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Abstract

Understanding the water balance changes in the forested area is
important for managing the sustainability of water resources and
anticipating potential disturbance caused by the implementation
of a particular forest management system. This study was
conducted in a natural tropical rainforest of Central Kalimantan,
Indonesia. The objective of this study is to determine the water
balance changes in the tropical rainforest under Intensive Forest
Management System (IFMS) using a ThornthwaiteMather Water
Balance (TMWB) model. The TMWB model calculates the water
balance based on long-term average monthly precipitation,
potential evapotranspiration, and combined latitudes, soil
properties, and vegetation characteristics. The results found a
good agreement between the predicted and observed monthly
streamflows both in the natural forest and treated forest. In the
natural forest found the runoff coefficient is o.5. It is assumed
that 50% of the surplus water is actually available as streamflow
in any given month, and the rest become detention water to
supply soil moisture and ground water. It is also assumed that
50% of detention water is available as streamflow in the next
month.i-year after IFMS treatment, the runoff coefficient
increased to 0.6.Canopy cover reduction in the treated forest has
reduced the annual evapotranspiration approximately in 45.3%,
while the annual runoff has increased approximately in 33.7%
from natural forest.

The overall results of calculations using the theTMWB method
indicated that the water balance status and runoff are not
experiencing the problems leading to water deficit under natural
tropical forest conditions. These results suggest that in the
forested area, a strong relationship exists among rainfall,
evapotranspiration, and runoff production. Surface disturbances,
land-use changes, and reductions in canopy cover potentially
impact the water balance—in particular, they influence
evapotranspiration and infiltration processes that reduce
evapotranspiration and increase runoff.
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1. Introduction
Tropical rain forests are among the most important biomes
because of their high levels of primary productivity, and water and
energy exchange with the atmosphere. Tropical rain forests are
also a major source of global land surface evaporation [1] and have
profound influences on global and regional climates, as well as on
hydrological cycles [2, 3, 4, 5]. Evapotranspiration in tropical rain
forests is an important hydrological subject not only with regard to
water resources and water availability for irrigation at the local
level, but in terms of regional and global-scale water cycle studies
[4]. In the humid tropics, climate change may drastically alter
hydrological regimes, in addition to the altered rainfall patterns
and land cover transformations occurring mainly as a result of
forest conversion [6]. Consequently, such anthropogenic
alterations may further accelerate global climate changes.

However, the water balance of Southeast Asian tropical rain
forests is largely uncertain, and field studies on the exchange of
water between Southeast Asian tropical rain forests and the
atmosphere have been poorly documented compared with studies
performed in Amazonian tropical rain forests [5]. To understand
hydrological responses to catchment changes, determining the
water balance and related variables is essential. The main
components of the water budget in terms of runoff and
evapotranspiration (Et) always use indicators for analyzing
watershed conditions and describing watershed ecosystem
functions. The water balance, as calculated for a single soil profile
or for an entire watershed, refers to the balance between incoming
water by  precipitation and outgoing water from
evapotranspiration, groundwater recharge, and streamflow.
Several possible methods to calculate water balance have been
developed, but these depend on available baseline data such as
meteorology, vegetation structure, soil water characteristics, and
stream gauge data in the catchment, as well as several physical
characteristics.

Thornthwaite [7] proposed an empirical method to estimate
evapotranspiration from mean temperature data. The method was
modified by Thornthwaite and Mather [8] to make it more
applicable to a wide range of soils and vegetation. The
Thornthwaite and Mather [8] procedure calculates the water
balance for the root zone. The technique has been successfully
applied to water balances for whole watersheds and in calculations
of recharge to groundwater [9, 10, u]. In applying the TMWB
procedure for a watershed, not all water leaving the root zone is
immediately available for streamflow. Therefore, monthly
streamflow is not well predicted, unless a certain portion of the
runoff is carried over from 1 month to the next. The TMWB
assumes that 50% of the surplus water is actually available as
streamflow in any month.

