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scalded or vegetated areas over time, as surface pyrite is found in both scalded and

vegetated soil.

Figure 4.4: Visible elevation difference between an acid sulfate soil scald and adjacent

paddock, caused by erosion of bare soil and build up of mulch on vegetated area.

4.5.2 Soil pH

The pH values of the soil cores should be an important determinant of plant health and
survival. Below pH 4, major nutrients and trace elements are unavailable, soluble metals
reach toxic concentrations, and both Al and hydrogen (H) ions are detrimental to plant
growth (Rorison 1973; Fenton and Helyar 2001). However, the paired scalded and
vegetated cores in Fig. 4.2 show very similar, highly acidic pH values in the surface
layers. The similar pH values in the soil profiles beneath both scalded and vegetated
cores suggest that oxidation has occurred across a larger area than just below the bare
scalded surface. This indicates that preferential subsurface acidification is not the

primary cause of ASS scalding. Indeed, the pH differences at the surface of paired
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scalded and vegetated profiles are neither large nor consistent enough to explain the

complete loss of vegetation in the scald and the persistence of vegetation nearby.

4.5.3 Salinity

Salinity also has a major influence on plant growth and survival. Soils with plant-
available salinity, or the EC of a saturated soil extract (ECe), > 4 dS/m are considered
saline (Le Houerou 1993) and most agricultural crops and pastures require ECe < 10
dS/m (Maas 1993). The EC;.5 can be converted into ECe using a conversion factor that
relates to soil texture (Slavich and Petterson 1993). The conversion applicable to the
soils examined ranges between 5.8 for heavy clay and 9.5 for loam. When these factors
are applied to the surface ECy:5 results in Table 4.1 and Fig. 4.3, it is clear that both
surface and profile salinity are important limiting factors in freshwater plant growth and
survival (particularly in the scalds). Whereas subsoil salinity is similar in both scalded
and vegetated cores at all sites, and cannot be given as the primary cause of ASS
scalding, surface salinity does vary more widely. The mulching effect of vegetation
inhibits salt accumulation on paddock surfaces. The smaller differences between
paddock and scald at Site 1 and 4 were caused by prolonged inundation and consistent
rain, respectively, leading up to the time of sampling. Salt crusts are common on the
surface of ASS scalds in dry weather. However, this is more an effect of ASS scalding
that would be intermittent between rainfall events, rather than an initial cause of

vegetation loss.

4.5.4 The role of secondary factors

There were repeated observations of human-induced events that initially laid an area
bare, leading to the development of ASS scalds. These observations give some insight
into contributing factors that may instigate the process of surface deposition of toxic
solutes. Drainage and pyrite oxidation have increased the concentration of toxic solutes
in the soil-water. If surface soil is laid bare in areas underlain by drained and oxidising
pyritic sediments, preferential evaporation from the bare surface during dry periods

quickly concentrates acidity and salinity in the surface soil (e.g. Figs. 4.2 and 4.3),
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making plant germination and survival difficult. ASS-related conditions would quickly
dominate, chronically discouraging vegetation. The observations made by landowners,
government officers, and the authors are summarised into a number of factors that

initially result in bare soil (Fig. 4.5).

4.5.5 Changes to hydrological regimes and associated vegetation dynamics

Most NSW backswamps have been drained to facilitate grazing. Introduced dryland
pasture grasses were planted, and these do not tolerate prolonged inundation. Efficient
drainage is usually designed to clear surface water from paddocks in 5 days (Williams
and Copeland 1996) rather than over several months as occurs in the absence of
artificial drainage. However, very low areas (0-1 m AHD (Australian Height Datum))
are prone to inundation and waterlogging despite the presence of deep drains, and
surface water can stand for many months. Introduced pasture species, which have grown
well in drier times, cannot cope with waterlogging and die off from the lower-lying
areas and shallow drains. If waterlogged conditions persist, wetland species often
germinate and establish. When weather conditions become drier, wetland vegetation
dies off, leaving surfaces devoid of vegetation again. Our observations indicate that
major prolonged flooding can have a similar effect to that mentioned above, but over

larger areas, killing introduced paddock vegetation and even water-tolerant species.

4.5.6 Changes to salinity regimes

Some ASS scalds occur where tidal estuarine water has been excluded from saltmarsh
or mangroves, and freshwater regimes have been imposed. When these areas are moist
and flushed with fresh water, introduced pasture grasses can thrive. As surface soils dry
out, residual seawater salinity reaches concentrations that the introduced pasture grasses
cannot tolerate. Conversely, deep drainage in low, flat, coastal floodplains allows the
ingress of saline water to freshwater environments. Formerly waterlogged backswamps
with thick peat layers are now at a lower elevation because of desiccation, peat loss, soil
shrinkage, and erosion. They can be directly connected to the estuarine waters by deep

drains. If a 1-way flap-gate is jammed open, saline water can cover low backswamp
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paddocks and has been observed to result in the death of vegetation adapted to

freshwater conditions.

