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Abstract

For the purpose of assessing the potential influence of tropical rain forest
conversion to rubber plantation on catchment hydrology, a stable oxygen
isotope was used as a tracer to identify the event water and prestorm water
components of storm runoff during low- and high-flow conditions in a native
tropical rain forest catchment (TRFC) and an artificial rubber plantation
catchment (ARPC) in SW China. Isotopic hydrograph separations for the storm
of April and September 2004 reveal that the event water made up only a small
proportion of discharge (29 and 31%, respectively) at peak flow in the TRFC,
while it made up the dominant component at peak flow (62 and 69%,
respectively) in the ARPC. The analyses suggest that in the ARPC, the universal
presence of compacted terraced tracks associated with land management would
encourage infiltration-excess overland flow. This isotopic investigation demon-
strates that tropical rain forest conversion to rubber plantation would markedly
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change the runoff generation processes in this area.

Introduction

Vegetation cover change has a profound influence on the
hydrological cycle. During the last several decades, the
adverse effects of deforestation and land cover change on
soil erosion, water yield, groundwater and salinity have
become increasingly important and recognized (Joerin
et al. 2002). Many studies indicated that forest structures
are a principal cause of hydrological differences between
watersheds (Kendall et al. 1995; Bonell et al. 1998;
Brodersen et al. 2000; Goller et al. 2005). Thus, an under-
standing of relationships between forest structure and
runoff processes is essential for the quantitative prediction
of the effects of deforestation and changes in vegetation
(Bosch & Hewlett 1981; Bent 2001; Lanea & Mackay
2001).

In Xishuangbanna, southwestern China, studies on
rainfall partitioning into its components are available for
a few primary and artificial forest watersheds (Wang et al.
2006; Liu et al. 2008). However, comparisons of the
influence of vegetation changes on either the isotopic
composition in stream flow or runoff processes are sorely
lacking. Because rubber plantation, which is mostly at the
cost of tropical rain forests, is a critical component of the
local economy and is still a large-scale practice in this

developing region (Li et al. 2008), the hydrologic balance
and runoff processes in this forest deserve to be important
topics regarding the search for sustainable agricultural
uses.

For isotope hydrology studies, the variations in the
isotopic composition of precipitation, groundwater and
stream water can provide information on a wide variety of
hydrologic processes within a watershed, including: eva-
poration, subsurface residence time of water and the
source—water components of stormflow (Maloszewski
et al. 1983; Lakey & Krothe 1996; Rose 1996; Burns &
McDonnell 1998; Gibson et al. 2000). In many cases,
isotope studies have led to the enhancement or revision
of conceptual models of catchment hydrology, even in
catchments, which were thought to be well understood
(Kennedy et al. 1986; McDonnell et al. 1990; Hooper et al.
1998; Gremillion & Wanielista 2000; Soulsby et al. 2000;
Elsenbeer 2001). Isotope hydrograph separation techni-
ques have been widely applied to characterize runoff
generation mechanisms, for delineating flow pathways,
and for estimating the water storage capacity (Harris et al.
1995). The hydrograph separation technique using iso-
topic compositions have been successfully conducted in
watershed studies to separate stormflow hydrograph
measurements into two time-source components, the
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‘mew’ rainwater (event water) and the ‘old’ prestorm
components (Fritz et al. 1976; Sklash et al. 1986; Buttle
1994; Genereux & Hooper 1998; Schellekens et al. 2004).

In this study, two perennial streams, one under a
primary tropical rain forest and another under a rubber
plantation forest, were investigated for comparison of the
source—water components and flowpaths of the two
streams during storm discharge events in the dry season
and the rainy season through the two-component mixing
model. In addition, the mean catchment residence times
of the two streams at base flow through a comparison of
seasonal fluctuations in 6'%0 were also estimated. The
objective of this study was to compare the underlying
hydrological mechanisms of the two streams during low-
and high-flow conditions. This research is a part of our
previous study on the hydrological and chemical effects of
rainfall in a tropical rain forest and an artificial forest.
However, the earlier works just focused on the difference
of fog/or rainfall interception between the two forest
types (Liu et al. 2005, 2008), and not on the runoff
generation mechanisms.

