Runoff and water quality from steep hills in south-eastern Australia
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Abstract

To understand the mechanisms of surface runoff and the impact of phosphorus (P) fertiliser on runoff
quality, a 4-year catchment study was conducted near Ararat in western Victoria. Four small catchments and
two larger catchments with slopes of 9-33% were selected in the upper Hopkins basin. Superphosphate was
applied at 40 kg P/ha once to two of the small catchments, and water quality samples taken from all the small
catchments. Soil moisture was measured by a neutron moisture meter and reflectometers. Each surface
runoff event was classified into terciles based on antecedent soil moisture. In four of the catchments, more
flow occurred in the dry or intermediate terciles than in the moist tercile. This indicates that Hortonian flow
(runoff while the soil is partially dry) is important in the study environment. We attribute this flow to a
combination of water repellence of the topsoil, and low detention storage on the steep slopes. Catchments to
which superphosphate was applied had nearly double the concentration of P in runoff water.
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Introduction

Extensive pastures on hills grazed by sheep form a large proportion of the catchments of rivers in south-
eastern Australia. Management of these hill areas can have a large influence on stream water quality and
quantity. Paddock-scale catchment studies in the winter-dominant rainfall zone have shown that application
of phosphorus (P) fertiliser increases the P concentration of runoff water, but has little impact on runoff
quantity (Ridley et al. 2003; Melland et al. 2008). In these studies, nearly all runoff occurred in the winter-
spring period after the soil profile had filled. This is a time of year when there is generally good ground
cover. Most of these studies were conducted on low to moderate slopes (<5%). There remains a need to
understand the runoff mechanisms and consequences of fertiliser application on steeper areas. To test
whether the timing of flow and impact of fertiliser also applied to steep hills, a study was initiated in the
upper Hopkins basin near Ararat in western Victoria. This paper reports a 4-year study of runoff quantity
and quality from a series of small catchments in the upper Hopkins basin.

Methods

Catchments

Four small catchments and two larger ones were selected on a sheep grazing property within a steep hill
landscape near Ararat in western Victoria. All 4 small catchments were selected to be as similar as possible
in aspect and slope, but varied in their stocking rate and fertiliser rate (Table 1). Catchments B-D were
adjacent and about 1km from Catchment A. Catchment D drained into Catchment E, and Catchment A into
Catchment F. Catchments C and D received 40 kg/ha of P as superphosphate applied once early in the trial
(June 2004).

Table 1. Grazing management, size, elevation and orientation of the 6 study catchments.

Catchment  Stocking Fertiliser =~ Catchment Bottom Top Mean Orientation Drainage line
rate rates area elevation elevation slope
(sheep/ha) (kg P/ha) (ha) (m) (m) (%)
A 2.5 0 1.2 426 481 33 ENE  Well defined
B 4.4 0 0.9 397 442 29 ESE Poorly
defined

C 4.4 40 1.6 395 446 24 ESE  Intermediate
D 53 40 1.7 395 451 27 S Well defined
E 4.5 ~20 8.1 376 380 20 SSE Intermediate
F ~4 ~10 258 347 446 9 SSE Well defined
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According to the Australian Soil Classification (Isbell 1996), the soil is a Bleached-mottled, Magnesic,
Yellow Chromosol, and consisted of sandy clay loam topsoil with an organic matter content of 6-16%,
overlying a medium clay subsoil. All catchments were vegetated with native and naturalised pastures
(mainly Austrodanthonia spp, Themeda triandra, Hypochoeris spp. Rumex spp. and Trifolium
subterraneum). Vegetation cover exceeded 70% throughout the study, except on Catchment A in autumn
2007 when it declined to 42%. Rainfall was recorded every 15 minutes by an automatic weather station.

Measurements

Polythene and stainless steel flow barriers were installed at the bottom of each of the four small catchments
and runoff was directed into stainless steel flumes (Clemmens ef al. 1984). The height of water flowing
through each flume was recorded by capacitance water height recorders and logged every 2-5 minutes.
Water height was related to flow by means of a published calibration relationship (Clemmens et al. 1984).
Below the weir, flow was directed into a stainless steel after-weir from which samples were collected by an
automated water sampler, activated every 30 minutes when water was detected (ISCO 3700 sampler and
1640 liquid level actuators, Teledyne ISCO, Lincoln, Nebraska, USA). As a backup to the automatic
samplers, 6 rising stage samplers were installed at 10 mm increments above the level at which water flowed
over the flume. Catchment E was monitored hourly at a farm dam by a pressure-sensitive recorder. A
topographic survey of the dam was used to convert water height into storage volume. Catchment F (the
Hopkins River) was monitored by a V-notch weir installed within a gully control structure. Water heights
were converted into flow using a published calibration relationship (Grant and Dawson 2001). Water quality
samples were not collected from catchments E and F. Water samples were digested in potassium persulfate
(Clesceri et al. 1998; method 4500-P B) followed by total P determination by auto analyser at 882 nm using
ascorbic acid as the reductant (Clesceri et al. 1998; method 4500-P E). To measure total nitrogen, NO; in the
digested samples was reduced to NO;" in a copperized Cd column, and the NO,” was determined by auto
analyser at 520 nm (Clesceri et al. 1998; method 4500-NO;™ E). The concentration of solids was determined
by evaporation and weighing (Greenberg et al. 1992; methods 2540 B and D).