Primary Causes Contributing Factors
OXYGEN INCURSION €« Vegetation dynamics
Natural or human-induced €« Hydrological changes
N7 LOSS € Major flood events
OXIDATION €« Soil salinity
of pyritic sediments €« Fire
N7 OF € Frost
TOXIC PRODUCTS €« €« Overgrazing
accumulate near surface €« Flood scouring
N7 VEGETATION € Surface soil removal
CHRONIC VEGETATION €« Surface pyrite oxidation
EXCLUSION €« Vehicular damage
ASS scalding established COVER

Figure 4.5: Primary causes and contributing factors in the acid sulfate soil scalding

process.

4.5.7 Loss of surface soil

Many different factors can lead to the loss of surface soil. Machinery damage and
surface erosion, deliberate topsoil removal for use elsewhere, flood-scouring, and peat
fires were some examples given in the observations. These events not only leave the soil
bare, but also decrease the distance between the soil surface and the underlying pyrite

layer.
4.5.8 Surface pyrite oxidation
Pyrite forms on the surface of backswamp ASS scalds and surrounding paddocks in wet

times (see Chapter 2). Surface pyrite oxidation can contribute to vegetation mortality by

the production of toxic solutes within the root-zone during prolonged dry periods.
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5.1 Abstract

Two revegetation field trials were undertaken on chronically bare acid sulfate soil
(ASS) scalds on grazing properties in the Hawkesbury and Macleay catchments of New
South Wales (NSW), Australia. The aim was to test the effectiveness of various low-cost
readily-accessible techniques to encourage revegetation (via existing seedbank or
surrounding vegetation) of the scalded sites. The trial at the more efficiently-drained
Hawkesbury site used a combined treatment of ridging (R), mulching (M) and liming
(L) (i.e. RML) compared to a control, within a fenced area. At the more waterlogged
Macleay site, various elements of the above-mentioned combined treatment (i.e. R, M,
RM, RL, RML) were compared to a control, within a fenced area. Vegetation
occurrence, biomass and species were tested, along with pertinent soil parameters
(acidity, salinity, soil moisture, soluble metals). Soil testing was undertaken at two
depth levels to represent the seed germination zone (0-1 c¢cm), and the potential root
zone (1-10 cm). At the Hawkesbury site, the combined treatment (RML) caused
significantly greater vegetation occurrence and biomass, lower salinity and acidity, and
increased soil moisture. At the Macleay site, results were more variable, but similar to
the above-mentioned Hawkesbury trial as the site dried out. Mulching was the single

most important treatment. All mulched sites had significantly more vegetation than the
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control, reaching 100% coverage in the RML plots. Stock exclusion alone produced
minimal results. Ridging alone was counterproductive. Liming without mulching caused
proliferation of an insubstantial and transient vegetation species (Isolepis inundata).
Most interesting was the different vegetation species encouraged by the different mulch
treatments: Treatment M was dominated by the sedge, Eleocharis acuta; Treatment RM
was an even mix of Eleocharis acuta and native water-tolerant grasses (Paspalum
distichum and Pseudoraphis paradoxa); Treatment RML was dominated by the above-
mentioned native grasses. These grasses are highly favoured for both economic (highly
palatable to stock) and environmental (thick mulch cover, self seeding) objectives. The
results demonstrate that revegetation of ASS scalds is possible, and different treatments

can influence vegetation species composition.

Additional keywords: backswamp grazing, drained wetlands, field trials, sulfide

oxidation

5.2 Introduction

5.2.1 Background

Coastal floodplains in New South Wales (NSW), Australia, are underlain by pyritic
sediments. When these sediments are exposed to air, pyrite oxidation produces large
amounts of sulfuric acid and soluble iron (Fe), and also soluble aluminium (Al) from the
dissolution of clay particles (Wolt 1994, Golez 1995). In areas of extremely low
elevation (such as mangrove, saltmarsh or freshwater backswamps), pyritic sediments
can often be found at < 1 m below the soil surface (Coulter 1973, Lin and Melville
1993, Indraratna et al. 1995). In such situations, drainage can cause sufficient
acidification to overcome the topsoil’s neutralising capacity and kill off existing
vegetation. Conditions can get so hostile in these areas, called acid sulfate soil (ASS)
scalds, that vegetation is chronically excluded (Neal 1996, White et al. 1997, Fanning
and Burch 2000).
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Scalds in ASS landscapes are an extreme manifestation of excessive pyrite oxidation.
The surface soils of ASS scalds concentrate large amounts of soluble acidity, salinity
and soluble metals (Rosicky et al. 2002). Their bare condition allows these toxic solutes
to be transported off-site, on soil particles and/or in solution (Bronswijk et al. 1993,
Minh et al. 1998). As such, ASS scalds represent point sources of toxic solutes in
already-stressed environments. The environmental effects of ASS leachate and runoff
are well documented and include vegetation die-off, acidification of waterways,
dissolved oxygen depletion, Al toxicity in fish and other aquatic organisms, Fe flocs
that smother benthic organisms, and corrosion of human-built infrastructure (van Holst
and Westerveld 1973, Willet et al. 1993, Bowman 1993, Sammut et al. 1995, White et
al. 1997, Hyne and Wilson 1997, Fanning et al. 2002).