The TMWB model offers a method to predict the hydrological
processes of an entire watershed; in particular, it estimates
evapotranspiration, water detention, water deficit, surplus water
available for runoff, and runoff itself. This simple model is a useful
tool for examining the transport of water and other materials in
the scales of time and space that are of interest to geochemists and
ecologists by combining several data for meteorology, physical
factors, and vegetation characteristics.
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The TMWB method has been generally accepted, particulary
for water balances with dominant vegetation cover in the
catchment. This technique uses long-term average monthly
rainfall and average potential evapotranspiration, along with
combined latitude and soil and vegetation characteristics. The last
two factors are combined in the water-holding capacity (WHC) of
the root zone. The method is applicable in those areas that are
poorly monitored and can predict seasonal trends in rainfall,
evapotranspiration, surplus or deficit in soil moisture, and runoff
potential.

The objective of this chapter is to determine the water balance
changes in the tropical rainforest under Intensive Forest
Management System (IFMS) wusing a TMWB model.
Understanding the water balance changes in tropical rain forests is
crucial to the effective management of water resources in these
managed forests.

Methods
2.1. Study site

2.

The study was conducted in a tropical rainforest at the Bukit Baka
Experimental Catchments, which are located in the headwater
region of the Katingan watershedin Central Kalimantan. Two
experimental catchment were used to calibrate the model,
annatural catchment (mo ha) (natural forest) and treated
catchment(149 ha) with IFMS treatment (treated forest). The
treated catchmentwas forest that had been selectively logged and
1-year-old line planted (Figure 1).

T
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Figure 1Experimental catchments. (a)Natural catchment. (b)Treated
catchment.

2.2.IFMS

Traditional forest management in Indonesia consisted of the
Indonesian selective cutting and replanting system (TPTI). The
TPTI system conducts replanting in open forest areas including
the log-landing areas, logging-road buffers and ex-cutting areas.
Forest growth depends on the growth of natural regeneration. In
the harvesting periods that followed TPTI, forest poroductivitywas
found to decrease over the first harvesting period. It has been
shown that TPTI does not succeed in restoring forest potency in
the harvesting periods that follow (Sianturi and Kanninen, 2005).
To achieve sustainable forest management and maintain forest
productivity, the management of tropical Indonesian rainforests
then changed to an Intensive Forest Management System (IFMS),
which was implemented officially in 2002. The main activities are
timber harvesting using a selective logging method and forest
rehabilitation with intensive line planting. Timber harvesting
involves logging road construction, selective tree cutting, log
skidding on skid trails, log hauling to log yards, and transportation
of logs.

In the IFMS phase of timber harvesting, several additional
logging road system controls are imposed to minimize the impact

of logging roads. This includes the alignment of logging roads
along the contour and proper drainage for road surface runoff.
Selective logging is carried out by the typical current commercial
logging practices with cutting regimes of 40 cm diameter at breast
height (DBH) for commercial dipterocarp and non-dipterocarp
timber.

The IFMS phase after selective logging is forest rehabilitation with
intensive line planting. Intensive line planting involves line
clearing and line rehabilitation.
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Figure 2 Canopy cover in the IFMS, after selective logging and intensive
line planting.

About 15%-20% of the forest area is a clear-cut line to enrich
the standing stock using an intensive strip-line planting system
(Figure 2).About 200 seeds per hectare are typically planted, and
the expected standing stock at the end of rotation (30 years) is
approximately 400 m3 per hectare, assuming 160 trees per hectare
with an average diameter of 50 cm (or 2.5 m>per tree)[12].

2.3.TMWB Model

The method uses air temperature as an index of the energy
available for evapotranspiration, assuming that air temperature is
correlated with the integrated effects of net radiation and
additional controls such as evapotranspiration and that available
energy is shared in fixed proportions between heating the
atmosphere and evapotranspiration. Thornthwaite and Mather [g]
assumed that 50% of the surplus water is actually available as
streamflow in any given month. For a small watershed in New
Jersey, 75% of the total runoff was assumed to be carried over to
the next month, and good agreement was found between the
predicted and observed monthly streamflows|[13, 14].