Materials and methods

Study site

The experiment was carried out at a tropical seasonal rain
forest catchment (TRFC, 51.1 ha) and an artificial rubber
plantation catchment (ARPC, 19.3 ha) in Menglun town
(21°55'39”N, 101°15'55"E) of Xishuangbanna in south-
western China, which is about 800 km from the Bay of
Bengal on the southwest. The distance between the two
forest catchments is about 5km. The site was selected
based on its representativeness of local forest types. The
TRFC (dominated by Pometia tomentosa and Terminalia
myriocarpa) spans an altitudinal range of 600-760 ma.s.l.
and vyields a perennial stream. The average slope of the
catchment is about 13°. This tropical rain forest differs
from tropical Asian lowland rain forests in that some of its
tree species are deciduous, with the forest canopy being
about 36m high. Another catchment (ARPC) for this
study is covered with an 18-year-old artificial forest of
Hevea brasiliensis Muell.-Arg., or rubber tree, which is
approximately 20 m high. The ARPC spans an altitudinal
range of 550-680ma.s.l. with an average slope of 15°,
and yields a perennial stream too. The rubber trees were
planted in terrace patterns after a complete clear cut of
forest in 1986-1988 and cultivated for economic develop-
ment purposes. Both of the catchments are underlain by
Jurassic sandstones and shales. Soils under the two forests
are lateritic soil developed from siliceous rocks, such as
granite and gneiss, and are about 1.2 and 1.4m deep,
respectively. These experimental sites are permanent
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plots dedicated to the long-term ecological research man-
aged by the Tropical Rain Forest Ecosystem Station,
Chinese Academy of Sciences. Further details of the site
characteristics, soils and forest structures are available
elsewhere (cf. Cao et al. 2006).

Climate records (1965-2005) at the ARPC site show
that the mean annual air temperature is 21.7 °C. Mean
annual rainfall is 1487 mm, of which 1294mm (87%)
occurs in the rainy season (May-October) vs. 193 mm
(13%) in the dry season (November—April). Class A pan
evaporation varies between 1000 and 1200 mm/year. The
mean monthly relative humidity is 87% (Liu et al. 2007).

Water sampling

The field investigation was conducted in two stages.
During the first stage, the weekly isotopic compositions
of stream baseflow water samples at the two catchments
were determined concurrently from January to December
2004 and analysed by Liu et al. (2007). These data were
used to estimate the mean catchment residence times for
baseflow using the well-mixed model (Maloszewski et al.
1983). The water level was recorded continuously using a
water level recorder (SW-40, ChongQing Institute of
Hydrological Instruments, China) at 90° V-notch gauging
weirs at the outlet of each catchment. These water level
data were used to calculate the stream flow volume
according to Hewlett (1982). Additionally, bulk rainwater
samples were collected at each rain event during the
study period when rainfall exceeded 5 mm at the weather
station adjacent to the ARPC. Previous study showed that
no isotopically significant difference was found between
the two forest stands in rainfall (Liu et al. 2005).

The second stage of sampling concentrated on the
short-time variability of isotopic composition in water
with changes in the discharge brought about by two storm
events: in 18-19 April 2004 (53.1 mm), corresponding to
the driest time of the year, and in 8-9 September 2004
(124.9mm), during the wettest time of the year. More
intense water sampling began just before the onset of
precipitation and continued throughout the storm and
the following day until the stage of the stream returned to
or near to prestorm levels. Stream water at the two
catchments was collected manually and concurrently,
and the sampling frequency was carried out every 2h
during the first 30 h of discharge and every 4 h following
the initial discharge recession. In addition, rainwater
samples were collected manually every 2h during the
two storm events and hourly rainfall amount data were
available from the weather station.