Revegetation of ASS scalds is expected to slow the translocation of toxic oxidation
products from the soil profile to the scald surface, and then into drains and waterways
via surface runoff (Bowman et al. 2000). A vegetated surface can also partition better-
quality rainwater, flowing across the paddocks from upland areas, from acidic
groundwater. This would allow the better-quality water to enter drains, rather than
adding to the store of acidic leachate. In waterlogged and inundated paddocks, the
authors have often measured pH 3-4 over bare areas, while < 10 m away water pooled

over vegetation (grass) was pH 5-6.

5.2.2 Acid sulfate soil scalds in NSW

ASS scalds in NSW occur in the lowest parts of drained coastal floodplains. Wetlands
and other low-elevation areas have been progressively drained for agriculture in
Australia (usually livestock grazing) (Lin et al. 1995a, Indraratna et al. 1995, Lawrie
and Blunden 2000) and overseas (Coulter 1973, Jugsujinda et al. 1996, Sundstrom et al.
2002). In the far north of NSW, sugar cane is also grown on low-elevation floodplain
areas (Tulau 1999, Wilson et al. 1999). The sugar industry has confronted the ASS
problem in a number of ways, including industry-wide agreements on ‘best
management practices’, on-farm soil tests, newsletters, industry ASS mapping, liming,

and laser leveling (Sunshine Sugar 2000).
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The cattle grazing industry does not have such a supportive industry base. Graziers are
generally individual operators with very little industry information about ASS soils and
their management (Woodhead et al. 2000). However, it is the graziers that own and
manage the vast majority of ASS scald-prone land along the NSW coast, and this sector
needs access to low-cost, low-technology revegetation strategies. Such technologies are
lacking at present. The aim of this study was to examine whether some techniques
(namely stock exclusion, liming, ridging and mulching), that have been shown to aid
crop growth in ASS overseas and revegetation of severely degraded land (for example,
by salinity), could be useful to aid revegetation of ASS scalds that suffer from a
combination (at times) of severe acidity, salinity, and waterlogging.

5.2.3 The treatments

Stock exclusion by fencing, surface disturbance (ridging, rotary hoeing), mulching and
liming are relatively low-cost techniques with materials and machinery readily available
in the farming community. These techniques had shown positive early results for ASS
scald revegetation at a demonstration trial set up by the Tuckean Landcare Group in
northern NSW (Wood 2000).

Surface crust disturbance (e.g. hoeing or harrowing), in combination with other
techniques, has been shown to ameliorate acidified topsoils (Tuong et al. 1993). Minh et
al. (1997a) showed that combinations of harrowing and flushing significantly reduced
soluble Al in surface ASS. In ASS scalds, surface disturbance can also provide a
‘mulching’ effect by disrupting the capillary rise of acidic and saline groundwater
(Minh et al. 1998). Another benefit of surface disturbance is that it creates a rough soil
surface, which provides different niches for a wider range and number of seeds to
germinate (Harper et al. 1965). It does this by providing, for seeds, good contact with

the soil and protection from atmospheric seed moisture loss (Harper and Benton 1966).

Small variations in elevation are also important for revegetation of these low flat areas.

Field observations indicate that ASS scalds generally have depressed elevations relative
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to the surrounding vegetated areas. Often the scald surfaces have elevations < 20 cm
lower than the surrounding vegetated areas. Field observations by the authors regularly
show that small elevation changes are created by accumulations of cow fecal material or
debris built up behind an obstruction, resulting in raised surfaces that can often
experience prolific seed germination. Raised beds, of various heights, have traditionally
been used to leach toxic products from ASS topsoil and grow crops in Malaysia
(Kanapathy 1973), Indonesia (Sarwani et al. 1993), Vietnam (Sterk 1993, Tri et al.
1993, Xuan 1993, Minh et al. 1997b) and elsewhere.

Mulch is used to slow the rate of soil-water loss from bare surfaces through evaporation.
Mulching has been shown to lower the amount of soluble Al that accumulates in
acidified topsoil by decreasing surface evaporative loss (Minh et al. 1998). Greater
amounts of soluble acidity and salinity would reach scald surfaces from the subsoil
compared to vegetated or mulched surfaces, creating acidic and saline conditions hostile

to plant germination.

