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Abstract

The effects of three fire regimes—(1) burning early in the dry season (June), (2) burning late in the dry season (September)
and (3) not burning (protected from wildfires)—on the water quality, water yield and export coefficients of three intermittent
streams, which flow between December and June, have been examined in a tropical savanna in northern Australia. The stud
was conducted over a three year period in Kakadu National Park, and employed a comparative catchment approach thougt
without any pre-treatment data. The canopy cover, density of riparian vegetation, litter- and ground-cover of the catchment
burnt early in the dry season (catchment E, stream E) and the unburnt catchment (catchment U, stream U) were similar. Fires lit
late in the dry season (catchment L, stream L) however resulted in tree mortalities, and a lower canopy cover (50% less),
riparian tree density (80% less) and litter cover, and increased amounts of bare ground; thereby increasing catchment L’s
susceptibility to erosion. This resulted in episodic runoff events from catchment L in November and December, before
continuous wet season flow. These events, absent in catchments E and U, featured high concentrations of total suspende
sediment (TSS), volatile suspended sediment (VSS), N, P, Fe and Mn up to 10 times those measured later in the wet seasor
During continuous wet season flow between December and June, baseflow water quality of the three streams were similar.
Storm runoff concentrations for N and P were also similar, however stream L storm runoff concentrations of TSS, VSS, Fe and
Mn were 2-5 times higher than those measured in streams E and U. Despite this, only the export coefficients for TSS from
catchment L (average 61 kg H3 were significantly higher (average 2.4 times) than catchment E and U coefficients. This was
attributed to the overwhelming influence of stream volume, relative to concentration, in determining stream load and hence
catchment export coefficients (load/catchment area). The apparently negligible impact of the fire regimes on VSS, N, P, Fe and
Mn export coefficients, and also the overall low sediment export coefficients for the three catchments which were up to 100
times less than that reported for other tropical environments, were ascribed to the low catchment slopes (average 0.5%), low soil
fertility, maintenance of a protective surface gravel lag, the negligible impact of the fire regimes on water yield, and the
sometimes lengthy (maximum 6 months) period between burning and r@n@f00 Elsevier Science B.V. All rights reserved.
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1. Introduction

Fire is a dominant feature of tropical savannas,
which are characterised by a seasonal cycle of profuse
E-mail addressessimon.townsend@nt.gov.au (S.A. Townsend), tati th thy t )f/ I %b
michael.douglas@ntu.edu.au (M.M. Douglas). Vege ation growth over _e wet season, lollowed Dy a
1 Fax: +61-8-89-466-847. period of “drought” lasting several months when
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grasses, herbs and other vegetation dries out (Gillon, of factors which affect the hydrologic response of
1983). Prior to human habitation of the Australian catchments to fire. These factors include: (1) the
continent, wildfires in the tropical savannas (i.e. frequency, intensity and spatial extent of burning;
woodlands and open forestensuMott et al., 1985) (2) climate, notably rainfall pattern; (3) catchment
were ignited by lightning strikes during the end of the characteristics (e.g. slope, soil, ground-cover, land-
dry season, between October and December (Gill et use, the proportion of vegetation burnt and its
al., 1990). Aboriginal occupation, beginning at least regrowth); and (4) the time interval between burning
50,000 years ago, has increased fire frequency andand subsequent runoff.
extended the duration of the fire season. Traditional This paper examines the effect of three fire
fire management by Aboriginal people produced a regimes—(1) early dry season fires, (2) late dry
mosaic of burnt and unburnt land (Haynes 1985), season fires, and (3) no fire (protected from wild-
with most fires lit between June and October fires)—on stream water quality, water yield and
(Braithwaite, 1991). Over the last 150 years, export coefficients at Kapalga Research Station.
European settlement has further modified the inci- Sediment export represents the synthesis of catchment
dence of fire. Today, the current dominant fire erosion, whilst fluvial exports of nitrogen and phos-
management regime is early dry season (May—June) phorus are fundamental components of any catchment
burning to reduce the risk of wildfires later in the ‘dry’  nutrient budget. The concentrations and loads of iron
(Andersen et al., 1998), though these still occur. The and manganese have also been determined. Elevated
most appropriate fire regime, however, to achieve concentrations of these metals in water supply reser-
land-use and social objectives, whilst maintaining voirs can impair the aesthetic quality of potable water
the ecological integrity of the savannas is a conten- (WHO, 1984). Moreover, the aquatic chemistry of
tious issue in Australia (Andersen et al., 1998) and iron is linked to the solubility of phosphorus
elsewhere in the tropics (Gillon, 1983). (Stumm and Morgan, 1981), and indirectly the trophic
Most research into the hydrological response of state of lakes. The effect of fire on some catchment
catchments to burning has been conducted in sub-vegetation features, of hydrologic significance, are
tropical and temperate climates (see reviews by also reported.
Chandler et al., 1983; Attiwill, 1991; Bayley and
Schindler, 1991; Scott, 1993). Exceptions, however,
include experiments performed by Hudson et al. 2. Climate, catchment descriptions and fire
(1983a,b) into the effect of fire on the steep terrain treatments
of the Honduran pine savannas, and studies of the
impact of combined clearing-felling and burning of Kapalga Research Station (F28'E, 1240'S) lies
Malaysian rainforest (Malmer, 1996). To assess the in the wet/dry tropics of northern Australia (Fig. 1).
effect of fire management on the Australian tropical Annual rainfall at Jabiru, 50 km east of the study sites,
savanna woodlands, a landscape-scale fire experimentaverages 1473 mm, with 66% falling between January
was undertaken (Andersen et al., 1998) at Kapalga and March, and 98% falling between October and
Research Station in Kakadu National Park (Fig. 1).  April. Convective storms account for most of the
The effects of fire on catchment erosion and region’s rainfall, whilst larger scale weather phenom-
geochemical cycling of plant nutrients are two critical ena such as cyclones and rain depressions can produce
issues, amongst others, addressed by this experimensustained rainfall lasting up to 10 days. Between
(Andersen et al., 1998). Extrapolation of the findings December and April, rainfall exceeds evapotranspira-
of fire studies from other regions to the savanna wood- tion and the requirements for soil moisture replenish-
lands of Australia was considered unwise, as the ment (McDonald and McAlpine, 1991). Most streams
impact of catchment burning on streams varies in the region are intermittent, typically flowing
considerably. For example, sediment loads following between December and June.
fire range from undetected impacts (Richter et al., The wet season spans two calendar years. For
1982; Britton et al.,, 1993) to 100-fold increases brevity, each wet season is referred to by the second
(Brown, 1972; Wells, 1985). This reflects the range year, when the majority of rain falls. For example, the
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Fig. 1. Study catchments and rain gauges at Kapalga Research Station (Kakadu National Park, northern Australia). Catchment E was burnt earl,
in the dry season (June), catchment L later in the ‘dry’ (September), whilst catchment U was protected from fires and remained unburnt.
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1993 wet season refers to the period from October soils that have negligible pedologic organisation and

1992, when the first rains fall, to May 1993 and
includes the high rainfall months of January, February
and March 1993.

The three study catchments lie within 6 km of each
other (Fig. 1). Catchments L and U are of similar size,
being 6.7 and 6.6 kf respectively. Catchment E is
18.0 kn?, almost three times the area of the other two
catchments (Fig. 1). The terrain of the three catch-
ments is gently undulating, with slopes averaging
0.5% (Fig. 1). The catchments are 50 km inland

from the Arafura Sea coastline at an average elevation other

of 30 m (Fig. 1).

Intense weathering has produced soils of low
fertility (Calder and Day, 1982; Day et al., 1983;
Hubble et al., 1983), whilst laterisation has led to
iron enrichment of the soils, and the formation of
iron nodules, ironstone gravels and outcrops of
ferricrete (Story et al., 1969; Isbell, 1983; Duggan,
1988). A surface veneer of ironstone gravels and
sand is common. Duggan (1988) reports the soils in
the region are generally well drained, though percola-
tion can be restricted by a ferricrete horizon. Outcrops
of ferricrete, and exposed parent rock, are negligible

can be classed as FAO—-Unesco Leptosols, Fluvisols,
Solonchaks, Arenosols and Regosols (Isbell et al.,
1997). Tenosols sensu Isbell, 1996) are weakly
organised, apart from the A horizons, and would be
classed as mainly FAO—UNESCO (1990) Cambisols,
Leptosols, Fluvisols (Isbell et al., 1997).

