, and C3 was 27, 30, and 41%,
respectively. The annual suspended sediment yield in the C1, C2, and C3 was 0.15, 3.6, and 14.9 tha™' y~!, respec-
tively. The results showed that the magnitude of runoff and soil erosion depends on the interaction among the
rainfall, forest cover changes, forest treatment applied and catchment characteristics. Ten years after forest opera-
tion, forest cover has recovery close to natural condition, but still there are differences in hydrological response.
Controlling soil erosion during logging activities by reducing the impact of logging and combining ecologically
based vegetation structure design is an effective way to control runoff and soil erosion.

Keywords: Direct runoff, intensive line planting, logged-over forest, peak discharge, selective logging, soil
erosion, virgin forest.

1 INTRODUCTION

The rainforests that cover 60% of Indonesia comprise 10% of the total world tropical rainforest.
A key resource of tropical rainforests is forest timber, but land conversion and timber extraction are
threatening biodiversity and hydrologic responses. Tropical Indonesian rainforest is managed by an
Intensive Forest Management System (IFMS), which commenced in 2002. The main activity of
IFMS is selective logging for timber harvesting and intensive line planting to enrich the standing
stock. Timber extraction using heavy machines destroys soil structure, which plays an important role
in water and nutrient cycling, and accelerates soil erosion rates [1]. Heavy machines in timber col-
lection areas and on skidder roads increase soil compaction by up to 40% of the natural condition
[1, 2], and 10-30% of the soil surface may become bare due to logging roads, skidder tracks and log
landings [3.4]. The use of heavy equipment tends to compact topsoil, setting in motion a negative
spiral of reduced infiltrability and increased frequencies of overland flow and sheet erosion, thereby
hindering the establishment of a new protective layer of vegetation and litter [4].
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Different land-use practices affect soil infiltration rates in different ways depending on their effects
on the intrinsic properties of the soil [5]. Additionally, selective logging and intensive line planting
systems are suspected to dramatically impact soil properties. In a previous study, the infiltration
capacity of a tropical rainforest 1 year after selective logging and intensive line planting treatment
decreased to 81.8% that of a virgin forest [6]. The effect of human activities on runoff regimes has
been demonstrated by several experimental studies in various parts of the world. Much research has
focused on monitoring the influence of changes in land cover, mainly deforestation and afforestation
processes [7—11], the influence of cultivated areas [12—14] and the impact of logging [15-18].

Runoff responses and soil erosion rates are significantly different with changes in land cover.
Many studies have considered runoff and soil erosion in tropical forests around the world
[4,8,14-17,19-21]. In Southeast Asia with its great geological diversity, the study of runoff and
erosion in tropical forests is dominated by research in Thailand and Malaysia but is very limited
in Indonesia. Rainfall intensity in the tropical rainforests on Kalimantan Island, Indonesia, is
high; therefore, hydrologic responses such as peak discharge, direct runoff, water yield, and soil
erosion can potentially become problems when land use or forest cover changes. The IFMS is a
unique system that was developed solely for Indonesian tropical forest. The main activities cov-
ered by the IFMS are selective logging and intensive line planting. Several studies have
investigated the rainfall-runoff-erosion in Kalimantan, Indonesia [18,22-25]. Research con-
cerning the IFMS in tropical Indonesian rainforest is still limited [25]. Therefore, a need exists
to investigate the hydrologic response of tropical rainforests managed under an intensive man-
agement system. This study investigated the impact of vegetation changes on runoff and soil
erosion characteristics in different periods of an IFMS resulting from their respective forestry
treatments. Thus, this paper reports the results of an analysis of the hydrologic response of peak
discharge, direct runoff, water yield, and suspended sediment yield (SSY) among three small
forested catchments: an undisturbed (virgin) forest, a 10-year-old intensive line plantation, and a
1-year-old intensive line plantation.