It has long been recognised that the liming rates necessary to neutralise the large
amounts of acid generated in ASS can be over 100 tonnes per hectare and hence
unlikely to be economically feasible. In this study, lime has been used to create
conditions suitable for seed germination and growth (Khan et al. 1994, Poolpipatana
and Hue 1994), not to permanently neutralise the large amounts of acid that can be

contained in these ASS soils.

There are several components of successful revegetation activities. The vegetation must
germinate and survive (vegetation occurrence). It must then grow to cover the ground,
forming a thick protective layer over the soil (vegetation biomass). The vegetation must
also be a type able to persist and cope with the range of conditions likely to occur at a

particular site (vegetation species).
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5.3 Methodology

Two field trials were undertaken to examine the influence of simple low-cost techniques
on indigenous vegetation establishment, growth and persistence, as well as key soil
variables (soil moisture, acidity and salinity). Seeding or re-planting was not utilized. A
description of the trial sites, trials, and soil and vegetation sampling is presented below.

5.3.1 The trial sites

Trial sites were chosen after an earlier characterisation of 10 ASS scalds along the NSW
coast from the Richmond catchment in the north to the Shoalhaven catchment in the
south (see Chapters 2, 3 and 4). This chapter details the results from 2 field trials at the
sites previously discussed as Sites 4 (Macleay) and 8 (Hawkesbury). The first was
located at an extremely acidified and salinised site in the Hawkesbury River catchment
near Gosford (33° 25' 33" S, 151° 11' 08" E). At this site, established over 4 days
starting on the 20" June 1999, only 1 treatment (a combination of ridging, mulching and
liming) was examined in comparison with a control. A larger trial was established over
5 days starting on the 12" December 1999 in the Macleay River catchment near
Kempsey (30° 56' 10" S, 153° 55' 11" E), to examine the individual and combined
effectiveness of the separate elements in the above-mentioned combined treatment.
Detailed soil chemical analyses of these (and other) ASS scalds appeared in earlier
chapters, but pertinent information and data are briefly summarised below and in Table
5.1.

The Hawkesbury site was the most acidic and saline of the sites sampled during the
ASS scald characterisations. The site was once dominated by salt-tolerant vegetation,
but was cut off from tidal influence by construction of a levee ~ 30 years previously. It
iIs now managed as a freshwater environment. The area is efficiently drained by surface
drains < 1 m deep, which are released through the levee via flap gates. This keeps the
soil surface consistently free of standing water and readily allows the watertable to fall
to at least 1 m below the soil surface during dry weather. While this strategy has been

successful in allowing pasture improvement across a large part of the reclaimed land,
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areas of ASS scalds and poor water quality persist. The shallow (10 cm below the
surface) sulfidic zone (i.e. > 0.1% oxidisable S) at the site, coupled with the relatively
deep drainage and evaporation from the ASS scald surface, exacerbates the already
hostile conditions (Table 5.1). This is evidenced by extremely low chloride (Cl): sulfate
(SO,4) ratios throughout the profile, indicating an excess of SO, ions from pyrite
oxidation. CI:SO, ratio values below 2:1 are a reliable indicator of sulfide oxidation in
the vicinity (Mulvey 1993).

Table 5.1: Some important soil chemical parameters in 2 acid sulfate soil scalded sites

used for revegetation trials. The sites were sampled prior to trial establishment

Hawkesbury site Macleay site
Depth pH ECis Cl:SO, Sulfide pH ECys Cl:SO, Sulfide
(cm) (dS/m) ratio (%ScRr) (dS/m) ratio (%ScRr)
0-10 2.5 8.2 0.7:1 0.04 3.7 1.0 0.1:1 0.03
10-20 2.5 7.0 0.4:1 0.76 3.6 11 0.1:1 0.03
20-40 2.7 6.3 0.3:1 2.16 35 1.7 0.1:1 0.02
40-60 3.0 5.9 0.4:1 2.03 35 1.6 0.1:1 0.02
60-80 3.0 6.7 0.5:1 1.77 3.7 2.3 0.1:1 0.80
80-100 3.3 7.5 0.5:1 1.88 7.0 2.3 0.1:1 1.02
100-120 3.4 8.3 0.6:1 2.12 8.0 1.6 0.2:1 0.75
120-140 3.6 9.1 0.6:1 2.33 7.8 1.8 0.3:1 0.86
140-160 4.1 9.7 0.7:1 2.60 8.0 1.9 0.4:1 1.00
160-180 4.7 9.2 1:1 2.46 8.0 1.3 0.5:1 0.77
180-200 52 9.0 1:1 2.53 8.0 1.6 0.5:1 0.69

The Macleay site was in a former freshwater floodplain backswamp, before drainage
and levee construction. The trial was constructed on a residual scald at the edge of what
was once > 200 ha of chronically bare soil with extremely poor-quality water exiting the
site. Landowner-instigated watertable manipulation (drainage impedance and water
retention) has allowed revegetation of most of the area over the last 12 years, except for
a few persistently scalded patches. The trial scald area is probably affected by scouring,
being in the path of flood overflow from the main drain. Table 5.1 shows the sulfidic
zone was at about 70 cm below the soil surface, with extremely acidic conditions in the

overlying soil (~ pH 3.5), compared to the sulfidic zone (> pH 7). Salinity was not as
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extreme as at the Hawkesbury site and the CIl:SO, ratio was extremely low, again

indicating pyrite oxidation (Table 5.1).