Catchment vegetation consists mainly of open
forest, dominated by mixeBucalyptuscommunities
(Wilson et al., 1990). Canopy dominants are mainly
Eucalyptus miniatandE. tetrodontawith a range of
genera with pan-tropical affinities (e.g.
Terminalia Buchanania comprising the canopy
sub-dominants (Williams and Douglas, 1995;
Russell-Smith, 1996). Crown canopy cover ranges
from 30 to 80% and canopy height ranges from
approximately 12 to 18 m (Williams and Douglas,
1995; Russell-Smith, 1996). Total basal area ranges
from approximately 7 to 13 Aha * (Cook, 1994).
The under-storey is dominated by tall C4 grasses
which may reach a height of up to 3 m during the
wet season (Russell-Smith, 1996). The dominant
grasses include annugbgrghumspp.) and perennial
(Heteropogon triticeus species (Williams and

as a percentage of total area in the three catchments.Douglas, 1995; Russell-Smith, 1996). The grasses

The Kapalga catchments lie on the Koolpinyah land

cure progressively throughout the dry season and

surface which has been formed by the erosion of older provide much of the fuel for fires. The fuel loads in

surfaces comprising mainly of Late Tertiary sedi-

catchments burnt early in the dry season were about

ments (Story et al., 1969). The upper portion belongs 40% lower (average 3.2thJ, and comprised

to the Kysto land unitgensuStory et al., 1969; Fig. 1)
with soils to 1 m depth (Cook, unpublished data) and
classified as red and yellow Kandosateifsulsbell,
1996), whilst the lower catchment belongs to the
Keefers Hut land unit gensuStory et al., 1969),
with deeper soils (maximum 1.5 m, Cook, unpub-

lished data) classified as grey and brown Kandosols,

arenic Rudosols and orthic Tenosokefisulsbell,
1996). The Kysto land unit comprises, respectively,

mainly of grass (72%), compared to catchments
burnt later in the ‘dry’ which featured a lower propor-

tion of grass (41%) and higher proportion of leaf
material (Williams et al., 1998).

Apart from a small number of bush tracks and
unsealed roads on the catchment boundaries, there
has been no clearing in the study catchments. The
catchments are in a near undisturbed state.

Three fire regimes were investigated (Fig. 1): early

42, 45 and 53% of the catchments L, U and E. Soil dry season fires (catchment E, stream E) lit in June,
clay contents range from 5—-15% at the surface to 15— late dry season fires lit in September (catchment L,
30% at depth, with ironstone nodules and ferruginised stream L) and an unburnt catchment (U, stream U)
fragments of parent material typically increasing with protected from fires spreading into the catchment,
depth (Cook, unpublished data). though subject to lightning strikes. Experimental
Kandosols ¢ensulsbell, 1996) describe soils that fires were lit annually between 1990 and 1994. Prior
lack strong textural contrast, with massive or weakly to this, the catchments were burnt by low intensity
structured B horizons and are not calcareous. They fires in 1988, and remained unburntin 1989 (Williams
approximate the FAO—UNESCO (1990) Ferrosols et al., 1999). This study employed a comparative
classification. Rudosolssénsulsbell, 1996) refer to catchment approach, and assumed the three
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Table 1
Fire intensity, extent of catchment burning and the proportion of ground cover burnt by fires lit early and late in the dry season at Kapalga
Research Station, northern Australia

Parameter Year Catchment Catchment
E, burnt L, burnt
early in the late in the
dry season dry season

Fire intensity (kW m?%)? 1990 5000 18 000

1991 1000 1900
1992 300 6000
1993 1000 6000
1994 3800 7000
Average 2200 7800

Estimated percentage area 1990 100 100

of each catchment burnt by 1991 70 95

experimental fires 1992 90 100

1993 55 100
1994 70 100
Average 77 99

Ground cover remaining 1990 0 0

after fire (% of pre-fire 1991 30 3

ground cover) 1992 12 0

1993 26 0
1994 21 0
Average 18 <1

2 Subset of data reported by Williams et al. (1998).
® Andersen et al. (1998, Table 2).
¢ Williams, unpublished data. See Williams et al. (1998) for details on the methods used to measure fire intensity.

catchments were not intrinsically different. Whilst the and Knight, 1991). Late dry season fires burnt almost

authors believe this assumption is justified, based on the whole catchment and incinerated nearly all ground

the catchments’ common landforms and managementcover (Table 1). Early dry season fires, in contrast,

history, the findings presented here cannot, neverthe-were not as extensive (Table 1), burning between 55

less, be considered totally conclusive owing to the and 100% of the catchment, and an average of 77% of

absence of pre-treatment data to evaluate the contri-ground cover. A smaller proportion of catchment E’s

bution made by any hydrologic differences between riparian zone was burnt, compared to the remainder of

the catchments unrelated to the fire treatments. the catchment, because these areas dried out more
The intensity of fires was measured by the Byram slowly. Fires late in the dry season, however, burnt

line of fire intensity, which is defined as the heat yield through the riparian zone and over the dry stream

of fuel X fuel loadx rate of forward spread (Byram, beds.

1959). Fires lit early in the dry season were, on aver-

age, 78% less intense than fires lit late in the ‘dry’

(Table 1). The high fire intensities measured in 1990, 3. Methods

compared to subsequent years, resulted from the accu-

mulation of fuel since 1988. Crown fires were not 3.1. Rainfall, and water sample collection and

observed during the study (Williams et al., 1998). analysis

The intensity of the Kapalga fires were relatively

low compared with intensities of 100,000 kW ™ Daily rainfall was measured at Naramu Camp

reported for forest fires in temperate Australia (Gill (Fig. 1), 2km south-west of catchment U’s
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headwaters. Over the 1993 and 1994 wet seasonsrunoff. This separation method was chosen to calcu-

fortnightly rainfall totals were also measured at
Gabarlgu, 4 km north of the hydrograhic station on
stream L, and Plofr, 1 km west of catchment E

(Fig. 1).

late the water quality of storm runoff events and base-
flow periods directly from the concentration data, and
does not require separation of storm runoff into its
stormflow and baseflow components and estimation

At a flume on each stream, hydrographic data and of their respective concentrations. This latter method
water samples were collected over the 1993, 1994 andhas been applied to the analysis of solutes (e.qg.
1995 wet seasons for streams L and U, and the latter Lesack, 1993), but was considered inappropriate for
two years for stream E. Water levels were recorded particulates because their concentrations are influ-
continuously, and discharge calculated from a rating enced by in-stream processes such as sedimentation,
curve based on at least 10 gaugings over a range ofresuspension, production of organic detritus, and
discharges. Water samples were collected automati- stream bank erosion.
cally in response to stream discharge, to sample storm The separation methodology applied to the Kapalga
events, and on average every 3 days during periods ofhydrographs requires only two criteria; one for the
baseflow. Between 82 and 219 samples were collectedcommencement, and the second for the cessation of
from a station over a wet season, varying with the a storm runoff event. The criterion for the commence-

number of storm events and the incidence of equip-
ment failure. At least two-thirds of storms and base-
flow periods were sampled in any one year for an
individual stream.