2 METHODS
2.1 Study site

The study was conducted in tropical rainforest at Bukit Baka Experimental Catchments, which is
located in the headwater region of the Katingan watershed, one of the largest watersheds in Cen-
tral Kalimantan (Fig. 1a). The site is in Sei Seruyan block of the Sari Bumi Kusuma concession
area, a private forest company in Central Kalimantan, Indonesia (00°36” to 01°10” south latitude
and 111°39”to 112° 25’ east longitudes) (Fig. 1b). The Katingan watershed has a total catchment
area of 1,908,297 ha, and the length of the main river is 650 km. This location is approximately
400 km northwest of Palangka Raya, the provincial capital of Central Kalimantan, and approxi-
mately 500 km east of Pontianak, the provincial capital of West Kalimantan. The forest cover in
this watershed includes 1,179,985 ha or 61.83% of the total area, most of which is found in the
headwaters. This upstream catchment is a hilly region with altitudes of 150-1,278 m above the
sea level.

The mean annual precipitation during 2001-2012 was 3,631 mm, with the highest average
monthly precipitation (367 mm) occurring in November and the lowest average monthly precipita-
tion (183 mm) in August. According to the forest climate classification system of Schmidt and
Ferguson [26], the area is a type A (very wet) tropical rainforest (monthly average rainfall > 100 mm).



832 H. Suryatmojo et al., Int. J. Sus. Dev. Plann. Vol. 9, No. 6 (2014)

Weather statios

4 d
Study site
‘ y

(@) (b)

Figure 1: Research location. (a) Study site in the headwaters of the Katingan watershed, Central
Kalimantan. (b) Experimental catchments in the Sari Bumi Kusuma concession area.

The number of rainy days varies from 95 to 112 days, and the mean temperature is 30-33°C at noon
and 22-28°C at night [25]. Based on Forest Type Classification map, the study site was classified
located in the tropical lowland rainforest with similar forest vegetation characteristics in structure
and species distribution. The vegetation in Kalimatan is dominated by Shorea spp., Eugenia spp.,
Eusideroxylon zwageri, Shorea laevis, Calophyllum inophyllum, Litsea firma, Anthocephalus chin-
ensis, Macaranga hypoleuca, Durio lissocarpus, and Octomeles sumatrana. The average number of
trees in this natural forest is 228 per hectare [25]. Based on the systematic geological map, the three
catchments were located in the same geological type as Pinoh Metamorphics with muscovite-quartz
schist, phyllite, slate, kornfels, and some metatuff and quartzite; andalusite, cordierite, and biotite in
places; and only rare deposits of sillimanite and garnet. The soil was classified as Ultisol and remains
continuously moist [27]. Ultisol is the most weathered type of soil, and it shows the ultimate effects
of leaching. Ultisol is characterized as a mineral soil with a B, horizon containing 20% more clay
than the upper B,.

2.2 IFMS

IFMS is a silviculture technique to maintain the potency of forest standing stock. The main activities
are selective logging and intensive line planting. The IFMS system includes selective logging opera-
tion of trees with diameters up to 40 cm (Fig. 2a—c) and intensive line planting system with line
clearing of 15-20% of the forested land to enrich the standing stock (Fig. 2d and e).

About 200 seeds per hectare are typically planted, and the expected standing stock at the end of
the rotation (30 years) is approximately 400 m? per hectare, assuming 160 trees per hectare with an
average diameter of 50 cm (or 2.5 m? per tree) [28]. Selective logging and line clearing for intensive
line planting have increased the open area in the forest and decreased the forest canopy cover. The
changes in forest canopy cover by the IFMS process are shown in Fig. 2.
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Figure 2. Changes in canopy tree cover due to the IFMS process. (a) Natural forest. (b) Trees selected
for logging (denoted as black circle). (c) Canopy cover after selective logging. (d) Design
of a clear-cutting line. (e) Canopy cover after the IFMS process.

Figure 3: Research catchments: (a) C1, (b) C2, and (c) C3.

2.3 Research catchment

This research was conducted in an natural undisturbed forest (referred as C1) and two disturbed for-
est with IFMS operation (treated catchments) (Fig. 1b). The treated catchments were forest that had
been selectively logged and intensively line planted in 1999 or 10-year after IFMS operation (referred
as C2), and a forest that had been selectively logged and intensively line planted in 2008 or 1-year
after IFMS operation (referred as C3). The research catchment maps are shown in Fig. 3. Physical
characteristics are given in Table 1 [29].
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Table 1: The relative material for different designs of a torsion anchor support.