All of the trial sites were fenced to exclude stock. Therefore, stock exclusion is an over-
arching treatment which influences all treatments, including the controls. The authors
have often seen active revegetation occurring within a fenced ASS scalded area, while

outside the area remained scalded.

The Hawkesbury trial had 4 replicates of each of 2 treatments: control or no-treatment
(C) and ridge/mulch/lime (RML). The plot dimensions were 10 m x10 m (overall trial
dimensions 40 m x 20 m). Treated plots were rotary hoed to a depth of about 10 cm.
Lime was added to the treated plots at a rate of 5 t/ha. Ridges were then formed with
hand tools by pulling soil into long straight mounds about 50 cm wide and 12-15 cm
high. While machinery exists to form ridges, trial size as well as availability, time and
weather constraints precluded their use. There were at least 20 ridges and furrows per
plot. Mulching straw was laid over the top of the ridges and furrows to a depth of about

10 cm.

At the Macleay site, the plot size was 7.5 m x 10 m. Unlike the Hawkesbury trial, lime
was added at a rate of 10 t/ha, after ridge construction and before mulching. Six
treatments were examined: control or no-treatment (C), ridge only (R), ridge and lime
(RL), mulch only (M), ridge and mulch (RM), ridge, mulch and lime (RML). There
were 4 replicates of each treatment. The remaining combinations (L, ML) were not
examined as the scald surface is hard-set and the site is regularly inundated with slow
moving water, which would tend to dissolve and export the lime. The 24 plots were laid
out in 4 rows of 6 plots (Fig. 5.1). The site was slightly lower at 1 side, and Row 1 was
inundated with 10-15 cm water when surface water had already cleared from Row 4.
The treatment sequence of Row 1 was chosen randomly. After this, Rows 2, 3 and 4
were designed to ensure that none of the 4 replicates of any treatment were in adjoining
plots.
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Rainfall (actual and average) and sampling times at the 2 trials are presented in Fig. 5.2.
At the Hawkesbury site (Fig. 5.2a), rainfall recordings were obtained from a Bureau of
Meteorology recording station 15 km NW of the trial site, and the average was based on
20 years recording. At the Macleay site, the rainfall recordings were obtained from the
landowner, with averages based on 10 years recording. The Macleay chart (Fig. 5.2b)

also contains watertable depths at each sampling round.

M R RM RML RL C
Row 1 2:E 3:GE 2:E 3:EC | 2.G 3:G 2:G 3:.G 2:E 3:GE | 22EG 3:EG
4:EG 5:.GE 4:El 5.Gl | 4.G 5:Gl 4:.G 5GC | 4EG 5l 4.GE 5E
6:EG T7:GE 6:El TE 6:GE 7.G 6:GE 7:G 6:El TE 6:EG TE
RL C RML R RM M
2:---  3:GC | 2GE 3E 2:--- 3:.G 2:---  3i--- 2.---  3:GC | 2E 3:GE
Row 2 . . . . . . . . . . . .
4:1E 51 4:E 5:E 4.G 5:GlI | 4E 5:--- 4:1 5:G 4:GE 5:EG
6:1IE 7:G 6:E TE 6:GC 7:G 6:E 7:--- 6:G 7.G 6:EG T:E
RM RML R M C RL
Row 3 2:G 3:GC | 2.--- 3G 2:--- 3 | 2G 3:.G 2:E 3:El 2:---  3E
4.G 5:Gl 4:.Gl  5:.GI 4:.C 5:E 4.G 5:GC | 4E 5:--- 4:.Gl 5IG
6:GC 7.G 6:GJ 7.G 6:--- 7-- | 6EG T:.GE | 6:--- T:--- 6:E 7:---
R RL C RM M RML
2:--- 3:EC | 2:--- 3:Gl 2:G 3:GE | 2.G 3:.G 2.EG 3:.GE | 22W 3.G
Row 4
4:1C 5:Cl 4:1G 5:1 4:.GE 5E 4:.G 5:G 4:.G 5:GE | 4.GW 5.G
6:E TE 6:1G 7: 6:E T:E 6:Gl 7:G 6.EG 7:GE | 6:GC 7:.G
*north «— **ridges run north-south