All water samples were collected in white, high-density
polyethylene plastic bottles and were tightly sealed to
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prevent evaporation. Samples were immediately stored at
—20°C in a refrigerator until analysis.

Oxygen-18 analysis

The oxygen isotope analyses were performed at the
Geochemistry Department, the Test Center of Lanzhou
Branch, Chinese Academy of Sciences. The stable oxygen
isotope composition was determined from a gas sample
generated from a pure liquid introduced into an isotope
ratio mass spectrometer (Finnigan MAT-252, Bremen,
Germany). The values are reported as the relative devia-
tion of the isotope ratios (e.g. '*0/'°0) from that of V-
SMOW: these are denoted as 6’30 (Coplen 1996). The
precision (% SD) of oxygen isotope result is 0.5%o. The
isotopic composition of each sample was analysed at least
twice to check for the repeatability of analysis, and the
standards were analysed to check for the accuracy of
analytical procedures.

Data analysis

Bulk values of tracer concentration during precipitation
have usually been used for the ‘new’” water measurement.
Thus, intrastorm isotopic variation of rainfall has often
been neglected in hydrograph separation. It is, however,
recognized that there were large variations in the isotopic
concentrations of rainfall during storm periods (McDon-
nell et al. 1990; Kendall et al. 1995; DeWalle et al. 1997). In
this study, rainwater isotopic compositions were deter-
mined using the incremental volume-weighted mean
approach (McDonnell et al. 1990) over the duration of
the storms to incorporate temporal variations in the
isotopic composition of the rains. By this method, only
the isotopic data of rains, which have fallen up to a
particular point in time on the hydrograph, are included
in the separation calculation and data from later rains are
not included (McDonnell et al. 1990). Precipitation mon-
itoring for this study did not attempt to assess the enrich-
ment resulting from throughfall effects, such as leaf
storage, stem-flow and depression storage (Gremillion &
Wanielista 2000). Thus, rain water samples were used for
the ‘new’ water measurement.

If it is assumed that discharge at a particular point in the
catchment is derived by simple mixing between two com-
ponents, prestorm water and event water, then two mass
balance equations can be written that describe the water
flux and the isotope flux at that point (Fritz et al. 1976). In
this study, the incremental volume-weighted mean isotopic
compositions of rainwater (McDonnell e al. 1990; Lakey &
Krothe 1996) were used to define the rain 6'®0, and the
monthly §'%0 of the stream base flow water before each of
the study storm event was used to define the 6'%0 of
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prestorm water (Burns & McDonnell 1998; Renshaw et al.
2003). The event water contribution to discharge at any
instant in time can be determined according to Burns &
McDonnell (1998). More realistic but more complex open-
system models have been developed (Harris ef al. 1995) but
are not warranted in the present application owing to lack
of detailed information on the physical and isotopic
changes occurring in the source reservoirs. However, the
separations using the two-component mixing model can
act as reasonable first approximations of the amounts of
prestorm and event water that contribute to storm dis-
charge (Lakey & Krothe 1996).

Mean residence time of the two streams at base flow
can be computed based on a simple steady-state, well-
mixed model, in which precipitation is assumed to mix
immediately with all water in the soil reservoir (Malos-
zewski et al. 1983; Stewart & McDonnell 1991). The
model assumed that the decrease in the amplitude of
outputs relative to inputs provides a basis for determining
residence times (Unnikrishna et al. 1995; DeWalle et al.
1997). For our study, the mean catchment residence time,
through a comparison of the amplitude of a best-fit sine
curve for rainfall to the amplitude of a similar curve for
stream water, is determined according to Maloszewski
et al. (1983). Given the simple nature of the model and
data limitations, the result was taken only as indicating
the residence time to a first approximation. However,
studies elsewhere suggested that the model should be
reasonably useful for such preliminary assessment (Mal-
oszewski & Zuber 1993; Soulsby et al. 2000).