Water samples were analysed by APHA (1985)
standard methods for the following variables and, in

ment of a storm event was defined by a rapid rise in
total runoff and the proportion of stormflow, and
concurrent sharp decrease in the proportion of base-
flow (Fig. 2a). The proportion of total flow comprising
baseflow or stormflow was determined according to
Nathan and McMahon (1990), applying a filter

parentheses, APHA method numbers: total phos- parameter value of 0.925. The authors report their
phorus (424F), nitrate (418F), nitrite (418F), total technique provides a similar stream baseflow/storm-
Kjeldahl nitrogen (420A, 417G), and total and volatile flow separation to traditional graphical techniques for
suspended sediment. The latter approximates organica range of stream variabilities and catchment sizes,
matter. Over the first two wet seasons, filterable and whilst being fast and objective.

residual iron and manganese (303A, 304) were Selecting a criterion for the end of a storm event is
analysed, and summed to give total concentrations. more arbitrary, as the passage from stormflow influ-
Over the third wet season, water samples were enced water quality to baseflow influenced water
analysed directly for total concentrations of iron and quality is transitional, rather than discrete. Moreover,
manganese (303A). The three nitrogen concentrationsas a proportion of total flow, baseflow tended to

were summed to give total nitrogen.

3.2. Hydrograph separation into periods of baseflow
and storm runoff

Baseflow refers to runoff derived from groundwater
and soil water of longer residence time than storm-
flow, which refers to runoff associated with overland
flow and subsurface flow of shorter residence time.

increase asymptotically relative to total flow (Fig.
2b). The approach applied here was to select a
proportion of total flow represented by baseflow to
mark the cessation of a storm runoff event. This was
based on careful examination of water quality data
during and following a storm. The cessation of a
storm runoff event was defined when baseflow
comprised 80% of total flow (Fig. 2b), as water qual-
ity concentrations immediately preceding this value

These flow categories are, however, arbitrary and more closely resembled storm runoff water quality,

constitute a conceptual convenience rather than a defi-rather than baseflow quality several days later. If a
nitive description of the source and path of water subsequent runoff event intervened before the 80%
(Nathan and McMahon, 1990). The hydrographic value was reached, a new runoff event was declared
records for the Kapalga streams have been separatedFig. 2c).

into periods of baseflow, and periods comprising both  The volume of baseflow and storm runoff was

stormflow and baseflow which are referred to as storm calculated by trapezoidal integration. Selection of
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100 . ’ 3.3. Estimation of storm runoff and baseflow
1 )/"/_H \ concentrations and export coefficients
80
E 60_'(3) The water quality of baseflow and storm runoff
2 1 periods is summarised by their volume-weighted
£ | mean concentrations. The number of samples repre-
S 20; senting a storm varied in proportion to the storm’s
1 Baseflow ' Baseflow maximum discharge; ranging from three samples for
o t+———"———T— small storms to 18 samples for the largest storm runoff
o 0 1 2 3 events. Volume-weighted mean concentrations of
n i 1(b) b baseflow a_nd st_orm runoff perlo_ds were calcu!ated
T, 0.4 by trapezoidal integration, for integration periods
“g 85 defined by the mid-point between sample times.
o e Not all baseflow and storm runoff events were
2 02 - A 0 sampled. The quality of baseflow periods not sampled
5 ] | was estimated by averaging the concentration of
o M b Smm, """ samples collected immediately preceding and follow-
i l?astfﬂolw | runoff Baseflow ing the unsampled baseflow period. This is considered
a reasonable approach because baseflow concentra-
3 tions of consecutively sampled periods, for all six
— water quality parameters, varied by less than a factor
b of two.
S . The volume-weighted mean concentrations of
% unsampled storm runoff events were estimated by
5 1 stepwise linear regressions. For each stream and wet
é‘-; season, a regression was computed for each water
quality variable, where the dependent variable
0 RN W El e comprised the calculated storm volume-weighted
o0 i 1.0 mean concentrations from sampled storm runoff
Time (days) events. Five independent variables were selected

based on the hydrological features of the storm and
Figd- 2t- Examplef? gthydmgfafl?h Sepa_faﬁog i?éo E’efiof?S of bgssf'ow antecedent conditions. These variables were: (1)
ana storm runoit. Storm runoftlr comprises potn stormriow an ase- H H H
flow. (a) Stream L, 22 January 1955. Baseflow as a percentage of Storm. dur{:\tlon, (2) storm maximum dISCharge’ (3)
total discharge, determined by the technique of Nathan and McMa- the time interval between the commencement of
hon (1990). (b) Stream L, 22 January 1995. Water sample collection Continuous wet season flow and the storm’s maximum
(open circles), total discharge (continuous line) and baseflow discharge, (4) the time interval between the discharge
discharge (dotted line). The vertical lines represent different criteria  maxima of the storm not sampled and the preceding
(baseflow as a percentage of total discharge) to select the cessgtionstorm, and (5) the maximum discharge of the
of storm runoff. (c) Stream L. 27-28 January 1995. Consecutive .
storm runoff events. preCEdlng storm.

Each regression was performed using untrans-

formed, logy transformed and log-log,, trans-
threshold values close to the 80% value varied the formed data to satisfy assumptions of normality and
volume of storm runoff by approximately 6%. For equal variance. All regressions were tested for
example, over the 1995 wet season, the volume of statistical significance at the 5% level by an analysis
storm runoff from stream L, compared to the 80% of variance for the regression and its residuals. To
value, was 4.4% lower for a 75% threshold, and 5.3 estimate the volume-weighted concentrations of
and 8.8% higher for threshold values of 85 and 90%, storms not sampled, the regression with the highest
respectively. coefficient of determinationR?) was selected. The
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regressions accounted for an average of 60%, andwhich tests equality of means, to take into account
between 29 and 95%, of the variation in the dependent inter-annual influences associated with wet season
variable (Table 2). The collation of the data from three rainfall. Stream E has not been included in these
wet seasons for a stream did not generally improve the tests because it was represented by only two wet
coefficients of determination which were on average seasons of data.
one-third less than the average of all the individual  Vegetation and storm water quality data have been
regressiorR? values (Table 2). analysed by single and multiple ANOVAs, atitksts

A statistically significant regression was not deter- (Zar, 1974). To satisfy the assumptions of normality
mined for all water quality parameters (Table 2). In and equal variance, the data has beengldgns-
such cases, the volume-weighted mean concentrationformed. All tests were performed at a 5% level of
of a storm not sampled was equated to the average ofsignificance. Multiple comparisons have been
all the storm volume-weighted mean concentrations conducted for statistically significant ANOVAs by
for that wet season. the Tukey procedure (Zar, 1974) to determine which

Wet season loads for each water quality variable variable means differ.
were calculated by multiplying volume-weighted
mean concentration and discharge volume, for each
baseflow and storm runoff period, then summing over
the total wet season. Annual export coefficients have
been calculated by correcting loads for catchment
area.

4. Results
4.1. Catchment and riparian vegetation

Canopy cover was significantly different between
the three catchments (one-way ANOVA= 0.017),
with cover in catchment L about half that in catch-

Canopy cover in the catchments was assessed inments E and U (Fig. 3a; K E=U, Tukey's test,
December 1993. At three sites in each catchment p < 0.05). This difference was attributable to high
(including at least both land units) six measurements tree mortality in catchment L caused by fire (Williams
of percentage canopy cover were made using a etal., 1999).
convex, hemispherical densiometer (Model-A, Forest  Although not quantified during the wet season, bare
Densiometers, Bartlesville, Oklahoma, USA). The ground cover was higher in catchment L, relative to
densiometer was held at a height of approximately catchments E and U. The loss of litter cover by burn-
1m, and an average was taken of four readings ing in catchment L was compensated to some extent
made at right angles to each other (Lemmon, 1957). however, by leaf fall caused by canopy scorching.

In October 1994, woody vegetation was sampled in ~ Tree density in the riparian zone was significantly
the middle and lower reaches of stream L and U. At different in catchments L and U, with density in catch-
each reach, four quadrats (two on each bank) were ment U five times the density in catchment L (Fig. 3b;
located within a randomly selected 200 m section. three-way ANOVA, p < 0.001). A survey of the
Each quadrat enclosed an area of 0.06 ha, runningriparian woody vegetation in catchment E was under-
30 m along the bank and 20 m away from the bank. taken in 1997, after the catchment continued to be
To calculate tree density, all woody vegetation above burnt annually early in the dry season. Although not

3.4. Vegetation surveys

1 m height was counted in each quadrat. directly comparable to the surveys conducted in 1993,
o results indicate that riparian tree density is similar to
3.5. Statistical tests catchment U (Douglas, unpublished data).