Drainage
Drainage  Catchment Catchment density Main river ~ Main river
Catchment area (km?)  circularitya  slope (%) (km/km?)  length (km) slope (%)

Cl 1.10 0.22 11.36 3.30 2.0 12.48
Cc2 1.49 0.26 5.49 6.05 24 8.65
C3 1.91 70.4 5.1 5.76 2.1 4.85

A
Rf = I where A is the catchment area and L the length of the catchment.

2.4 Observations and analysis

To clarify the characteristics of rainfall among three catchments, three automatic tipping-bucket rain
gauges (logging time, 15 min) were installed at each catchment and deployed near the outlet catch-
ment. A Parshall flume and a water-level logger (HOBO U-20) with a time interval of 15 min were
installed at each catchment outlet. The 2.5-m flume width was divided into three cross sections, and
the water discharge and suspended sediment was measured at each section. Water discharge was
measured with a current meter. Suspended sediment was measured using a suspended sampler above
the bed layer.

Rainfall events that have a single peak rainfall and a single peak runoff hydrograph shape for
each catchment were analysed. A rainfall event is defined as the rainfall separated by non-rainfall
periods of 24 h or longer. During 1-year observation period, the number of storm events used for
paired hydrological analysis in the C1, C2, and C3s were 35, 46, and 39, respectively. The hydro-
graph analysis was undertaken by dividing the runoff into direct runoff and base flow using a
straight-line method and then calculating the direct runoff volume for each hydrograph of each
catchment. Direct runoff is the sum of surface runoff, subsurface flow, and channel interception.
This is the part of the hydrograph of interest when floods and flood-producing characteristics of
catchments are analysed. Soil erosion was calculated from the suspended sediment concentration
(SSC) using the equal-discharge-increment (EDI) method [30]. The objective of the EDI method
is to collect a discharge-weighted sample that represents the entire flow passing through the cross
section by obtaining a series of samples, each representing equal volumes of stream discharge.
The EDI method requires that the three criteria be met: samples are collected isokinetically; the
vertical represents the mean concentration and particle-size distribution for the subsection sam-
pled; and the discharges on both sides of the sampling vertical are predetermined proportions of
the total discharge. The flume cross section was divided into three sections of equal discharge
increments, and a sample was collected from the midpoint of each increment. An isokinetic depth-
integrating sampler (modified US-DH-81 sampler with 600 ml bottle sampler) was moved up and
down at the same rate in a vertical direction across the flume, which allowed the sampler to inte-
grate sampling in relation to depth and velocity at each vertical point. The volumetric sediment
concentration (mg/l) was measured by the evaporation method [31]. The three catchments were
analysed by comparing the direct runoff, peak discharge increase from base flow to peak dis-
charge, annual water yield, and annual erosion yield to understand the hydrological impact of
vegetation changes in the IFMS.
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3 RESULTS
3.1 Forest canopy cover changes

The IFMS changed the forest canopy cover. The profile of vegetation structure and composition was
monitored in a permanent sample plot (PSP) in each catchment. PSP is a long-term observation site
of forest growth, for measuring diameter increment, volume increment and stand structure dynam-
ics. PSP uses 1 hectare square of forest area and is located in the middle slope of each catchment.
In the PSP, forest vegetation was measured using a nested cover quadrats method. Each type of
vegetation was measured at 25 subplots (total in 1 hectare). The subplot is classified into four types:
20 x 20 m for tree; 10 x 10 m for pole; 5 x 5 m for sapling; and 2 x 2 m for seedling. As shown in
Table 2, there were fewer trees and poles in the C3 after IFMS implementation than in the C1 and
the C2, and there were more saplings and seedlings. The number of saplings and seedlings in the C3
was increased dramatically than those in the C2 and Cls. Large open area in the C3 has accelerated
the growth of saplings and seedlings in the C3. Selective logging and intensive line planting signifi-
cantly decreased forest canopy cover by reducing the number of trees. Canopy cover conditions in
the catchment area are shown in Fig. 4. The percentage tree canopy cover was 80.1% in the C1
(Fig. 4a). Canopy cover decreased to 49.3% in the C3 (Fig. 4b). Thus, IFMS has decreased the
canopy cover by approximately 38.5% [6].