This method has been tested using measured runoff in the Rio
Macho basin in Costa Rica, and the results indicated that this
method can be satisfactorily applied to estimate mean monthly
streamflow[15]. The TMWB method is useful for description,
classification, management, and research [16].

The empirical equation developed by Thornthwaite, which relates
the evaporation to mean air temperature is
a
PE:16[1CTH ’ )
where PE is the monthly potential evapotranspiration, T is the
monthly mean air temperature (°C); I is a heat index for the
station, which is the sum of 12 monthly heat indices i given by i =
(T/5)"", and a is a cubic function of I.

This method of computing the monthly water balance was
revised and sumarized by Thornthwaite and Mather [9]. To
determine the water balance at a site, the following specific
information is necessary:

(@) latitude,

(b) mean monthly air temperature,
(c) monthly precipitation,

(d) runoff conversion coefficient,

(e)

information of the WHC for soil at the depth for which the
balance is to be computed.
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Temporally varying inputs are monthly rainfall (P) and
potential evapotranspiration (PE) in millimeters. Field soil
moisture capacity (FSMC) varies as a function of soil texture and
plant rooting depth (estimated from general information on
vegetation type), which are used for calculating the water storage
(ST). Accumulated potential water loss (APWL) is the sum of
negative values from the difference P - PE,, accumulated from 1
month to the next over a 1-year period. Soil moisture has a
maximum value equal to ST. The moisture status of the soils
depends on the APWL, which is calculated by two different
methods depending on whether the potential evaporation is
greater than or less than the cumulative precipitation [14].

For months when the potential evapotranspiration is in excess
of the precipitation, the APWLis incrementally calculated from the

differences in potential evapotranspiration ( 2 PE,) and

precipitation (3P),
APWL,=APWL,-A,+ (YPE,- 3P) (2)

whereAPWL, is the accumulated potential water loss at time t
(mm), APWL-At is the accumulated potential water loss at time t

- At (i.e., previous month; mm), 2 PEt is cummulative

evapotranspiration over time period At (mm), and 3P is the
cumulative precipitation over the time period At (mm).

The relationship between APWL and the amount of water stored
in the root zone is expressed as

ST, = ST, | exp| ~oM-. G)
ST,

whereST, is the available water stored in the root zone at time t

(mm) and STjis the available water storage at field capacity in the

root zone (mm).

Months when potential evaporation is less than the
precipitation (P), the storage in the soil is calculated as the
difference between the potential evapotranspiration and measured
precipitation:

ST,=ST~A,+ (- YP-YPE,) (4)

If the storageST; at time t is higher than field capacity, then the
percolation (Rech,) is simply calculated as

Rech, = ST, - ST, A, + YP - Y PE, (5)

and the APWL is set equal to zero. If, on the other hand, the
moisture content in the root zone does not reach field capacity,
then the APWLcan be found by combining equations (3) and (4),
and no percolation will occur in this situation:

ST, +XP-XPE (6)
ST

APWI, =—STIn

Temporally varying inputs are monthly precipitation (P) and
potential evapotranspiration (PE,) in millimeters. FSMC varies as a
function of soil texture and plant rooting depth (estimated from
general information on vegetation type). APWL is the sum of
negative values from the difference P - PE,, accumulated from 1
month to the next. Soil moisture, the available water stored in the
root zone (ST), has a maximum value equal to FSMC and decreases
as a function of APWL according to equation (2). From these data,
one calculates the actual evapotranspiration (AE,).