Paired-samplet-tests (Zar, 1974) have been 42 Rainfall and stream discharge
conducted to test the hypothesis that the difference
between stream L and U variable values, over three  Total annual rainfall for the 1993, 1994 and 1995
wet seasongn = 3), is zero, assuming these differ- wet seasons averaged, respectively, 1476, 1336 and
ences are normally distributed about zero. This test 1652 mm (Table 3). The predominance of rainfall by
was chosen, in preference to the standatest convective storms, and their sometimes small rainfall
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Table 2 5

Stepwise linear regressions, using an entry criteriof ef 4.0, to determine the volume-weighted mean concentration of unsampled storms for TSS (total suspended sediment),
VSS (volatile suspended sediment), P, N, Fe and Mn. The regression analyses tests for the statistically significant contribution of five independent variables, listed below
(A,B,C,D,E). The regressions were performed on untransformed and transformed data (see below). Each regression’s variables are listedulativéheeguession coefficient

of determinationR?), in order of their decreasing contribution®3. The probability of each regression is also presented. A regression was not selected when an analysis of variance

for the regression and its residuals exceeded 0.05. The early burnt catchment was lit in June, whilst the late burnt catchment was lit iri September

Early burn,  Early burn,  Early burn,  Late burn, Late burn, Late burn,  Late burn,  Unburnt, Unburnt, Unburnt, Unburnt,
1994 1995 both years 1993 1994 1995 all years 1994 1994 1995 all years
TSS A: 0.51 C:0.71 C:0.31 D0.41 A: 0.36 A:0.40 A 0.24 C:0.93 D™ 0.64 C:0.41 C:0.39 %
E:0.72 p<0001  D:0.57 ¢: 0.64 p=0.05 C:0.65 B :0.36 p<0001 A™ 082 B: 0.72 p<0001 >
p =003 p<0001  B:0.80 p=0005 C:0.53 p=0002 A:0.78 3
p=0.046 D": 0.59 p < 0.001 g
p = 0001 8
o
VSS A 0.79 C:0.34 D: 0.40 A" 0.49 A™: 0.57 No regr. A 0.25 C. 0.69 E: 0.62 C:0.31 B: 0.44 <
p=0.001 p=0.011 A" 0.57 C:0.73 B™: 0.079 B*: 0.40 p < 0.001 A: 0.85 B: 0.48 E: 0.50 =
p=0001 p=0028 C*0.87 C*": 0.45 p=0015 p=0014 p<o0001 §
p = 0.006 D" 0.52 &
p=0.029 8
<
P A: 0.45 A 0.59 A" 0.30 No regr. A: 0.59 A 0.45 A 0.31 No regr. A" 0.68 E: 0.29 A" 0.35 g
p=0047 p<0001  E*0.43 p=0006 C:0.59 D' 0.38 p=0003 p=0022 p<0001 3
p = 0.006 p=0042 p=0045 o
<
N D™ 0.51 A" 0.32 A:0.22 A:0.92 E™ 0.35 A" 0.41 A" 0.51 Cc"0.27 A" 0.42 B 0.34 B™ 0.26 g'
p=0.030 p=0.014 D: 0.34 C. 0.95 B™: 0.57 B™: 0.56 D" 0.62 A" 0.47 p=0.042 p=0.012 p < 0.001 g
p=0046 p=0049 D™078 p=0039 p=0001 E* 0.63 <
p = 0.009 p=0.015 N
~
Fe No regr. E: 0.23 0. 0.18 D 0.39 B™: 0.33 C"0.28 C:0.14 No regr. E: 0.50 B: 0.29 No. regr. &
C:0.43 p=0028 p=0048 p=0062 A™ 0.50 D' 0.23 C:0.73 p=0.022 f
p=0.017 B*™: 0.71 p = 0.002 p = 0.048 i~
p=0.008 R
w
~
Mn D: 0.84 No regr. D" 0.23 C™:0.39 No regr. A:0.26 C:0.09 No regr. C:0.52 K:0.57 No regr.
p < 0.001 p=0011 p=0017 C: 0.47 p = 0.048 p=0020 D™0.71
p=0019 p = 0.001

2 Regression variables: & Time interval between the commencement of continuous wet season flow and storm discharge maxiailimgBnterval between the discharge
maxima of the preceding and unsampled storms: &torm maximum discharge; ® Maximum discharge of preceding storm;=EStorm duration. Transformation$:=
independent variables lggtransformed;” = both independent and dependent variablegllgnsformed.
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Fig. 3. Mean and standard deviation of (a) canopy cover and (b) riparian tree density for catchments U (unburnt catchment), L (burnt late in the
dry season) and E (burnt early in the dry season). No data is presented for catchment E riparian vegetation.

area and seemingly random paths, produced consider-supported by statistical tests for streams L and U total
able spatial variation of rainfall totals (Table 3), vary- wet season yield (paired-sampteest;p = 0.29), and
ing by as much as 583 mm over a wet season despitethe proportion of stream total discharge defined as
their close proximity. This was also evident when storm discharge (paired-samphgest;p = 0.75).
hydrographs for the three streams were compared, as
major storm runoff events in one stream were not 4 3 Stream water quality
always accompanied by events of similar magnitude,
or not all, in the other two streams. Episodic runoff events from catchment L carried
As is characteristic of the region’s climate, rainfall ash and high concentrations of all the water quality
was not recorded between May and September, with variables tested. The volume-weighted mean concen-
the first wet season storms occurring in October trations of these events were as much as 10 times
(Fig. 4). Continuous wet season flow in the three higher than those measured later in the wet season
streams commenced between late December andin stream L (Figs. 6—8). The volume of episodic
early January, and ended between mid-May and late runoff events in stream L was relatively small though,
June (Fig. 4). Stream L, however, also featured nine averaging 0.23% of total annual discharge. Due to
episodic runoff events in November and December, their relatively high concentrations however, these
preceding continuous wet season discharge (Fig. 4) storms contributed a disproportionally large amount
each wet season. These events did not occur into the total annual mass of each parameter exported
streams E and U. from catchment L. On average, episodic runoff events
The catchments produced varying water yields exported 5% of TSS, 3% of VSS and P, and 2% of N,
within and between wet seasons (Fig. 5). No consis- Fe and Mn annual total load.
tent or pronounced difference in water yield is The mean and standard deviation of volume-
discernible between the catchments. Moreover, the weighted mean concentrations of sampled storms
proportion of total discharge defined as storm runoff are presented in Figs. 6—8. ANOVAs have been
was much the same between wet seasons, excludingoerformed for each water quality variable to compare
stream E in 1994 and stream L in 1995 (Fig. 5). Thisis the concentrations for each wet season and catchment.