3.2 Hydrological characteristics

Physical catchment parameters such as slope, circularity, main-stream slope, and drainage den-
sity affect stream flow and influence the shape of the hydrograph through catchment storage,
runoff speed, infiltration, and soil water content. Catchment circularity contributes to the speed
in which the surface runoff reaches the river channel. Circularity affects the bifurcation ratio,
whether streams join the main channel successively or whether all tributaries have about the
same length and feed water into the stream simultaneously thus creating a higher flood peak than
in a long narrow catchment. Slope steepness contributes to accelerate the surface runoff flow to
the downstream. A combination between circular shape and steeper slope contributes to the
direct runoff amount and the increase in discharge to the peak at the catchment outlet. Greater
drainage density appears to be associated with flashier runoff behaviour, greater total surface

Table 2: Vegetation structure of the three catchments.

Individual amount per-hectare (N/ha)

Catchment Tree? Pole®” Sapling®” Seedling?”
Cl 212 208 1,027 690
C2 153 181 1,472 8,600
C3 113 152 3,226 18,433

#Tree is vegetation with diameter >20 cm (at 1.3 m above land surface).

bPole is vegetation with diameter 10-20 cm.

“Sapling is vegetation with diameter <10 cm and height >1.5 m.

dSeedling is vegetation with height <1.5 m.

“The number of poles, saplings, and seedlings is calculated from the extrapolated of 25 subplots.
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Figure 4: Tree canopy cover in C1 and after IFMS implementation. (a) C1, (b) C2, (c) C3, and (d)
percentage of canopy cover density [6].

runoff, and less ground water storage. Main river length appears to be affecting the lag time and
time concentration. A long main river produces longer time concentration and lower peak flow
than that of a short main river. The hydrological behaviour of small catchments tends to be dif-
ferent from that of large catchments. A small catchment is very sensitive to high-intensity rainfall
of short duration and to land cover characteristics [33]. The response of the runoff hydrograph to
rainfall in the three catchments during a 1-year monitoring period (November 2010-October
2011) is shown in Fig. 5.

The C1 had a relatively constant base flow compared with the C2 and C3. The runoff hydrograph
in the C3 produced the largest response to rainfall events. IFMS treatments lead to the formation of
large canopy openings, resulting from tree felling, skid trails and haul roads constructions. A large
open canopy in the C3 reduced the forest interception and transpiration, increasing net rainfall reach-
ing the forest floor and may increasing the soil moisture. Different rainfall characteristics may affect
different runoff hydrographs and peak discharge. Long duration of high rainfall intensity dominantly
affects the higher peak discharge than that in the long duration of low intensity. Consequently, these
conditions create a quick runoff response that was dominated by surface flow and increased the per-
centage of rainfall to runoff in the catchment (Fig. 5).

An individual rainfall event and a single runoff hydrograph at each catchment was selected
during a 1-year monitoring period to clarify the direct runoff and peak discharge increase from
base flow. The results showed that the C3 produced the highest direct runoff compared with the
C2 and Cl1. In the small rainfall event (<20 mm), the C1 produced lower direct runoff than that
in the C2 and C3 (Fig. 6a). In the medium rainfall event (20-40 mm), the C2 and C3 produced a
similar direct runoff response, which was higher than that in the C1. In the large rainfall events
(>40 mm), the C3 responded more strongly than the C2 and C1. Considering all rainfall events,
the direct runoff in the C1 was lower than those in the C2 and C3.
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Figure 5: Relationship between rainfall and the runoff hydrograph: (a) C1, (b) C2, and (c) C3.