In our analysis and calculations, short-time variations
of the isotopic data in this study were compared with
seasonal isotopic data of rainfall and stream water from
our previous results (Liu et al. 2005, 2007).

SPSS 13.0 for Windows (SPSS Inc., Chicago, IL, USA)
was used for all statistical calculations.

Results

April storm

During 18-19 April, 53.1 mm of rain fell over a 25-h
period, in four separate rain showers (Fig. la). The
amount of rainfall at the two catchments was identical,
and the isotopic composition was not significantly differ-
ent (Liu et al. 2005). Before this storm, the base flow
discharge at the TRFC was 0.007 m?/s, while at the ARPC,
it was 0.001 m>/s (Fig. 1b) indicating quite dry antecedent
conditions. As a result of the uncontinuous storm event,
the discharge at the TRFC gradually increased to a max-
imum of 0.078 m’/s within 16h during the storm, in
response to a peak delay of about 2.5h compared with
the peak of the storm (17.5 mm/h). During the next 8 h,
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the discharge slowly decreased, and then slightly in-
creased again following a short rain shower (9.0 mm/h),
to a second peak of 0.045m?/s in the next 4h. After the
second peak, the discharge slowly decreased within the
next 8 h and remained very steady for the following time.
For the ARPC, the discharge gradually increased during
the first 8 h, and then quickly reached to its first peak of
0.057m’/s within the next 5h, in response to a peak
delay of about 1.0 h compared with the peak of the storm.
After this first peak, the discharge showed the same
changing pattern as the discharge in the TRFC.

Rainfall 6’80 during this storm showed considerable
variation ranging from —5.95 to —4.94%., and decreased
gradually after the onset of the storm (Fig. la). This
decreasing trend occurred because of the Rayleigh dis-
tillation process, which describes an isotopic fractionation
process and rainout effects (in rain events, the initial
liquid phase of rain is enriched in "0 and *H as compared
with the later precipitation, and consequently it gets
lighter as the rain continues, a phenomenon known as
rainout effect or amount effect; Gat & Airey 2006).

3'80 of the discharge just before the onset of the storm
was —7.42 and —6.73%0 at the TRFC and the ARPC,

16 20 24 28 32 36 40 44 48

the tropical seasonal rain forest catchment (TRFC)
and the artificial rubber plantation catchment
(ARPC), 18-19 April 2004.

respectively (Fig. 1¢), showing lighter values than those of
the storm water. During the first 14 h, when the discharge
increased gradually, '®0 increased by only 0.53%o in the
TRFC and 0.82%o in the ARPC. During the next 16h,
when the discharge decreased, the isotopic shift was
slower and §'%0 value remained nearly stable for both
catchments. 6'%0 of the discharge for both catchments
became lighter during the remainder of the recession but
did not attain values seen in the prestorm discharge.

September storm

The storm event of 8-9 September lasted 24h and had
three maxima with rainfall intensities of 31.0, 13.1 and
9.4mm/h, respectively, and with 124.9 mm of rainfall fell
(Fig. 2a). The discharge responses of the two catchments
were significantly different from those observed in April
because of the heavy rain spell (Fig. 2b). The discharge at
the TRFC increased rapidly from 0.033 to 0.236 m’/s in
8h since the beginning of the storm, in response to
74.6 mm of rainfall. Compared with the peak of the storm
(31.0mm/h), the peak discharge in the TRFC was delayed
by 2.2h. During the next 14h, the discharge slowly
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decreased, and then increased again following the third
intensive rainfall, in response to a peak delay of about
1.0 h compared with the peak of the third intensive rain-
fall (9.4 mm/h). During the following time, the discharge
gradually decreased. For the ARPC discharge, it quickly
increased to a peak of 0.132m>/s within 6h during the
storm, in response to a peak delay of about 1.3 h com-
pared with the peak of the storm. During the next 6 h, the
discharge levelled off, and then decreased sharply within
the next 6h. The second peak discharge of 0.056m?/s
occurred within the next 8 h, in response to the peak of
the third intensive rainfall.