Table 3
Annual rainfall (mm) for three stations close to the Kapalga catchments E, L and U (see Fig. 1 for locations). Annual period commences
September 1

Annual period Naramu Camp Gabarlgu Prot Average Maximum minus
minium rainfall

1992/93 1363 1241 1824 1476 583
1993/94 1407 1180 1336 1336 227
1994/95 1652 1652
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Two-way ANOVAs, where year (1994, 1995) and

catchment (E, L, U) are factors (Table 4), found catch-

ment L concentrations to be significantly higher than the regressions for the three streams, suggesting the
the other two catchments for all variables except P and hydrologic processes determining stream water qual-
N. Wet season was a significant factor for only P and ity are similar between the catchments. However, the
Mn (Table 4). This pattern was also evident for range of regression models needed to predict storm
streams L and U for the 1993 wet season (Table 4), runoff water quality indicates the complex interac-
with significant differences being found for TSS, VSS, tions between storm water quality and catchment
P, and Fe. The same analyses for base flow waterhydrology.

quality data (Fig. 9) revealed no statistically signifi- The amount of variability explained by the regres-
cant differences between the three catchments or wetsions differed markedly between water quality vari-
seasons. ables. The largest proportion explained was for TSS

To assess the overall water quality of storms and and VSS concentrations (me& =~ 70%), followed
calculate their export coefficients, the water quality of by P, N and Mn (mearR? = 56%), then Fe (mean
storms not sampled has been inferred from linear R? = 48%). With the exception of P, concentrations
regressions. These explained, on average, 57% ofof the water quality parameters were not explained by
the variability of storm water quality for stream E, any one independent variable. Overall, the “time
and 61% for streams L and U (Table 2). No interval between the commencement of wet season
pronounced differences were discernible between flow and storm maximum discharge” and “stream
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(a) Episodic events maximum discharge” appeared most frequently in
. s s @ statistically significant regressions, occurring in one-
] third of regression equations. In the case of phos-
' ' ' phorus, most regressions employed the “time interval
between the commencement of wet season flow and
1 storm maximum discharge” variable, though with
{ } various transformations, indicating a catchment
a % % “wash-off” or “exhaustion” effect.
25 . . 2 ; 2 Annual export coefficients varied by at least a factor
of two between wet seasons (Fig. 10). This is ascribed
3 (©) Episodic events to variation in stream discharge volume rather than
) 3 3 the concentration of water quality variables, as linear
: ' . . regressions of export coefficient (dependent variable)
. . and stream volume (independent variable) explained
(d) Continuous wet season discharge .. .
an overall average of 82% of the variation in annual
{ { { export coefficients (Table 5). The remaining percen-
- § % % % § tage is explained by variations in water quality vari-

N WA W

15 (b) Continuous wet season discharge

log,, iron (ug )

—eo—i

able concentration. The predominance of volume,
rather than concentration, in determining catchment
0 y - y exports coefficients concurs with that reported else-
1993 1994 1995 where (e.g. Grobler and Silberbauer, 1985; Crosser,
¢ Swaml, o SweamlU, O SweamE 1989). Most of the stream load (overall average 69%)
Fig. 8. Kapalga streams L (catchment burnt late in the dry season), was tranSported during storm runoff (Table 6)’ rather
U (unburnt catchment) and E (burnt early in the dry season) mean than baseflow.
and standard deviation of lagransformed volume-weighted storm Despite the high proportion of load transported by
iron (a, b) and manganese (c, d) congentrations for episodic ‘runoff storm runoff and the higher storm runoff concentra-
eyents (a, c; stream L only), and contlr?uo_us wet season continuous tions for stream L (Figs. 6-8) for most of the water
discharge (b, d). Note, lggscale ofY-axis (i.e. 2= 100). . . -
quality variables, only TSS export coefficients

Log,, manganese (ug )

Table 4
Statistical tests of catchment and wet season effects op, ff@gpsformed) storm volume-weighted mean concentrations for total suspended
sediment (TSS), volatile suspended sediment (VSS), phosphorus, nitrogen, iron and manganese

TSS VSS P N Fe Mn

(a) Student's-tests for 1993 stream L and U storm water quality data. Probability that effect is due to chance
Hypothesis for each test: no effect of catchment on mean concentrations

Probability of difference <0.001 <0.001 0.15 0.26 0.001 <0.001
between catchments

(b) Two-way ANOVA for streams E, L and U; 1994 and 1995 data. Probability that effect is due to chance

Hypothesis i (catchments) <0.001 <0.001 0.18 0.14 <0.001 <0.001

Hypothesis 2 (wet season) 0.17 0.06 <0.001 0.95 0.09 0.003

Interactior? 0.39 0.09 0.08 0.46 0.33 0.43

Significant(P < 0.05) pairwise multiple comparisons for significant ANOVA tests (Tukey test)

Catchment L and U; L and U; L and U; L and U;
Land E Land E L and E Land E

Wet season 1994, 1995 1994, 1995

# Hypothesis 1: there is no effect of catchment on mean concentration.
® Hypothesis 2: there is no effect of wet season on mean concentration.
¢ Hypothesis 3: there is no interaction of catchment and wet season on mean concentration.
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Fig. 9. Kapalga streams L (catchment burnt late in the dry season), P, N, Fe and Mn export coefficients for Kapalga catchments L (burnt
U (unburnt catchment) and E (catchment burnt early in the dry late in the dry season), U (unburnt) and E (burnt early in the dry
season) mean and standard deviation of volume-weighted concen- season).
trations for periods of baseflow, 1993-1995. (a) total suspended
sediment, (b) volatile suspended sediment, (c) phosphorus, (d) nitro-

gen, (e) iron and (f) manganese. catchment hydrology (Chandler et al., 1983; Lindley
et al., 1988; Lavabre et al., 1993; Scott, 1993), and is
(Fig. 10) were significantly higher (average 2.4 times; analogous to increased water yields caused by catch-
paired-sampléd-test, p < 0.018) from catchment L  ment clearing (see Bosch and Hewlett, 1982; Sahin
than catchment U, and by inference catchment E and Hall, 1996). In this study, however, no clear
which had similar coefficients to catchment U. Export evidence exists for higher water yields from the
coefficients for VSS, P, N, Fe and Mn did not differ burnt catchments, either as baseflow or storm runoff,
significantly between catchments. although this could be expected from catchment L
owing to its lower canopy cover, relative to catch-
ments E and U, and decreased rainfall interception

5. Discussion and evapotranspiration from tree foliage.
The marked variability of catchment water yields
5.1. Catchment yield and storm runoff most likely reflects the spatial variability of rainfall

from discrete convective storms as these comprise
Increased water yield, due to reduced evapotran- most of the region’s rainfall, compared to larger
spiration, is a commonly reported effect of fire on scale weather phenomena such as rainfall depressions.
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Table 5

Regression coefficient&f) between stream load (dependent variable) and runoff volume for 1993, 1994 and 1995 wet seasons. Least-squares
methodn = 3 for each water quality variable (regressions for stream E could not be calculated as only two wet seasons of data were collected).
A high R? value indicates that much of the inter-annual load variation is attributable to variation in volume, whereas the rethairkfor

indicates the proportion of load variation attributable to volume-weighted mean concentrations. Where the regression coefficient is almost 1.00,
variation is ascribed mainly to runoff volume because the mean water quality variable concentrations were almost the same for each wet seasol

Wet season  Suspended sediment Volatile suspended sediment Phosphorus Nitrogen Iron Manganese
L U L U L U L U L U L U

Storm,R? 0.97 0.77 0.99 0.99 0.95 0.93 097 099 096 0388 061 0.73

Base,R? 0.15 0.98 0.03 0.99 0.10 0.17 0.63 099 026 098 096 0.86

Total, R? 0.64 0.96 0.93 0.96 0.85 0.57 091 094 090 094 068 085

A study by Sun (1998) employing a dense network of grasses (includingSorghumspp.), compared with
rain gauges, 200 km west of the Kapalga catchments the dominant woodland tree species in the region,
but sharing the same climate, found the correlation have been measured by Hutley (Northern Territory
between total rainfall and distance between rain University, unpublished data) and determined from a
gauges to decrease markedly with increasing distancewater balance study (Cook et al., 1998). Bowman et
when compared to a reference gauge. For example,al. (1988) found grass cover increased inversely with
one hour rainfall totals were correlated 0.7 at a canopy cover in Kakadu National Park, following
distance of 2.5km and 0.5 at a distance of 9 km regular burning late in the dry season. This is
when compared to a reference point. Such variability supported by field observations of greater grass
of rainfall, and the absence of pre-experimental data, cover in catchment L during the wet season, compared
reduces the study’s ability to detect the impact of fire to catchments E and U. Overall, the net effect of burn-
regime on catchment yields. ing late in the dry season on catchment L’s water yield
Decreased tree evapotranspiration in catchment L seems to be negligible.

was probably countered by high losses through Episodic runoff events, early in the wet season,
grasses. Higher rates of evapotranspiration from were characteristic of stream L, but absent in streams

Table 6

Percentage of wet season load transported by storm runoff (see Methods for definition) in Kapalga streams L, E and U. The remaining
percentage was transported by baseflow