Figure 6 shows that no large differences were observed among the three catchments when the
amount of rainfall to peak discharge and peak rainfall intensity was lower than 10 mm. With increas-
ing peak rainfall intensity, the increase in discharge from base flow to peak discharge was highest in
the C3, followed by the C2 and then the C1. Reduced canopy cover in the C3 led to direct runoff.
The relationships between the increase in discharge from base flow to peak discharge and the amount
of rainfall to peak discharge, and peak rainfall intensity are shown in Fig. 7.

The scatter in discharge in the C3 is high in both amount and intensity of rainfall. C3 is more
sensitive in response to rainfall characteristics (Fig. 7). Physical catchment characteristics of catch-
ment circularity might contribute to the direct runoff and peak discharge responses. C3 has more
circular shape than those in the C2 and C1 (Table 1). Circular shape contributes to the speed in which
the surface runoff reaches the river channel. Large open areas in the C3 lead to greater net rainfall
reaches on the forest floor and more trigger to produce surface runoff. A combination of circular
shape and large open areas in the C3 lead to an increase in discharge from baseflow to the peak much
higher than those in the C2 and Cls.



838

H. Suryatmojo et al., Int. J. Sus.

Dev. Plann. Vol. 9, No. 6 (2014)

(a) 3.0 ® 7
.
2.5 4 61 B
— . . = <
£ 20/ . g 3 °
:E ° * - A % 44 N :
s L5 . : E ° A .
3 N . 5 34 A e
E o N 2k .
A LU A A ° e .
. A A A 24 a o N . A s e
1 1
05 ’S 4 o8 ° ?82 11 a0 ° a 2 ?Eﬁ
° © o °C3 P o (3
0.0 A0 0te : : : -
0 5 10 15 20 25 20 25 30 35 40
Rainfall (<20 mm) Rainfall (20-40 mm)
(c) 25 ) 25
. .
204 i
- . . _® . .
g . ° E ° -
= 154 = 154
§ . . g;g 15 .
g . E v
§ 104 . g 104 .
a . . 0 R N a o ., N
54a o 54 . e o
As »Q)‘f; o 6 ot 26 b %foo s 26
ng% > Py e C3 N ;@! .‘.gb%O 00 e (C3
40 50 60 70 80 90 100 110 0 20 40 60 80 100 120

Rainfall (>40 mm)

Rainfall (mm)

Figure 6: Direct runoff for different sizes of rainfall event. (a) Small rainfall events. (b) Medium
rainfall events. (c) Large rainfall events. (d) All sizes rainfall events.
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3.3 Suspended sediment yield

As shown in Fig. 8, treated forest in the C2 and C3s had higher SSC and SS flux than the undisturbed
forest in the C1. The SSY is defined as the total sediment outflow from a catchment, measurable at
a cross-section or outlet in a specified period. The SSYs of the three catchments during a 1-year
monitoring period (November 2010-October 2011) are shown in Fig. 9.
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Figure 8: Suspended sediment in the three catchments. (a) Suspended sediment concentration (SSC)
and (b) suspended sediment flux (SS flux).

Figure 9: Suspended sediment flux (SS flux) and cumulative SSY. (a) C1, (b) C2, and (c) C3.
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Table 3: Total runoff and suspended sediment yield of the three catchments.

Percentage of Total suspended

Total rainfall Total runoff runoff from sediment yield
Catchment (mm) (mm) rainfall (%) (tha!y™"
Cl1 2,978 777 27 0.15
C2 3,065 932 30 3.6
C3 2,937 1,200 41 14.9

Figure 9 shows that long duration of high rainfall intensity produced greater SS flux than that in
the long duration of low rainfall intensity. High rainfall intensity potentially destructs the exposed
bare soil, and the C3 had the largest SSY than those in the C2 and Cls (Fig. 9). The cumulative
curves of SSY indicated that the C3 loads increased significantly after late March 2011. The largest
sediment production occurred in late April until the beginning of the June 2011 period that experi-
enced high rainfall events and produced higher runoff (Figs. 5c and 9c). During the monitoring
period 1998-2012, the Environment Division of Sari Bumi Kusama company reported that there
were no records of landslide events occurred in the three catchments. The results indicated that
sediment yield in the C2 and C3s dominantly comes from soil destruction by tractor machine during
timber logging and log-hauling activities.