The distribution of 6'%0 values in this storm showed
considerable variation ranging from —9.52 to —8.21%o
(Fig. 2a). During the first and the second shower, 530
value of the rainfall gradually decreased, indicating the
so-called amount effect (Gat & Airey 2006). During the
third shower, 6'®0 values increased and reached to the
heaviest at the end. This rapid increase might be caused
by the change of the origin of the vapour mass.

8'80 of the discharge before the onset of the storm was
—7.91 and —7.10%o at the TRFC and the ARPC, respec-
tively, showing heavier values than those of the storm
water (Fig. 2c). During the first 10 h, when the discharge

142
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8 12

increased sharply, 630 of the TRFC decreased by only
0.64%o, while at the ARPC, it decreased by 1.92%.. During
the next 8 h, when the discharge of the TRFC decreased,
5'80 value remained nearly stable, and then increased
slowly to a stable value of —8.02%.. For the ARPC
discharge, '®0 value gradually increased within the next
18 h following an irregular linear fashion, and then
reached a stable value of —7.59%0 during the remainder
of the recession.

Hydrograph separation

Hydrograph separations were estimated using the two-
component mixing model (Lakey & Krothe 1996), as
shown in Figs 3 and 4. In our calculations, the §'®0 values
of the prestorm water for the two catchments during the
April storm were taken as —7.42 and — 6.73%o, respec-
tively, which are the monthly 680 values of the stream
base flow before the April storm event, while during the
September storm, the 6'80 values of the prestorm water
were taken as —7.91 and — 7.10%o, respectively, which
are the monthly §'®0 values of the stream base flow
before the September storm event. For the April storm,
the event water accounted for approximately 29% of the
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0.3
1(a) O Event water
m& ] & Pre-storm water
g 021
S y
S g
o 0.1 4 £
2 g
a ]
0-'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'Il|l|l|l|l|l
0 4 8 12 16 20 24 28 32 36 40 44 48
0.3
1(b)
o i
e 02
° ]
o ]
s ]
S 011
[a) i
147
(OO o o o o e e
0 4 8 12 16 20 24 28 32 36 40 44 48

Time (hours)

Fig. 4. Hydrograph separation of discharge into event water and pre-
storm components from (a) the tropical seasonal rain forest and (b) the
artificial rubber plantation catchment, 8-9 September 2004.

instantaneous discharge at the first peak flow in the
TRFC, whereas in the ARPC, it accounted for 62%
(Fig. 3). At the second peak flow, the event water
accounted for approximately 25 and 47 % of the instanta-
neous discharge in the TRFC and in the ARPC, respec-
tively. Notably, the proportion of event water in the ARPC
decreased from this second peak point to a very small,
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undetectable component, 42 h into monitoring. For the
entire 2 days of monitoring, the event water made up
25% of the total discharge at the TRFC, while at the
ARPC, it made up 49%.

For the September storm, the event water made up
approximately 31% of the instantaneous discharge at the
first peak flow in the TRFC, whereas it accounted for 69%
in the ARPC (Fig. 4). At the second peak flow, the event
water accounted for approximately 20 and 46% of the
instantaneous discharge in the TRFC and in the ARPC,
respectively. As the recession proceeded, the prestorm
water evidently began to contribute more substantial
fractions of water to stream flow, although absolute
discharge of groundwater was also receding. For the 2
days of monitoring, the event water made up 26% of
the total discharge at the TRFC, while at the ARPC, it
made up 58%.

Mean residence times at base flow

Mean residence times at base flow were computed for the
hydrological year of 2004 in the two catchments using
the well-mixed model (Maloszewski et al. 1983; Stewart
& McDonnell 1991), as shown in Table 1. Preliminary
analysis of this hydrological year suggests that the catch-
ment base flow at TRFC has a mean residence time of 341
days (0.9 years), whereas ARPC has a residence time of
193 days (0.5 years). This implies that an increased cover-
age of forest in the TRFC, together with an increasing
catchment size, allows effective mixing of input waters
and sustains flows with relatively constant isotope signa-
tures for prolonged periods.