Wet season L U E L U E
Suspended sediment Volatile Suspended sediment

1993 92 71 81 61

1994 79 56 94 57 47 91

1995 89 92 88 73 81 82

Average 87 73 91 70 63 87
Phosphorus Nitrogen

1993 44 54 58 53

1994 30 58 91 53 36 91

1995 52 82 83 65 85 85

Average 42 65 87 59 58 58
Iron Manganese

1993 67 51 78 50

1994 59 37 87 66 36 89

1995 69 79 75 78 78 79

Average 65 56 81 74 55 84
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E and U. Two factors, both associated with intense most part, within an order of magnitude of values
fires, probably account for the occurrence of these reported for other catchments in the region with negli-
events. Firstly, catchment L’s lower litter cover and gible human activity (Hart et al., 1987; Duggan, 1988,
higher percentage of bare ground, and reduced resis-1994; Padovan, 1997). Higher TSS coefficients calcu-
tance to overland flow. Secondly, catchment L's lated by Duggan (27-583 kg h} are ascribed to
lower canopy cover, and consequent reduced rainfall different catchment relief and parent geology, which
interception, relative to catchments E and U. Else- include sandstone uplands with average slopes of 5%.
where, increased stormflows have been related to Such areas are not found in the Kapalga catchments.
water repellent soils that were induced by severe Nitrogen, phosphorus and suspended sediment export
fires (see Scott and Van Wyk, 1990). But we did not coefficients from the Kapalga catchments are up to 2
test for this, and it is doubtful that regular burning at orders of magnitude less than that reported for other
Kapalga allows for the accumulation of fuel loads and tropical regions (see Hudson et al., 1983a; Lesack et
severe fire that are typically associated with such more al., 1984; Lewis, 1986; Saunders and Lewis, 1988;
marked hydrological responses. Lewis and Saunders, 1989), and ascribed to the low
Episodic storm runoff, before continuous wet fertility of the Kapalga soils, low slopes, long history
season flow, has been recorded, albeit infrequently, of weathering and the negligible human disturbance
in other catchments with similar vegetation to of the catchments.
catchments E and U (Townsend, unpublished data). The higher concentrations of TSS, VSS, Fe and Mn
Consequently, it is likely that burning late in the dry in stream L, relative to streams E and U, could be due
season has increased the frequency of these eventsto the following characteristics of catchment L: (1) the
relative to catchments E and U, assuming there are dislodgement of soil by rainfall impact, associated
no overriding intrinsic differences between the catch- with the catchment’s lower canopy cover; (2) greater
ments. Hydrograhic data collected in the 4 years overland transport of sediment attributable to the loss
following the cessation of the Kapalga fire experiment of litter cover and riparian vegetation, and greater area
(Townsend, unpublished data) provides evidence that of bare ground; and (3) greater susceptibility of stream
the frequency of these episodic events were indirectly banks to erosion associated with their reduced riparian
related to the fire regimes of the study catchments. vegetation. There is no evidence of higher storm
Since May 1995, catchment L'’s fire regime has been discharge maxima in stream L, when compared with
replaced by occasional wet season burns to kill grass stream U which drains a similar catchment area
seedlings and early dry season burns to encourage(Fig. 5), and thereby higher erosive energy in
revegetation, whilst the fire regimes of catchments E stream L.
and U have been maintained. Over this 4-year period, An insight into erosion in the region can be gained
only two pre-wet season episodic events were from erosion pin studies undertaken by Duggan
recorded in catchment L, and none in catchments E (1988, 1994) who examined the relationship between
and U. Itis likely the re-establishment of ground- and soil loss and the following: soil type, slope angle
litter-cover, and a 50% increase in canopy cover has (0.1-5%) and length, foliage-, ground- and litter-
protected catchment L from rainfall impact and inhib- cover in the lowlands of Kakadu National Park. She
ited overland flow, thereby reducing the frequency of concluded that erosion rates were mainly related
episodic events. These observations partly support the(R® = 0.57) to pre-wet season litter cover whilst the
conclusions of Duggan (1988, 1994), discussed in other factors listed were uncorrelated to soil loss. In
detail below, who emphasised the significance of addition to litter cover, Duggan (1988, 1994) also
pre-wet season ground- and litter-cover in preventing emphasised the significance of soil surface gravel

soil erosion. lag (a covering of gravel sized particles) in reducing
erosion by restricting the detachment and entrainment
5.2. Stream water quality and export coefficients of finer, underlying soil particles. When this is

disturbed, for example by mining and construction
Volume-weighted mean concentrations and annual activities, suspended sediment exports increase by
export coefficients for the Kapalga streams are, for the more than 2 orders of magnitude (Duggan, 1988),
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even on slopes as low as 3%. The higher sediment concentrations (Tiedemann et al., 1978; Schindler et
export coefficients from catchment L, which were al., 1980; Leitch et al., 1983; Maass et al., 1988;
only double those of the other catchments, indicate Belillas and Roda, 1993). The Kapalga phosphorus
the catchment’'s gravel lag has not been significantly export coefficients indicate no pronounced differences
disturbed, even after three consecutive years of annualbetween the three catchments and their fire regimes.
burning. This is probably due to the negligible human Additional small losses of phosphorus carried by
activity in the Kapalga catchment. The doubling of stream L’s episodic events, equivalent to 2% of the
catchment erosion at Kapalga compares with 3-fold total load, if maintained over many years, however,
(Roose, 1971, cited Gillon, 1983) and 50-fold may reduce the phosphorus reserves of the catchment
(Granier and Cabanis, 1976, cited Gillon, 1983) unless replaced by increased accession by wet and dry
increases in soil loss following burning in grazed precipitation. The negligible effect of burning on
African tropical savannas. annual phosphorus exports, compared to other studies,
The much lower density of riparian vegetation in probably reflects the low fertility of the regions’ soils
catchment L (compared with catchment U) probably and its small phosphorus reserves for erosive trans-
contributes to the greater sediment export from this port. Phosphorus is usually particulate bound (Ties-
catchment. Riparian vegetation is known to reduce sen, 1995), yet increased sediment loads were not
sediment input to streams (Peterjohn and Correll, matched by proportionally higher phosphorus exports.
1984; Naiman and Dmamps, 1990) by stabilising Nitrogen is the nutrient most vulnerable to deple-
stream banks and sediment within the riparian zone tion by burning because large amounts are volatilised
itself, or by trapping sediment that has been trans- and lost to the atmosphere (Chandler et al., 1983). In
ported from areas beyond the riparian zone. contrast, phosphorus lost to the atmosphere with fine
The oxidation of organic matter by fire is rarely ash particles is returned later by wet and dry precipi-
complete (Chandler et al.,, 1983). At Kapalga tation. Cook (1994) has suggested nitrogen lost by
Research Station, Cook (1994) has reported the ashearly dry season fires at Kapalga Research Station is
remaining after early dry season fires (including not totally replaced by precipitation and biological
catchment E) contained high concentrations of fixation. This imbalance is likely to be even greater
nitrogen &1%) and phosphorus<(0.1%). This ash,  for fires occurring late in the dry season, owing to the
however, did not have a significant impact on stream increased loss of nitrogen with fire intensity (see
E's water quality during the first few storm runoff Chandler et al., 1983). Nitrogen export coefficients
events, as its water quality was similar to stream U. were often lower from catchment L compared to
The water quality of the first few runoff events from catchments E and U (Fig. 10) owing mainly to varia-
catchment L, in contrast, featured ash and high tions in water yield, which have not been shown to be
concentrations of all water quality parameters. significantly affected by fire regime.
The different impact of ash on the water quality of
streams E and L is most likely due to their fire
regimes. Because the concentration of phosphorus ing. Conclusions
ash tends to increase with fire intensity (Chandler et
al., 1983), the impact of ash bound phosphorus on  Despite the range of the fire regimes investigated—
stream L water quality would also be expected to be early (low intensity) and late (high intensity) dry
greater, though this may be mitigated to some extent season fires, and no burning—the study has not
by the lower mass of phosphorus remaining. Impor- detected marked differences in catchment export coef-
tantly, the longer time interval between burning and ficients for P, Fe, Mn and VSS. Suspended sediment
storm runoff in catchment E, relative to catchment L, export coefficients, however, were 2.4 times higher
would be expected to increase the likelihood of phos- from the catchment burnt late in the dry season,
phorus dispersion by wind, and leaching into the soil when fires increased the catchment’s vulnerability to
profile. erosion, principally by reducing its ground-, litter- and
Burning often increases phosphorus loads, due canopy cover. Low catchment slopes, low soil
to either elevated water yield and/or phosphorus fertility, the maintenance of a protective surface
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layer of gravel, negligible impact of the fire regimes

on water yield, and the sometimes lengthy period
between burning and runoff have mitigated the impact
of catchment burning on sediment, nutrients, iron and
manganese exports from the Kapalga catchments.