To clarify the impact of IFMS on the treated forest catchment, the annual water yield from cumu-
lative runoff and the erosion yield from cumulative SSYs were analysed (Table 3). The annual water
yield in the C1, C2, and C3s was 27%, 30%, and 41% of annual rainfall, respectively. The erosion
yields were 0.15, 3.6, and 14.9 t ha™! y~!, respectively.

4 DISCUSSION
4.1 Effect of the IFMS on runoff responses

A change in land use in a catchment may lead to changes in its water balance. The response time of
stream flow is generally determined by climate (mostly rainfall), vegetation characteristics, catch-
ment properties, and vegetation management practices [33]. The forest canopy serves as a barrier
against precipitation reaching the ground. Selective logging activity using tractors has opened and
destroyed approximately 4-6% of the soil surface of the forested area by creating skid trails and a
further 60—75% by pulling logs using a tractor winch. Manual land clearing for intensive line plant-
ing has opened approximately 15-20% of the forested area in the study catchment.

Growth of vegetation in the C2 (Table 2) increased canopy interception and forest floor retention.
For small rainfall events, most precipitation was trapped by the canopy in the C1 and C2s, leading
to negligible direct runoff responses to rainfall (Fig. 6b). Although the canopy cover in the C2
became almost the same as that in the C1 (Fig. 3), canopy interception and evapotranspiration rates
were slightly lower than that in the C1. These conditions led to still higher net precipitation in the
C2. For small, medium, and large rainfall events, the net precipitation in the C1 and C2s was still
lower than in the C3. In the C3 with a low canopy cover density, there was a large net precipitation
and increased amounts of direct runoff. The high canopy cover density in undisturbed areas con-
trolled the net precipitation by canopy interception and evapotranspiration.
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In addition to the rainfall interception due to canopy cover, catchment topography also affected
the runoff, particularly in response to the increase in discharge from base flow to peak discharge.
Catchment circularity, drainage density, catchment slope and main-river slope were affects how
quickly surface and subsurface runoff reach the outlet of catchment. The highest increase in dis-
charge from base flow to peak discharge was in the C3 (Fig. 7). The higher circular shape and
drainage density in the C3 (Table 1) affected the rapidity with which water could flow to the catch-
ment outlet. The circular shape may have concentrated rainwater towards the catchment outlet faster
than that of a non-circular catchment. The C3 with a circular shape may have accumulated all runoff
in the catchment outlet at the same time, leading to a fast peak time, and an increase in peak dis-
charge. Catchments with steep slopes also had the potential to deliver rainwater to catchment outlets.
The rapid response of the increase in discharge from base flow to peak discharge in the C1, similar
to the C3 (Fig. 7a), may have been influenced by the catchment slope. The increase in discharge from
base flow to peak discharge in the C2 with a non-circular and lower slope was the smallest of all
catchments (Fig. 7b).

The changes in soil characteristics by selective logging activities are also important factors for
hydrological processes. Selective logging significantly increased the soil compaction and reduced
the infiltration capacity, particularly in the skid trails. The removal of vegetation by mechanized and
manual means has changed the hydraulic properties of soils. The water impeding layers in the soil
surface can reduce the soil infiltration and yield surface runoff, which affects the volume of direct
runoff. As the proportion of precipitation that occurs as surface runoff increased, the volume of
direct runoff and the rate of flow to the catchment outlet increased. Although the recovery of forest
floor vegetation in the C3 may reduce the surface runoff, considering the results above, the effects of
total open area and soil characteristic changes are important for runoff responses. Therefore, the C3
responded quickly to rainfall and produced an annual water yield of 41% of the total annual rainfall;
Table 3).

Logged forest had less canopy cover, compacted soils, and low infiltration capacities. Conse-
quently, these conditions reduced the forest interception, evapotranspiration, and infiltration volumes,
creating a quick runoff response that was dominated by surface runoff and increased the percentage
of rainfall to runoff in the catchment. With the effect of catchment topography in the forested catch-
ments, the change of forest cover and destruction of soils are the dominant factors impacting runoff
responses.