Discussion

While discharge increased slowly during the April storm,
it increased rapidly during the September storm at both
catchments. This can be attributed to the dry and humid
antecedent conditions of soils in the dry season and the
rainy season, respectively (Liu et al. 2008). The slow
increase of discharge during the April storm in both
catchments may be attributable to the initially high
recharge capability of the unsaturated soil, which indi-
cates that there was considerable absorption of rain into
the soil profiles. As drought conditions persisted for more
than 5 months before the April storm, vadose zone water
storage should be at a minimum, which can be seen in the
rapid rate of the discharge recession, especially in the
ARPC. During the dry season, when the discharge is
minimal, a more geochemically evolved groundwater is
discharged as base flow for both catchments. These very
low flows may be sustained by groundwater discharge
from a perennially saturated zone deep within the soil, as
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Table 1 Mean 6'20 levels in rainfall and in stream base flow, and modelled amplitude of seasonal regression model and mean residence times at base
flow (Maloszewski et al. 1983; Stewart & McDonnell 1991) in the tropical seasonal rain forest catchment (TRFC) and the artificial rubber plantation
catchment (ARPC) for the hydrological year of 2004 in Xishuangbanna, southwest China

Mean residence Adjusted R? for fit of

Water type Mean (%o) Amplitude (%o) time (days) sine function to data n

Rainfall —-79 3.15 - 0.81 43
TRFC stream —75 0.53 341 0.75 24
ARPC stream —6.9 0.91 193 0.77 24

pointed out by Rose (1996). Nonetheless, the volume of
water stored in the vadose zone may have been signifi-
cantly enough to cause a shift in the isotopic composition
of discharge during the storm. This is consistent with the
variation in the isotopic composition of discharge, which
shows a dampening of the more variable §'20 signal in
rain water (Fig. 1c).

During the April storm, the discharge at the TRFC
gradually reached a peak flow within 16h after the
beginning of the storm, in response to a peak delay of
about 2.5h compared with the peak of the storm, while
the discharge of the ARPC responded quickly to the peak
of the storm showing only a short peak delay of about
1.0 h. This result is not surprising, considering the uni-
versal presence of compacted terraced tracks in the ARPC,
which resulted from the daily rubber latex collection
processing. However, the discharge responses of the two
catchments during the September storm were signifi-
cantly different from those observed during the April
storm because of the heavy rain spell and the humid
antecedent conditions. Compared with the peak of the
storm, the peak flow in the TRFC was delayed by about
2.2 h, while it show only a short peak delay of about 0.9 h
in the ARPC. Additionally, the discharge at the ARPC
decreased sharply within the following 12 h after the peak
flow despite continued occasional light rain, whereas the
discharge decreased slowly at the TRFC. These indicate
that the discharge of the ARPC responded quickly to the
high rainfall intensity despite the fact that the antecedent
soil moisture content was quite different between the dry
season and the rainy season (Liu et al. 2008). These
findings strongly suggest that stream waters in the ARPC
during the peak discharge were dominated by the event
water, which has quickly reached the stream channels by
using near-surface flow paths. This is also confirmed by
the rapid change and greater variation of 5'®0 signal in
the stream water directly during the storm event in the
ARPC (Figs 1c and 2c). Clearly, only surface flow can
explain these rapid responses and the greater variation of
isotopes in the stream water in the ARPC.