Soil water

In catchments B, C and D, 4-5 aluminium access tubes were installed 10-30 m upslope of the flow barriers,
and soil moisture measurements made using a neutron moisture meter (NMM) at intervals of 4-12 weeks.
Reading depths were 150 mm, 300 mm, then at 200 mm intervals to the bottom of the access tube at between
900 and 1500 mm depth. Frequency domain reflectometers (CS615, Campbell Scientific, Inc., Logan, Utah,
USA) were installed at a single location close to the weather station and logged hourly. These were placed at
depths of 0-100 mm (sloped upwards from the installation pit), 100-200 mm, 400 mm and 800 mm. Soil
moisture storage was calculated on a daily basis from reflectometer data for the 0-1m depth range.

Results

Mean annual runoff showed a 100-fold range between catchments from 0.14 mm/yr on Catchment B, to 14.5
mm/yr on Catchment A (Table 2). Some catchments produced runoff even in 2006, which was a year of
exceptionally low rainfall. Runoff was greatest on catchments with well defined drainage lines. Rainfall
during the study period was well below the long-term average (1900-2006) of 613 mm/yr.

Table 2. Summary of annual rainfall and overland flow (mm/year) from the catchments.

Year Rainfall Catchment
(mm/yr) A B C D E F
Overland flow (mm/year)

2003* 416 82 0.00 037 1010 181 5.5
2004 427 21.8 042 037 575 406 1.2
2005 605 248 026 135 6.02 427 134
2006 368 32 000 000 054 038 0.02
2007* 13.1 0.01 0.00 3.02 049 159

Mean 2004-2006 467 145 014 042 558 263 5.0
* Flow data were only recorded for partial years

Soil moisture followed a general pattern of wetting up during autumn and winter, and drying in spring and
early summer, but there were short-term maxima following summer storms (Figure 1). In 2006 the soil did
not fill to the same extent as in previous years. Soil moisture recorded by the reflectometers (at a single
position) was consistent with that from the NMM reading (13 positions), except for one storm in January
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2005. Since the reflectometer dataset, which was available on a daily timestep, was generally consistent with
the NMM data, and included the 0-100mm layer (which could not be read by the NMM), it was used to
classify overland flow by antecedent soil moisture. These data show that in four of the catchments, more
flow occurred in the dry or intermediate tercile than in the moist tercile (Table 3). The P concentration from
catchments to which P fertiliser had been added was nearly double those of unfertilized catchments (Table
4). The greatest loads were from Catchment A, which had the greatest total flow.
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Figure 1. Soil moisture recorded by reflectometers at catchment C (0.0-1.0 m and 0.1-1.0 m), compared to
neutron moisture meter (NMM) data averaged across B, C and D catchments (0.1-1.0 m). Error bars are the
standard error of the site mean soil moisture for each NMM reading date.

Table 3. Overland flow January 2004 to May 2007, classified according to antecedent soil moisture.
Soil moisture tercile Catchment

A B C D E F
Total overland flow (mm)

Dry 247 030 034 415 185 159
Intermediate 287 039 0.08 205 448 588
Moist 9.5 0.0 131 9.14 289 8.74

Table 4. Flow-weighted concentrations (+standard error) and loads from January 2004 to December 2006.

Catchment
A B C D
Concentration (mg/L)
Total P 0.52(0.13) 0.48 0.96 0.88
Total N 5.03(0.69) 1.42 3.88 2.97
Suspended solids 50 (12) 33 24 16
Total solids 171 (20) 66 214 141
Total dissolved solids 104 (9) 33 189 107
Load (kg/ha.yr)'

Total P 0.085 0.001  0.005 0.036
Total N 0.847 0.003 0.022 0.122
Suspended solids 6.39 0.075 0.14 0.66
Total solids 22.9 0.15 1.23 5.80
Total dissolved solids 15.5 0.07 1.08 4.42

"Does not include bed load

Discussion

A high proportion of total runoff occurred when the soil was in the dry tercile, whereas in previous studies
on gentler slopes, most flow occurred when the soil was moist. This indicates that Hortonian flow
(infiltration-excess flow that occurs before the soil fully wets up) is an important flow generation mechanism
in our steep hill environment. Other studies of steep areas (1-16% slopes) in uniform rainfall environments
in New South Wales have also shown runoff occurring when the soil was still partially dry (Lane et al. 1994;
Hughes et al. 2008). Our landholder noted that during the 2006 drought, some dam-fill occurred on his hill
country, but not on the flatter catchments.
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In the dry tercile, surface flow was initiated by rainfall intensities as low as 2.6 mm/hr (data not shown). We
observed water repellence during light rain on 29 March 2003, when water flowed across the soil surface
despite the underlying topsoil being dry. Repellence is common on topsoils such as those in this study that
are high in organic matter but low in clay (Ritsema and Dekker 1996). In water-repellent soils, infiltration
initially occurs through preferred pathways within the topsoil until the soil wets from below, breaking the
repellence of the surface layers (Ritsema and Dekker 1996). Detention storage would therefore be important
in the initial wetting of the soil. However, on steep slopes this storage would be limited. We attribute the
Hortonian flow to the combination of low detention storage on steep slopes and water repellence of the
topsoil when dry.

There was large variation in runoff from the various catchments, with those on defined drainage lines
contributing the most runoff. This is consistent with Barling ef al. (1994) and Melland et al. (2008), who
reported that surface runoff was preferentially generated from areas of convergent topography. These
convergent areas are clearly preferable as catchments for farm dams. Catchments to which superphosphate
was applied had nearly double the concentration of P in runoff water. This is also consistent with other
studies where similar rates of P were applied (Ridley et al. 2003; Melland et al. 2008). In the environment of
this study, fertiliser did not generate sufficient additional pasture growth to justify the cost (data not shown),
and is not a necessary part of hill country management other than replacing the P removed by grazing
livestock.
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