4.2 Effect of IFMS on soil erosion

Erosion is one of the most serious problems in the Kalimantan tropical rainforest. Soil organic mat-
ter in the Kalimantan forest is very shallow at about 2-5 cm [27]. Ruslan and Manan [23] reported
that erosion and surface runoff decreased after skidding roads were abandoned in South Kaliman-
tan, and that trees, grasses, and shrubs re-colonized the bare ground. However, such secondary
forest cover neither protects soil in the same manner that primary forest does nor is able to easily
compensate for the physical damage already done to the soil (i.e. compaction, loss of soil structure,
and removal of organic litter) [18]. Hartanto et al. [22] reported runoff and soil erosion in Central
Kalimantan using plot-level monitoring. The presence of organic forest floor materials, such as a
litter layer and woody debris, is very important for preventing soil detachment in the control and
harvest plots and providing surface roughness, thus reducing runoff and soil particle movement
downslope. The absence of soil cover and surface roughness at the skid trail plots increased runoff
and soil detachment by raindrops and provided unobstructed movement of runoff and soil particles
downslope.
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The use of selective logging and intensive line planting has dramatically changed the vegetation
structure, soil properties, and infiltration capacity of the study area. These changes were com-
pounded because of the fragile Ultisol of the humid tropics. In the humid tropics, poor soil
cohesion, high rainfall, and high temperatures give rise to highly erosive soils that are very sensi-
tive to the impacts of heavy machinery and cleared vegetative cover [21,22,33,34]. Furthermore,
Ultisol is acidic and its acidity decreases with soil depth, making it more susceptible to disruption.
These soil characteristics made the study area more sensitive to logging and line planting, which
in turn augmented runoff and erosion. High rainfall intensity leads to high rainfall erosivity, as the
organic soil layer is easily eroded, decreasing soil fertility. Once a forest or even a small patch of
forest is cleared, organic matter within the soil is quickly lost. With the disappearance of soil
organic matter, the ability of the soil to recycle nutrients is also quickly lost, soil fertility rapidly
declines, and the ecosystem loses its productive capacity [13,35]. Erosion control initiatives
should be implemented as part of the clearing process, followed by vegetation restoration imme-
diately to cease the disturbance.

Previous studies have reported that reduced rain splash due to vegetation cover leads to less soil
loss [17,20]. The high canopy-cover density in the C2, which was close to that of C1, may have
intercepted more rain, thus reducing rain splash and soil loss. Indeed, the annual SSY in the C2 was
3.6 tha™! y~! (Table 3) higher than that in the C1 (0.15 tha~! y~!). C1 had the higher catchment slope
compared with C2 (Table 1). This characteristic may produce higher SSY that come from surface
erosion of the steeper slope in the C1 than in C2. However, the SSY investigation showed that the
C2 had higher annual SSY than in the C1 (Fig. 9 and Table 3). These results indicated that the C2
with similar canopy cover conditions after forested managements still yielded more suspended sedi-
ment relative to the virgin forest. This suggests that not catchment topographical characteristics but
forested managements (land use) directly affected the SSY. A previous study reported an SSY of
4.1-6.85 t ha™! y! in disturbed dry dipterocarp forest in Mae Thaang, Thailand [16]. Other catch-
ments in Sarawak Malaysia that were logged 10 years previously had a lower soil loss of 0.11-0.36 t
ha~! y~!1 [16]. These results show that the changes in forest cover and soil physical properties sig-
nificantly affect the runoff response to rainfall, particularly regarding soil erosion and sediment
discharges into the stream channel.