Around the time of peak event runoff at the TRFC on 8
September at 08:00 hours, the isotopic composition of the
stream flow reached a minimum, depleted only by 0.7%o
compared with the prestorm stream flow (Fig. 2), evi-

dently as a result of the presence of some the event water.
The isotopic recession to base flow continued for at least
10h, indicating gradually diminishing contributions of
event water, and was extended by at least several hours
relative to the discharge recession. This lag effect should
be attributed to the isotopic modification of groundwater
by event water, indicative of a system where surface and
subsurface hydrology are strongly linked in the TRFC. The
September monitoring occurred at a time of high recharge
to the groundwater systems, and soil contained large
volumes of water, as can be seen in the slow discharge
recession (Fig. 2). This observation essentially suggests
that when storm water is vertically recharged into the
aquifer, the existing ground water is forced out of storage
to discharge into the stream channels. As pointed out by
Bonell et al. (1998), the soil hydraulic properties of
primary/undisturbed forest surface horizons are strongly
influenced by the occurrence of soil macropores from the
proliferation of roots and related soil fauna activity
(which are more prolific under dense forests), and subsur-
face storm flow should be the more preferred pathway.
Our hydrograph separations reveal that the event water
made up only a small proportion of the discharge at peak
flow in the TRFC for both storms, whereas in the ARPC it
made up the dominant component, consistent with the
above analysis. Bonell ef al. (1998) describe an analogous
hydrological and isotopic response in high-rainfall re-
sponse-dominated tropical forested catchments of New
Zealand and Australia with sallow soil (<3 m) overlying a
bedrock. At low-rainfall intensities, they observed that
water generally is routed to stream flow via the soil
groundwater system, which can be predominantly char-
acterized as a first-in-first-out system, that is, stream flow
is dominated by old water (prestorm water). Our data in
the TRFC are consistent with this result. In many other
investigations, the preferred pathways are reported to
have caused rapid infiltration of water during a rain event
(Genereux & Hooper 1998; Igbal 1998; Elsenbeer 2001;
Goller et al. 2005). Clearly, the TRFC is capable of absorb-
ing nearly all rainfall to be later released as delayed flow
(subsurface flow), and preventing the occurrence of over-
land flow. Peak event water contributions are also dimin-
ished by the delaying effect of storage resistance of the
dense canopy (Brodersen et al. 2000; Soulsby et al. 2000),
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which may also limit direct precipitation to near-stream
areas in the TRFC.

The rapidly increasing and decreasing discharge in the
ARPC indicate that there must be substantial recharge
through the rapid transmission of water through soil
surface via overland flow. In the ARPC, the universal
presence of compacted terraced tracks associated with
land management can strongly influence the soil hydrau-
lic properties and lead to greatly reduced soil infiltration
capacity (Liu et al. 2000). Under these conditions, the
reduced infiltration capacities may encourage infiltration-
excess overland flow, which otherwise would not occur
on the undisturbed forest floor (Sandstrom 1995; Bonell
et al. 1998; Elsenbeer 2001; Goller et al. 2005). This is
consistent with the empirical observation that during the
storm, especially during the September storm, overland
flow on the terraced tracks was observed around the time
of the peak event runoff. It is apparent that there is a
tendency for the relocation of the subsoil soil ‘impeding’
layer (Bomell et al. 1998) towards the surface, which
encourages the greater occurrence of overland flow and
a corresponding increase in the erosive potential. Thus,
we estimate that a great part of the event water has
resulted from a near-surface water flow within the ARPC,
possibly as infiltration-excess overland flow and without
mixing with other waters, and then contributed to the
peak runoff. A study of Sandstrom (1995) also found that
when concerning the degraded catchment, the corre-
sponding storm hydrographs almost exclusively consisted
of event water, irrespective of the storm magnitude. The
reduction in opportunities for the discharge of old water
from the degraded catchment, correspond with the loss of
contributions from the subsurface stormflow pathways,
which had manipulated previously the former soil macro-
pore networks (Sandstrom 1995). Bonell et al. (1998)
suggested that any form of disturbance seems to cause
the surface soil fabric to collapse, thus inducing a depres-
sion storage of water. Consequently, the translation to the
surface of an impeding layer from forest conversion could
encourage a dramatic change in the preferred stormflow
pathways, and lead to the frequent occurrence of infiltra-
tion-excess overland flow. Factors influential to this effect
are the intensity of surface compaction, associated with
land management, coupled with the effects of raindrop
compaction (Bonell ef al. 1998; Burns & McDonnell 1998;
Genereux & Hooper 1998).