The above information and calculation are used to derive total
water available for runoff (TARO) as surplus water. Runoff (RO) is
total flow with some detention to account for temporary storage,
i.e., the surplus soil moisture. For a particular month, RO is some
fraction (k< 1) of TARO for that month, as calibrated for the
system. Water detention (DET) is detention water for the
groundwater supply. The DET is equal to the remaining portion of
TARO and represents temporary water storage as surface ponding,
a raised groundwater table, and oversaturation of the soil.
Thornthwaite and Mather [8, 9] suggested that for large
watersheds, k should be about 0.5 and should increase for smaller
watersheds, steep topography, and shallow soils.

2.4. Field observation

Meteorological data used were from three manual raingauges
measured since 2001 and one unit automatic weather station
installed in 2009. Meteorological data of monthly rainfall and
temperature were observed during 2001 to 2012.

Field observation in the experimental catchments was
conducted in 20u. A Parshall flume and a water-level logger with a
time interval of 15 min were installed at each catchment
outlet.Streamflow observations were conducted from January to
December 20m1.

3. Results and Discussion

3.1. Meteorological characteristics

The available rain gauges provide an adequate coverage of
elevation and topography. Monthly rainfall and average
temperature are shown in Table 1 and the annual rainfall is given
in Figure 3.

Table 1 Monthly rainfall and average temperature
Monthly rainfall (mm)

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 201 2012 Avg. (°C)
Jan. 337 426 215 371 287 307 395 232 332 318 267 226 310 28.75
Feb. 279 252 406 88 289 453 395 171 143 575 176 401 302 28.50
Mar. 195 3091 528 259 286 145 388 494 288 404 236 377 332 28.68
Apr. 331 469 235 413 278 321 433 346 400 376 247 383 353 28.62
May 191 200 255 404 256 414 303 226 175 323 402 214 280 2879
June 185 480 295 86 310 646 454 298 120 463 192 188 310 2818
July 200 120 141 326 222 26 442 432 242 182 120 277 228 2829
Aug. 87 60 225 o 188 9 379 592 140 477 58 292 209 28.86
Sep. 524 48 274 191 153 31 279
Oct. 360 225 344 131 586 87 477 535 362 332 546 156 345 2846
Nov. 320 308 204 420 561 301 278 352 463 198 510 231 353 2851
Dec. 129 443 141 335 280 280 538 416 538 263 4u 313 341 2874

Total 3136 3424 3263 3024 3694 3390 4762 4610 3223 4383 3451 3212 3631

Temp.

516 20 471 283 154 269 28.61
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Figure 3 Annual rainfall from 2001 to 2012.

According to the forest climate classification system of
Schmidt and Ferguson [17], the area is type A (very wet) tropical
rain forest (monthly average rainfall > 100 mm). The mean annual
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rainfall from 2001 to 2012 was 3631 mm, with the highest average
monthly precipitation (353 mm) occurring in November and the
lowest average monthly precipitation (209 mm) occurring in
August (Table 3.1). The number of rainy days varies from 95 to 112
days, and the mean annual temperature is 30°C—33°C at noon and
22°C-28°C at night.

The FSMCis described as the WHCthat varies as a function of
soil texture and plant rooting depth (estimated from general
information on vegetation type from the SBK company concession
area). The estimated soil depth within the watershed was between
200 and 300 cm. Soil texture was dominated by clay loam and the
available water was 250 mm/month. The root zone depth average
was 1.60 m. A combination of available water and root zone depth
produced a WHC of 400 mm.

3.2. Canopy cover changes

The IFMS changed the forest canopy cover. The profile of
vegetation structure and composition was monitored in 1-hectare
permanent sample plot (PSP) in each catchment.Selective logging
and intensive line planting significantly decreased forest canopy
cover by reducing the number of trees. Tree canopy cover
conditions in the catchment area are shown in Figure 4.

@)

West > East

(b)

Horizontal projectionVertical projection

Figure 4Tree canopy cover in the PSP. (a) Natural forest. (b) Treated
forest.

The percentage tree canopy cover was 80.1% in the natural
forest (Figure 4a). Canopy cover decreased to 49.3% in the treated
forest with IFMS(Figure 4b). Thus, IFMS has decreased the canopy
cover by approximately 38.5% [18].