Acknowledgements

The Kapalga Fire Experiment was managed by the
Commonwealth Scientific and Industrial Research

135

Mooney, H.A. (Ed.), Ecosystem Experiments, Wiley, New
York, pp. 141-165.

Belillas, C.M., Roda, F., 1993. The effects of fire on water quality,
dissolved nutrient losses and the export of particulate matter
from dry heathland catchments. J. Hydrol. 150, 1-17.

Bosch, J.M., Hewlett, J.D., 1982. A review of catchment experi-
ments to determine the effect of vegetation changes on water
yield and evapotranspiration. J. Hydrol. 55, 3—-23.

Bowman, D.M.J.S., Wilson, B.A., Hooper, R.J., 1988. Response of
Eucalyptus forest and woodland to four fire regimes at Munmar-
lary, Northern Territory. Aust. J. Ecol. 76, 215-232.

Braithwaite, R.W., 1991. Aboriginal fire regimes of monsoonal
Australia in the 19th century. Search 22, 247-249.

Organisation (CSIRO) Tropical Ecosystems Research gyitton, D.L., Day, J.A., Henshall-Howard, M.-P., 1993. Hydro-

Centre, with the support of the Australian Nature
Conservation Agency (now Parks North of Environ-
ment Australia). We thank Rodney Metcalfe, lan
Lancaster and other staff of the Department of
Lands, Planning and Environment (DPLE) for their
field work, which comprised long days of high
humidity (sometimes shared with numerous biting
insects), and Robert Eager (CSIRO) for logistical
support at Kapalga. Dr S. Setterfield (Northern
Territory University (NTU)) and Dave Williams
(DLPE) are also thanked for their assistance to the
study, and Drs G.D. Cook and R.J. Williams
(CSIRO) for providing unpublished data. Thanks
also to Dr L. Hutley (NTU) for useful discussions
on evapotranspiration in the region, and Dr G.D.
Cook (CSIRQ), Prof. S. Lake (Monash University),
M. Dilshad, M. Lawton and A. Padovan (DLPE) who
provided helpful comments on the manuscript. The
manuscript was further improved by the comments
of Dr D.F.Scott (CSIR Division of Water, South
Africa) and an anonymous referee.

References

Andersen, A.N., Braithwaite, R.W., Cook, G.D., Corbett, L.K.,
Williams, R.J., Douglas, M.M., Gill, A.M., Setterfield, S.A.,
Muller, W.J., 1998. Fire research for conservation management
in tropical savannas: Introducing the Kapalga fire experiment.
Aust. J. Ecol. 23, 95-110.

APHA, 1985. Standard methods for the examination of waters and
waste water, 16th ed. American Public Health Assoc., American
Water Works Assoc. and American Water Pollution Control
Federation, New York, pp. 1268.

Attiwill, P.M., 1991. The disturbance of forested watersheds. In:
Mooney, H.A. (Ed.), Ecosystem Experiments, Wiley, New
York, pp. 193-213.

Bayley, S.E., Schindler, D.W., 1991. The role of fire in determining
stream water chemistry in northern coniferous forests. In:

chemical response during storm events in a South African
mountain catchment: the influence of antecedent conditions.
Hydrobiologia 250, 143-157.

Brown, J.A.H., 1972. Hydrological effects of a bushfire in a catch-
ment in south-eastern New South Wales. J. Hydrol. 15, 77-96.

Byram, G.M., 1959. Combustion of forest fuels. In: Davis, K.P.
(Ed.), Forest Fire Control and Use, McGraw-Hill, New York,
pp. 61-89.

Calder, G.J., Day, K.J., 1982. Fertility studies on four soils of the
northern lateritic uplands, Northern Territory. Northern
Territory Department of Primary Production, Darwin, Australia.

Chandler, C., Cheney, P., Thomas, P., Trabaud, L., Williams, D.,
1983. Forest fire behaviour and effects, Fire in Forestry, vol. 1,
Wiley, New York.

Cook, G.D., 1994. The fate of nutrients during fires in a tropical
savanna. Aust. J. Ecol. 19, 359—-365.

Cook, P.G., Hatton, T.J., Pidsley, D., Herczeg, A.L., O'Grady, A.,
Eamus, D., 1998. Water balance of a tropical woodland
ecosystem, Northern Australia: a combination of micro-meteor-
ological, soil physical and groundwater chemical approaches.
J. Hydrol. 210, 161-177.

Crosser, P.R., 1989. Nutrient concentration-flow relationships and
loads in the South Pine River, south-eastern Queensland.
I. Phosphorus loads. Aust. J. Marine Freshwater Res. 40,
613-630.

Day, K.J., Fogarty, P.J., Jones, R.K., Dalgleish, N.P., Kernot, J.C.,
1983. Fertility studies on some soils of the Adelaide and Daly
Basins, Northern Territory. Conservation Commission of the
Northern Territory, Darwin, Australia.

Duggan, K., 1988. Mining and erosion in the Alligator Rivers
Region of northern Australia. PhD Thesis, Macquarie
University, Sydney.

Duggan, K., 1994. Erosion and sediment yields in the Kakadu
region of northern Australia. In: IAHS (Ed.), Proceedings of
the Canberra Symposium. IAHS, Australia, pp. 373-383.

FAO-UNESCO, 1990. Soil map of the world: Revised legend.
World Soil Resources Report 60. Food and Agricultural
Organisation, Rome.

Gill, A.M., Knight, I.K., 1991. Fire measurement. In: Cheney, N.P.,
Gill, A.M. (Eds.), Conference on Bushfire Modelling and Fire
Danger Rating Systems, Commonwealth Scientific and
Industrial Research Organisation, Canberra, pp. 137—146.

Gill, A.M., Hoare, J.R.I., Cheney, N.P., 1990. Fires and their effects



136 S.A. Townsend, M.M. Douglas / Journal of Hydrology 229 (2000) 118-137

in the wet—dry tropics of Australia. In: Goldmanner, J.G. (Ed.), Maass, J.M., Jordan, C.F., Sarukhan, J., 1988. Soil erosion and

Fire in the Tropical Biota: Ecosystem Processes and Global nutrient losses in seasonal tropical agroecosystems under
Change, Springer, Berlin, pp. 159-178. various management techniques. J. Appl. Ecol. 25, 595-607.

Gillon, D., 1983. Tropical savannas. In: Bourke F. (Ed.), Malmer, A., 1996. Hydrological effects and nutrient losses of forest
Ecosystems of the World, vol. 13. Elsevier, Amsterdam, plantation establishment on tropical rainforest land in Sabah,
pp. 617—-641. Malaysia. J. Hydrol. 174, 129-148.