Figure 5.1: Plan of the Macleay trial site showing treatment plots (C: control, R: ridge,
RL: ridge/lime, RM: ridge/mulch, RML: ridge/mulch/lime) and dominant vegetation
types (G: grass (Paspalum distichum, Pseudoraphis paradoxa), W: weed (Persicaria
spp.), E: Eleocharis acuta, I: Isolepis inundata, C: Cyprus polystachyos, J: Juncus
usitatus) at each of 6 sample rounds (2-7). Sample Round 1 is not shown because no
vegetation was present at trial setup. Single vegetation entries indicate plots dominated
by a single vegetation species; dual entries indicate the most common vegetation type

first and then second most common vegetation type.
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5.3.2 Soil and vegetation sampling

The sites were sampled immediately prior to treatment application (Sample Round 1),
and then on 6 occasions at approximately 3 monthly intervals (Sample Rounds 2-7).
Within each treated plot, and within a 1 m wide buffer zone, 8 pegs were evenly spaced
along a diagonal line. In the ridged plots, the pegs alternated between ridge and furrow,
with 4 pegs in ridges and 4 pegs in furrows. At each separate sampling visit, a different
position around each peg was tested, resulting in 8 unique sampling points being tested
at each sampling event within a diagonal transect through the middle of each plot.

At each sample point along a transect, the following samples were taken:

e Vegetation presence/absence observations, recording the occurrence of plant
material (that was growing or had grown in situ) over an area 25 x 100 cm long (0.25
m?), using a sampling grid with a 5cm X 5cm grid (100 squares), centering on either
ridge or furrow (where present).

e Vegetation biomass of the grid area (0.25 m?), by removal of above-ground
vegetation.

e Vegetation species identification.

e Surface soil samples (0-1 cm, 1-10 cm), taken for laboratory analysis (pH, EC,
soluble CI, SO., Fe and Al concentration, and soil moisture).

The 0-1 cm depth soil samples are representative of the potential seed germination zone,
and the 1-10 cm depth samples are representative of the main root zone of perennial and
annual plants. For each plot, the 0-1 cm and the 1-10 cm samples were bulked
separately. In ridged plots, 4 ridge samples and 4 furrow samples were bulked
separately for each depth, resulting in 2 bulked samples per depth layer in each plot. In
non-ridged plots, the 8 samples were combined for each depth, resulting in 1 bulked
sample per depth layer in each plot. Soil samples were placed in plastic bags, sealed,

stored on ice for transport, and then dried to 70°C for testing in the laboratory.
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Figure 5.2: Actual and average rainfall at 2 trial sites during trial period. Sampling
rounds are shown at the bottom of the graphs (e.g. S1, S2 etc.) Watertable depths for

each sampling round at the Macleay trial site are shown floating above pertinent dates.

Gravimetric water content (& g) of the soil in field condition was obtained by drying
pre-weighed sub-samples to 105°C. Soil sampling results were adjusted to account for
the small amount of extra water lost between 70°C and 105°C. Soil samples were
crushed for 10-15 seconds in a laboratory grinding mill. The ECy;5 and pH were
determined in 1:5 soil:de-ionised water. The soluble SO, and CI contents were
determined using flow injection analysis (Lachat FIA). Soluble Al and Fe were

determined using atomic absorption spectrometry (AAS) (Varian SpectrAA 220).
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Results from ridges and furrows have been averaged for the reporting purposes, unless

otherwise indicated.

The vegetation cuts were placed into open plastic bags for transport. At the laboratory,
the samples were transferred into pre-weighed paper bags and then weighed before and

after oven drying to 60°C.

Standard error (SE) was calculated for each treatment and sample round using the
results from the 4 replicates. Where overlap of SE bars resulted in illegibility, mean SE
bars for each sample round were used to indicate average variability of the data. Paired
t-tests were employed to compare ridge and furrow results within each plot and

sampling round.

5.4 Results and discussion

In the following section, the 2 field trials are examined separately. In each case,
vegetation results are reported and discussed first. Next, results from the main tested
soil parameters are presented.

5.4.1 Hawkesbury trial vegetation results

Treatment resulted in increased vegetation occurrence and biomass (Figs. 5.3a and
5.3b). Vegetation occurrence reached ~ 40%, and vegetation biomass reached ~ 140
g/m?, compared to 7.4% and 3.8 g/m? respectively, in the control plots. The occurrence
and biomass responses for the control plots were an aberration. They were caused by
disturbance (from fence construction) resulting in a small raised area, which was
colonized by vegetation. So, in fact, the responses observed in the control area were due
to an accidental “treatment” caused by soil surface disturbance.

Some of the dominant species in the trial plots were plants that grew around the edge of,
and opportunistically colonized, the scald. These included Cyperus polystachyos
(bunchy sedge), and a smaller plant, Epaltes australis, growing underneath and in
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between the sedge. Casuarina glauca (she-oak) also grew near the trial site. By the end

of the trial, 26 she-oaks from 1 - 2.5 m tall grew on the treated plots.