3.3. Calibration of the runoff coefficient in the

natural catchment
The TMWB model requires only one calibration parameter, which
can be termed the runoff coefficient (k), used to estimate monthly
runoff (RO) and detention water (DET). Streamflow measured at
the natural catchment in 2011 was used to calibrate between runoff
observed with the stream gauge and the runoff calculated using
the TMWB method. Several calibration values of kwere analyzed
to find the highest coefficient correlation between observed runoff
from stream gauge and calculated runoff using TMWB method.

The highest correlation coefficient of 0.82 was found for a k value
of 0.5. Calculated TMWB values in 2011 is shown in Table 2.

Figure 5 shows the agreement between observed and
calculated runoff (RO) for the natural catchment. The assumption
was made that 50% of the total water available for runoff (TARO)
or surplus water in the present month will become runoff and the
rest will become detention water (50% of the detention water will
flow out in the next month).

Table 2 Monthly water balance in the natural catchment
Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec. Total
267.4 176.2 236.4 247.5 40L9 1921 120.4 58.4 283.4 546.0 5103 412 345L3
m6 14.8 109.0 1092 109.5 103.9 1.8 1059 107.4 109.6 102.9 100.7
0.0 0.0 00 -47.5 00 0.0
355.2 400.0 400.0
103.2 107.4 109.6
2.7
0.0

P

PEt
APWL
ST
AEt
DEF
TARO

0.0 0.0 0.0 0.0 0.0 0.0

400.0
1.6

400.0 400.0
14.8 109.0
00 0.0
614 127.4 1383 202.4

RO 93.4 69.6 791 10L0 180.8 172 264 65.6 2510 312.8 2571 15561

DET 77.9 307 637 691 1462 441 43 65.6 2182 203.7 1553
Note: all values are prorated per unit area and expressed as millimeters of

water flux

400.0 400.0
109.5

0.0

400.0
103.9
0.0
88.2

400.0
m.8

400.0 400.0
100.7 1293.6
0.0

310.6 2157.7

109.2 102.9

0.0
155.8

0.0 0.0

87

0.0
1312 436.4

0.0 0.0
407.4
2.2

0.0

——Observed

B = Calculated

N
[/
[/
[/
. )

T T T T
Jan Feb Mar Apr May Jun Jul

Aug Sep Oct Nov Dec

FiguresMonthly runoff comparisons between observed and calculated
using TMWB model in the natural forest.

The calculated water balance underestimated runoff during the
dry season and overestimated runoff during the rainy season
compared to the perennial stream in the observed natural
catchment (Figure 5). These errors resulted because surface soil
moisture storage (ST) did not remain constant over these periods.

3.4. Calibration of the runoff coefficient in the
treated catchment

Streamflow measured at the treated catchment with IFMSin 20mn
was used to calibrate between runoff observed with the stream
gauge and the runoff calculated using the TMWB method.The
highest correlation coefficient of 0.81 was found for a k value of
0.6. Calculated TMWB values for treated catchment in 2omu is
shown in Table 3.

Table 3 Monthly water balance in the treated catchment

Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec. Total
P 267.4 176.2 236.4 2475 4019 1921 1204 58.4 2834 546.0 5103 412 34513
PEt 625 643 6.0 612 613 582 626 593 601 614 576 564
APWL 00 00 00 00 00 00 00 -485 0.0 0.0 0.0 0.0
ST 400.0 400.0 400.0 400.0 400.0 400.0 400.0 354.3 400.0 400.0 400.0 400.0
AEt 625 643 610 612 613 582 626 565 601 614 576 564 7231
DEF 00 00 00 0.0 0o 00 00 28 o0 0.0 0.0 0.0
TARO 1395 59.7 1788 2704 3303 Q0.6 717 0.0 422 3276 414 343.8 2266.0
RO 99.14 63.71 119.20 198.02 252.25 120.43 6116 14.34 25.30 205.00 312.36 288.58 17595
DET 5579 23.88 7151 10817 1321 36.25 28.69 0.00 16.86 131.04 164.56 137.53

The comparison between calculated runoff from Table 3 and
observed runoff from stream gauge in the treated catchment is
shown in Figure 6.
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Figure 6Monthly runoff comparisons between observed and calculated
using TMWB model in the treated forest.