Grobler, D.C., Silberbauer, M.J., 1985. The combined effect of McDonald, N.S., McAlpine, J., 1991. Floods and droughts: the
geology, phosphate sources and runoff on phosphate export  northern climate. In: Haynes, C.D., Ridpath, M.G., Williams,

from drainage basins. Water Res. 19, 975-981. M.A.J. (Eds.), Monsoonal Australia, Landscape, Ecology and
Hart, B.T., Ottaway, E.M., Noller, B.N., 1987. Magela Creek Man in the Northern Lowland, Balkema, Rotterdam, pp. 19-29.
system, northern Australia. Il. Material budget for the flood- Mott, J.J., Williams, J., Andrew, M.H., Gillison, A.N., 1985.
plain. Aust. J. Marine Freshwater Res. 38, 861-876. Australian savanna ecosystems. In: Tothill, J.C., Mott, J.J.
Haynes, C.D., 1985. The pattern and ecology of munwag: (Eds.), Ecology and Management of the World's Savannas,
traditional Aboriginal fire regimes in north-central Arhemland. Commonwealth Agricultural Bureau, Queensland, pp. 56—82.
Proc. Ecol. Soc. Aust. 13, 203-214. Naiman, R.J., Deamps, D.L.E., 1990. The ecology and
Hubble, G.D., Isbell, R.F., Northcote, K.H., 1983. Features of management of aquatic terrestrial ecotones. United Nations
Australian soils. In: Commonwealth Scientific and Industrial Educational, Scientific and Cultural Organisation, Paris.
Research Organisation (Ed.), Soils: An Australian Perspective, Nathan, R.J., McMahon, T.A., 1990. Evaluation of automated
Academic Press, London, pp. 17-48. techniques for base flow and recession analyses. Water Resour.

Hudson, J., Kell, M., Sanmugadas, K., Cesar, A., 1983a. Prescribed Res. 26, 1465-1473.
burning of Pinus oocarpa in Honduras. |. Effects on surface Padovan, A., 1997. The quality of runoff entering Darwin Harbour.

runoff and sediment losses. Forest Ecol. Mgmt 5, 269—-281. In: Stormwater Industry Association/International Erosion

Hudson, J., Kellman, M., Sanmugadas, K., Alvarado, C., 1983b. Control Association (Eds.), Stormwater and soil erosion: future
Prescribed burning of Pinus oocarpa in Honduras Il. Effects directions for Australian soil and water management.
on nutrient cycling. Forest Ecol Mgmt 5, 283—300. Stormwater Industry Association/International Erosion Control

Isbell, R.F., 1983. Australian soil and landscape regions: Kimber- Association, Brisbane, pp. 319-328.
ley—Arhem—Cape York (ll1). In: Commonwealth Scientific and  Peterjohn, W.T., Correll, D.L., 1984. Nutrient dynamics in an
Industrial Research Organisation (Ed.), Soils: An Australian agricultural watershed: observations on the role of a riparian
Perspective, Academic Press, London, pp. 189—200. forest. Ecology 65, 1466—1475.

Isbell, R.F., 1996. The Australian Soil Classification, Common- Richter, D.D., Ralston, C.W., Harms, W.R., 1982. Prescribed fire:
wealth Scientific and Industrial Research Organisation, Colling- effects on water quality and forest nutrient cycling. Science 215,
wood, Australia. 661—-663.

Isbell, R.F., McDonald, W.S., Ashton, L.J., 1997. Concepts and Russell-Smith, J., 1996. Flora. In: Press, A.J., Lea, D., Webb, A.,
rationale of the Australian Soil Classification. Australian Graham, A. (Eds.), Kakadu: Natural and Cultural Heritage and
Collaborative Land Evaluation Program, Commonwealth Management, Australian Nature Conservation Agency and
Scientific and Industrial Research Organisation, Canberra. Australian National University, Darwin, Australia, pp. 127—166.

Lavabre, J., Torres, D.S., Cernesson, F., 1993. Changes in the Sahin, V., Hall, M.J., 1996. The effects of afforestation and defor-
hydrological response of a small Mediterranean basin a year estation on water yields. J. Hydrol. 178, 293-309.
after a wildfire. J. Hydrol. 142, 273-299. Saunders, J.F., Lewis, L.M., 1988. Transport of phosphorus, nitro-
Leitch, C.J., Flinn, D.W., van de Graff, R.H.M., 1983. Erosion and gen and carbon by the Apure River, Venezuela. Biogeochemis-
nutrient loss resulting from Ash Wednesday (February 1983) try 5, 323-342.

wildfires: a case study. Aust. Forestry 46, 173-180. Schindler, D.W., Newbury, R.W., Beaty, K.G., Prokopowich, J.,
Lemmon, P.E., 1957. A new instrument for measuring forest Ruszcznski, T., Dalton, J.A., 1980. Effects of a windstorm and
overstory density. J. Forestry 55, 667—-668. forest fire on chemical losses from forested watersheds. Can. J.

Lesack, L.F., 1993. Export of nutrients and major ionic solutes from Fish. Aquat. Sci. 37, 328-334.
a rain forest catchment in the Central Amazon Basin. Water Scott, D.F., 1993. The hydrological effects of fire in South African
Resour. Res. 29, 743-758. mountain catchments. J. Hydrol. 150, 409-432.

Lesack, L.F.W., Hecky, R.E., Melack, J.M., 1984. Transport of Scott, D.F., Van Wyk, D.B., 1990. The effects of wildfire on soil
carbon, nitrogen, phosphorus and major solutes in the Gambia wettability and hydrological behaviour of an afforested catch-

River, West Africa. Limnol. Oceanogr. 29, 816—830. ment. J. Hydrol. 121, 239-256.
Lewis, W.M., 1986. Nitrogen and phosphorus runoff losses from a Story, R., Williams, M.A.J., Hooper, A.D.L., O'Ferrall, R.E.,
nutrient-poor tropical moist forest. Ecology 67, 1275-1282. McAlpine, J.R., 1969. Lands of the Adelaide-Alligator Area,

Lewis, W.M., Saunders, J.F., 1989. Concentration and transport of Northern Territory. Commonwealth Scientific and Industrial
dissolved and suspended substances in the Orinoco River. Research Organisation, Melbourne.
Biogeochemistry 7, 203—240. Stumm, W., Morgan, J.J., 1981. Aquatic Chemistry, Wiley-Inter-
Lindley, A.J., Bosch, J.M., van Wyk, D.B., 1988. Changes in water science, New York.
yield after fire in fynbos catchments. Water SA 14, 7-12. Sun, X., 1998. Hydrological application of weather radar for



S.A. Townsend, M.M. Douglas / Journal of Hydrology 229 (2000) 118-137 137

catchment rainfall and flood estimation. PhD Thesis, Monash Williams, R.J., Douglas, M.M., 1995. Windthrow in a tropical

University, Melbourne. savanna in Kakadu National Park, northern Australia. J. Trop.
Tiedemann, A.R., Helvey, J.D., Anderson, T.D., 1978. Stream Ecol. 11, 547-558.

chemistry and watershed nutrient economy following wildfire ~ Williams, R.J., Gill, A.M., Moore, P.R.H., 1998. Seasonal changes

and fertilisation in eastern Washington. J. Environ. Qual. 7, in fire behaviour in a tropical savanna in Northern Australia. Int.
580-588. J. Wildland Fire 8, 227-239.
Tiessen, H.E., 1995. Phosphorus in the Global Environment: Trans- Williams, R.J., Cook, G.D., Gill, A.M., Moore, P.R.H., 1999. Fire
fers, Cycles and Management, Wiley, New York. regime, fire intensity and tree survival in a tropical savanna in
WHO, 1984. Guidelines for drinking-water quality. Vol. 2. Health northern Australia. Aust. J. Ecol. 24, 50-59.
criteria and other supporting information. World Health  Wilson, B.A., Brocklehurst, P.S., Clark, M.J., Dickinson, K.J.M.
Organisation, Belgium. (1990). Vegetation of the Northern Territory, Australia. Tech-
Wells, W.G., 1985. The influence of fire on erosion rates in nical Report No. 49. Conservation Commission of the Northern
California chaparral. In: C.W.R. Centre (Ed.), Proceedings of Territory, Darwin, Australia.

the Chaparral Ecosystems Research Conference. University of Zar, J.H., 1974. Biostatistical Analysis, Prentice-Hall, Englewood
California, Santa Barbara, CA, pp. 57-62. Cliffs, NJ.