Various grasses established in the treated plots, including Lolium perenne (rye grass)
and Pennisetum clandestinum (kikuyu) from the surrounding paddocks. Other grasses
established in these plots included Setaria sphacelata (perennial pidgeon grass),
Hordeum distichon (2-row barley), and Avena fatua (wild oats): these grasses may have
come from the mulch used. Several weeds also grew at the trial site including Echium
plantagineum (Patterson’s curse), Echium vulgare (viper’s bugloss), Chenopodium
album (fat hen), Aster subulatus (starwort) and Malva parviflora (marshmallow). These
weeds probably originated from the mulch materials, as they were not present outside
the trial area. Occasional rushes (Juncus usitatis and J. cognatus) and other sedges
(Cyperus spp.) also established in the treated plots.

5.4.2 Hawkesbury trial soil results

The treated plots were moister, less acidic, and less saline than the control plots,
particularly in the 0-1 cm samples (Figs. 5.3c-5.3h). Lower acidity was a result of the
added lime. Increased moisture and lower salinity resulted from the mulch covering. All
salinity components (i.e. soluble Cl, SO4, Fe and Al) were significantly lower in the
treated plots with these differences being more marked in the 0-1 cm samples than the
1-10 cm samples (Figs. 5.3i-5.3p). This is likely the result of a higher rate of
evaporation and deposition of solutes at the surface of bare scalds, when compared to

the mulched plots.

5.4.3 Hawkesbury trial ridge and furrow comparison

Table 5.2 contains a list of times when significant differences between ridge and furrow
results occurred, calculated using paired t-tests. Although not always statistically
significant, results from individual site visits (not shown) exhibited the following trends.
While vegetation occurrence results were consistently higher in ridges, no trend was

evident for vegetation biomass. Vegetation species in furrows favoured wetland

5-13



Revegetating ASS scalds, NSW Australia

vegetation (sedges and rushes), while ridges favoured dryland vegetation (grasses and
weeds). Furrows results were consistently more acidic than ridges, with soluble Fe and
Al concentrations, both pH dependent, twice as high in furrows compared to ridges. The
increased furrow acidity could be due to the fact that lime was added before ridge
construction, and all loosened material (containing lime) was pulled together to form
ridges. Furrows were consistently moister, because ridges were constructed from
loosened soil material heaped in mounds and soil water was evaporated more readily
from these mounds. Furrows were, however, usually more saline than ridges. This can
be expected because of the salinity of the soil profile (Table 5.1), with the loosened

material of the ridges disrupting capillary rise, and rainfall flushing the ridges of salt.

5.4.4 Hawkesbury trial summary

The treated plots resulted in soil conditions which were less acid, less saline and moister
than the non-treated plots. Vegetation re-establishment was encouraged on the treated
plots, while the non-treated plots stayed bare. It is not clear, however, if any one

component is more responsible than another for the revegetation effect.

5.4.5 Macleay trial vegetation results

Vegetation occurrence was greatly enhanced by mulching (Fig. 5.4a), with Treatment
RM (ridge and mulch) and M (mulch only) reaching 75-80%. In the absence of muich,
Treatment R (ridge only) resulted in less vegetation occurrence than at Treatment C
(control), which rose to ~ 28% over the trial period. This result was mainly due to the
contribution of abnormally good growth for all treatments in Row 1 (lower elevation,
moister soil, and a vegetation edge effect) encouraged by stock exclusion (fencing). The
fence line encompassed good pasture growth along the outside perimeter of Row 1, and
Row 1 treatments were ~ 1 m from this good growth. Around the other 3 sides, the

fence line encompassed only bare soil or transient growth in chronically wet times.
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Figure 5.3: Hawkesbury trial vegetation and soil results. Error bars represent Standard Error of average values from each of four replicates
of each treatment, at each sampling round.
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Table 5.2: Significant differences (paired t tests, 95% probability) between ridge and furrow results at 2 revegetation field trials.
Numbers represent sample rounds where significant differences were recorded

All entries represent furrows recording higher values, except those followed by * (e.g. 4*) which represent ridges recording higher values.