The degree to which the canopy affects erosion depends on the percent of the forest floor cov-
ered by the understory and the density of the canopy [11]. More understory vegetation and a
denser canopy cover lead to greater rainfall interception and retention. Although canopy density
in the C3 was lower than that in the C2, the former had more understory vegetation, leading to
more forest floor interception. Although the C3 had more understory vegetation, the annual sed-
iment yield was still high (Table 3). Commercial logging with road construction has created new
routes for surface runoff. Roadside drainage and gullies have been developed by bank erosion
and operate as part of the channel sediment supply. Steep slopes along roads and on mounds of
weathered material produced by tractors during logging activities provide potential sediment
sources. Line clearing patterns for intensive line planting often cut the contours and may produce
rill erosion.

SSC was higher in the C3 and C2s than in the C1 (Fig. 8a). The amount of SSC in the stream
channel affected the amount of SS flux. High SSC in the C3 produced a high SS flux (Fig. 8b).
Annual SSY in the C1 was 0.15 t ha™! y~! (Table 3). Compared with data from other undisturbed
forest catchments, the SSY of C1 was estimated to be low. A study on three catchments in Thailand
(Huai Bo Thong, Lam Thakhong, and Kogma) indicated that sediment yields from undisturbed for-
ests range from 0.06 t ha™' y~! in mixed deciduous forest to 0.35 tha' y~! in hill evergreen forest [16].
Soil loss in the primary forest of Sarawak Malaysia is 0.8-0.31 t ha™! y~! [16]. Studies on four
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forested catchments in Malaysia (Cameron Highlands, Johor, Selangor, and Ulu Segama) have
reported sediment yields of 0.41-3.12 tha™! y~!' [36,37]. SSY in a tropical rain forest of Panama was
reported to be 2.04 t ha™! y~! [38].

In the present study, annual SSY in the C3 was 14.9 tha! y~! (Table 3) and the difference between
C1 and C3 was 14.75 tha™! y~!. SSY observations in Ulu Segama, Malaysia, after road construction
and commercial logging increased to 16 t ha™' y~! and the increase from undisturbed to disturbed
catchments was 12.88 t ha™! y~! [15]. It is possible that the rates of erosion vary in different rainfor-
est types in relation to the differences in rates of rainfall, interception, and the nature of the ground
cover. Although the values cannot be compared directly, the results suggest that an IFMS producing
a large open forest area will produce high soil erosion yields. A management strategy is required to
control the runoff and soil erosion.

5 CONCLUSIONS AND RECOMMENDATIONS

The effect of the IFMS on the hydrological responses in a tropical Indonesian rainforest was
investigated using three different forested catchment experiments. The IFMS is an important fac-
tor in the catchment hydrology and forest management. The IFMS has increased in large scale of
open forest and exposed the bare soil, especially in the early years after forest operation. This
condition has changed drastically in the catchment hydrologic responses. The data provide strong
linkages between IFMS treatments and direct runoff-soil erosion response. There was more
direct runoff in the C3 than in the C2 and Cls. The percentage of annual rainfall that became
runoff in the C1, C2, and C3s were 27%, 30%, and 41%, respectively. In the natural conditions
of the Cl1, 27% of annual rainfall became runoff and the rest became groundwater or was
evapotranspired. The annual SSY in the C1, C2, and C3s was 0.15, 3.6, and 14.9 t ha™! vy,
respectively. This study demonstrated that direct runoff and sediment yield increased dramati-
cally during the early years after IFMS implementation. The results showed that the magnitude
of runoff and soil erosion depends on the interaction among the rainfall, forest cover changes,
forest treatment applied, and catchment characteristics. Ten years after forest operation, forest
cover has recovery close to natural condition, but still there are differences in hydrological
response. Forest cover recovery decreased direct runoff and soil erosion significantly. Proper
protection of the forest floor with an understory would also contribute in controlling the direct
runoff and soil erosion.

Forest managers implementing the IFMS in tropical rainforests should consider changes in peak
discharge, direct runoff, and soil erosion, particularly during the early years after selective logging
and intensive line planting. A proper monitoring system would allow more direct associations to be
made between management practices and their impacts, thereby enabling managers to identify prob-
lems and take appropriate preventive measures to improve management. The recommendation to
control runoff and soil erosion from logging activities in a tropical Indonesian rainforest should be
implemented to reduce the impact of logging techniques and combine ecologically based vegetation
structure design.
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