Figure 6 shows in the treated catchment with IFMS
increased the runoff flow in the stream channel. IFMSdecreased
the canopy cover by 38.5% of natural catchment and lead to the
formation of large canopy openings, resulting from tree felling,
skid trails and haul roads constructions [18]. A large open
canopy in the treated catchment reduced the forest interception
and transpiration, increasing net rainfall reaching the forest
floor and may increasing the soil moisture.

3.5. Monthly water balance

Figure 7 shows the average monthly water balance at the study
site from 2001 to 2012, illustrating expected relationships among
rainfall (P), evapotranspiration (AE,), and runoff (RO). Using
the fitted coefficient k (o.5), the TMWB value for natural forest
in the study site was calculated for the 2001-2012 period. The

calculated water balance is shown in Figure 7a.The fitted
coefficient k for treated forest is 0.6, and the water balance
shown in Figure 7b.

Figure 7 shows that natural forest produced higher monthly
evapotranspiration and lower monthly runoff than that in the
treated forest. Lower canopy cover density (Figure 4) in the
treated forest accelerates the amount of net rainfall in the forest
floor. Surface disturbance from logging and line planting
activities potentially reduced the surface retention and
infiltration capacity, which willproduce larger surface runoff
than that in the natural forest. Figure 7 also indicate that the
water detention (water surplus - runoff) in the natural forest is
larger than that in the treated forest. Water detention is
important for groundwater supply.

It shows that runoff occurs throughout the years with
minimum runoff taking place mainly from July to September,
and the maximum runoff occurring from November to January.
The dry season is dominated by high potential
evapotranspiration (PE,), which draws surface soil moisture
storage (ST) down so that from July to September, the runoff is
at a minimum near zero. Water surplus is defined as total water
available for runoff (TARO). This water surplus then used to
produce both runoff (RO) and detention water (DET).

Even though the study site was classified as a tropical rain
forest climate, a dynamic variation in the rainfall-runoff
response still occurred throughout the years. The dry season
took place largely from June to October, while the rainy season
occurred predominantly from November to May with two peaks
in rainfall amount at the beginning and end of the rainy season.
Transitions between the dry and rainy seasons were so sharp
that soil moisture storage (ST) was a significant factor in total
water available for runoff (TARO). The reduced ST caused the
TARO to be utilized for ST first, with the remaining being used
as runoff.

(a) 700

600
500
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mm mo™*

200

100
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e Water surplus —Rainfall

——Actual evapotranspiration = Runoff

(b) 700 T
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300

mm mo™*
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e Water surplus

——Actual evapotranspiration

Figure 7 Time series of the long-term monthly water balance from 2001 to 2012. (a) Natural catchment. (b) Treated catchment.
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3.6. Changes in monthly evapotranspiration

During the monitoring period from 2001 to 2012, the variation
data from monthly rainfall and calculated evapotranspiration
(AE,) were used to determine the water balance characteristics
at the study site. Figure 8 shows the evapotranspiration
reductions between natural forest and treated forest.

The monthly evapotranspiration in the natural forest for a
12-year period ranged from 81 to 151 mm m-1 (mean = 109.8 mm
m-1). Annual evapotranspiration ranged from 1217 to 1519 mm.
Annual evapotranspiration was similar to that found in a
previous study in Bukit Tarek, Malaysia, which found that
evapotranspiration ranged from 1243 to 1605 mm [4].
Evapotranspiration, measured using a 80-m-tall canopy crane in
Lambir Hills National Park, Sarawak Malaysia, resulted in an
annual evapotranspiration (sum of evaporation and
interception) of 1545 mm, accounting for approximately 72% of
the total rainfall [5].
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Figure 8Evapotranspiration reductions between natural forest and
treated forest.