Hydrograph separations for the storm of April and
September reveal that more event water in the TRFC than
in the ARPC had resided. Isotopic data also indicate that
there was no large rainwater pulse contributing to the
discharge at peak flow in the TRFC. The lower event
water proportion in the TRFC suggests that the TRFC is
able to retain a large amount of event water during the

Runoff generation in small catchments

storm, irrespective of the dry or wet antecedent condi-
tions. This is consistent with the mean residence times at
base flow for the TRFC and the ARPC (Table 1), and
suggesting that the dense coverage in the TRFC, together
with an increasing catchment size, allow effective mixing
of input waters and sustain flows with relatively constant
isotope signatures for prolonged periods. The larger catch-
ment area at the TRFC can also increase the flow path
length for subsurface water to reach the stream outlet,
which can increase the opportunity for subsurface mixing
and storage. In addition, slopes on the TRFC are less steep
and soils are deeper than at the ARPC.

Clearly, any reduction in area of protective vegetation
cover encourages greater exposure of the surface soil to
raindrop impact and other anthropogenic etfects, both of
which induce compaction and consequently a greater
occurrence of overland flow (Bonell et al. 1998).
Although reforestation and soil conservation measures
can reduce enhanced peak flows and storm flows asso-
ciated with soil degradation, cumulative soil erosion dur-
ing the postclearing phase may have reduced the soil
water storage opportunities too much for remediation to
have a net positive effect. Hence, we conclude that
tropical rain forest conversion to rubber plantation in this
area would markedly change the runoff generation pro-
cesses and consequently the regional water balance.

Conclusions

(1) Isotopic hydrograph separations for the storm of April
and September 2004 reveal that the event water made up
only a small proportion of the discharge (29 and 31%,
respectively) at peak flow in the TRFC, while it made up
the dominant component at peak flow (62 and 69%,
respectively) in the ARPC.

(2) The analyses suggest that in the ARPC, the universal
presence of compacted terraced tracks associated with
land management would encourage infiltration-excess
overland flow.

(3) Mean catchment residence times at base flow for the
TRFC and the ARPC are 0.9 and 0.5 years, respectively.
(4) This isotopic investigation demonstrates that tropical
rain forest conversion to rubber plantation would mark-
edly change the runoff generation processes in this area.
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Amendments

Corrections were introduced to the paper on 30 March
2010 after its first publication online in Wiley Inter-
Science on 10 December 2009.

Please find below the list of changes made:

Page 3, section Oxygen-18 analysis: the manufacturer
detail of Finnigan MAT-252 'Thermo Electron Corpora-
tion, Waltham, MA, USA’ has been changed to '‘Bremen
Germany’.

Page 3, section April storm: values have been changed
from 0.021, 0.007, 0.233 to 0.007, 0.001, 0.078 respec-
tively.

Page 4, Figure 1 has been corrected.
Page 4, section April storm: values have been changed
from 0.137, 0.170, —4.95, —3.94, —6.52, —5.83 to

0.045, 0.057, —5.95, —4.94, —7.42, — 6.73 respectively.

Page 4, section September storm: values have been chan-
ged from 0.051, 0.373 to 0.033, 0.236 respectively.

Page 5, Figure 2 has been corrected.

Page 5, section September storm: values have been chan-
ged from 0.311, 0.133, —7.51, —6.74, —7.62, —7.20 to
0.132,0.056, —7.91, —7.10, —8.02, —7.59 respectively.
Page 5, section Hydrograph separation: values have been
changed from —6.52, —5.83, —7.51, —6.74t0 —7.42,
—6.73, —7.91, —7.10 respectively.

Page 6, Figure 3 and 4 have been corrected.
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