Selective logging and clear line for intensive planting
reduced the canopy cover and interception. This change has
reduced the evapotranspiration from forest canopy. For a 12-
year period of treated forest, the AE, ranged from 50 to 99 mm
mo ' (mean = 62.6 mm mo ').Annual evapotranspiration ranged
from 687 to 850 mm.

3.7. Changes in monthly runoff

Interannual and monthly variations in rainfall were used to
directly examine the relationship between rainfall and runoff.
Calculated runoff is not strictly surface runoff, but includes
water removal for use outside the watershed as well as
subsurface flow and groundwater flow. In the water balance
concept, it is instructive to consider how antroppogenic activity
may alter the natural water flow. There are two aspects of
altered flow. The first is the reduction in total flow by water
removal from the system. The second is the alteration of the
shape of the natural hydrograph by water capture during
periods of high natural flow and release during periods of low or
no natural flow [19].

Figure 9 shows a linear relationship between monthly
rainfall and runoff for natural forest and treated forest with
IFMS treatment.

500
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Figure 9 Relationship between monthly rainfall and runoff in the
natural forest and treatedforest with IFMS.

Figure 9 shows in the natural forest condition, 47.6% of
monthly rainfall become runoff, while in the treatedforest with
IFMS, 62.4% of monthly rainfall become runoff. The high
canopy cover density in untreated areas controlled the net
precipitation by canopy interception and evapotranspiration.

3.8.Annual water balance changes

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, catchment properties, and vegetation
management practices [20]. The forest canopy serves as a
barrier against precipitation reaching the ground. Canopy cover
reduction led to lower evapotranspiration and higher net
precipitation in the treated forest. 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 planting has opened
approximately 15-20% of the forested area in the study
catchment. Forest disturbances have changes the water balance
significantly. The annual water balance changes between
natural forest and treated forest is shown in Table 4.

Table 4 Annual water balance changes

Natural forest Treated forest

Evapotranspiration* 28 - 47 % 15 - 26%
Runoff* 40 - 55% 59 — 68%

Note:*Percentage of annual rainfall

Table 4 shows the canopy cover reduction in the treated
forest has decreased the annual evapotranspiration
approximately in 45.3% of annual evapotranspiration in the
natural forest. Annual runoff in the treated forest has increased
approximately in 33.7% of annual runoff in natural forest.

Logged forest had less canopy cover, compacted soils, and
low infiltration capacities. Consequently, these conditions
creating quick runoff responses that was dominated by surface
flow and increased the percentage of rainfall to runoff in the
catchment. The change of forest cover and destruction of soils
are the dominant factors impacting runoff responses.

4. Conclusions
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The results found a good agreement between the predicted and
observed monthly water balance both in the natural forest and
treated forest. Runoff coefficient in the natural forest is o.5. It is
assumed that 50% of the surplus water is actually available as
streamflow in any given month, and the rest become detention
water to supply soil moisture and ground water. It is also
assumed that 50% of detention water is available as streamflow
in the next month. 1-year after IFMS treatment, the runoff
coefficient increased to 0.6. Canopy cover reduction in the
treated forest has reduced the annual evapotranspiration
approximately in 45.3%,while the annual runoff has increased
approximately in 33.7% from natural forest.

The overall results suggest that in the forested area, a strong
relationship exists among rainfall, evapotranspiration, and
runoff production. Surface disturbance, land-use changes, and
reductions in canopy cover potentially impact the water
balance—in particular, they influence evapotranspiration and
infiltration processes that reduce evapotranspiration and
increase runoff.

In order to achieve the sustainable forest management
system, the forest management practices should consider and
attempt to minimize forest disturbance during IFMS
treatments. Adequate protection of the forest floor with strict
control over logging activities might reduce the impacts on
water balance.
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