Trial Site/Treatment Sample Round
Veg bio. Veg occur. Theta pH EC Cl S04 Fe Al
Hawkesbury 0-1 cm
Ridge Mulch Lime 2,3,4,6,7 4* 2,4 4, 6* 2 3,4,5,6,7 3,4,5

Hawkesbury 1-10 cm
Ridge Mulch Lime 2,3,4,5,6,7 2% 4* 2 4 2 4,5,6 4,57

Macleay 0-1 cm

Ridge 4 2,6,7* 2%, 4%, 7 4,7 4* 2% 7 4* 7
Ridge Lime 4,56 3 3,4%,6 47 3,4%,6,7 6
Ridge Mulch 3,4,6 2,4,5 2%, 7 2%,3,7 2%, 7 2%, 7 2%, 7
Ridge Mulch Lime 4,5, 7% 5 2,3,5,6 3 2%, 5%, 6,7 2%, 3,5 2*,3,5%,6

Macleay 1-10 cm

Ridge 2, 7* 3*, 7 3,7 3 3,7 3,7 3,7
Ridge Lime 2 2,3,4,5,6,7 3,4*%7 2,3,4,56,7 7 7

Ridge Mulch 4, 7* 3,6,7 7 6,7 3,6,7 6,7
Ridge Mulch Lime 6 6* 2*, 6 2*, 3 2*, 6 5,6 6
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Liming also influenced vegetation occurrence in non-mulched plots. Treatment RL
(ridge and lime) increased to ~ 65% before declining, due mainly to proliferation of an
opportunistic, quick-growing, short-lived, diminutive hydrophilic pioneer species
(Isolepis inundata). The addition of mulch to the above Treatment RL (Treatment
RML) resulted in 100% vegetation occurrence, mainly of native grasses (Paspalum
distichum, Pseudoraphis paradoxa). The different treatments definitely influenced
vegetation occurrence, in comparison to control sites. Basically, the mulched sites
outperformed the non-mulched sites, and the limed sites outperformed the non-limed
sites. These results show that vegetation can germinate on this chronically bare ASS
scald, given favourable establishment conditions.

Vegetation biomass was greatly enhanced by both mulching and liming (Fig. 5.4b). By
the end of the trial, Treatment C had achieved vegetative biomasses of ~ 140 g/m?,
mainly due to good growth in Row 1 (lower elevation, moister soil, vegetation edge
effect) and stock exclusion. Again, the only treatment to produce less than this was
Treatment R (~ 100 g/m?). Despite high vegetation-occurrence results, Treatment RL
only reached ~ 300 g/m? due to the dominance of short-lived and insubstantial Isolepis
inundata. The mulched sites had much greater amounts of vegetation established, with
Treatments RM and M reaching ~ 450 and 520 g/m? respectively. Treatment RML
reached ~ 880 g/m®. Mulched sites outperformed non-mulched sites, and limed sites
outperformed non-limed sites. These results show that mulching is the most successful
single treatment, but its combination with surface disturbance and liming gave the best

results.

A key difference between treatments was the vegetation species mix that was
encouraged on each. Dominant plant species were visually estimated in each trial plot at
each sample round (Fig. 5.1). When soil-moisture conditions would allow, the non-
mulched sites favoured the establishment of sedges and rushes (Eleocharis acuta,
Cyperus polystachyos and Isolepis inundata). Treatments C and R favoured the
establishment of Eleocharis acuta (common spike rush). Pure stands of Isolepis
inundata established on Treatment RL. Cyperus polystachyos (bunchy sedge) grew

opportunistically throughout the site.
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Figure 5.4: Macleay trial vegetation results. Floating error bars represent the averaged
Standard Error of the six treatments at each sample round.

These above-mentioned 3 plant species are commonly observed opportunistic pioneers
on ASS scalds along the NSW coast. They are often found growing around the
perimeter of scalds, spreading onto the scalds during wet periods, and retreating to the
perimeters when conditions once again get too dry. They are useful for providing
ground cover and (especially Eleocharis acuta) can provide mulch for surface soil

protection.

Mulched sites allowed more native grasses to grow, mainly Paspalum distichum (water
couch) and Pseudoraphis paradoxa (mud grass). Treatment M allowed a relatively even
mix of Eleocharis acuta and native grasses. The combination of ridging and mulching
(Treatment RM) favoured grass growth even more, while the addition of lime
(Treatment RML) resulted in almost complete grass cover. It is interesting to observe
the mulch-induced difference between the treatments. The only difference between
Treatment C and M is a single application of mulch. This resulted in enhanced
vegetation growth, which can instigate seed dispersal and self-mulching over those
plots. Also, mulching resulted in very different vegetation species growth as seen with
Treatments RL (favouring Isolepis inundata, low biomass, short lived) and RML
(favouring grasses, high biomass, long lasting). These results show that vegetation can
germinate and establish on ASS scalds given appropriate treatments to overcome
stresses, and different vegetation types are encouraged by different treatments.
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At this site, grasses are favoured for revegetation purposes for several reasons. Firstly,
the property is used for cattle grazing. The trial site was situated on the edge of a large
flat area with only slight differences in elevation. In the lowest sections, where water
stands deeper for longer, sedges and rushes (particularly Eleocharis acuta) dominate.
On the higher land, dryland pasture grasses dominate. Inundation-tolerant, native
grasses (Paspalum distichum, Pseudoraphis paradoxa) grow in between these 2
extremes. Grasses form thick mats, which act as a mulch and reduce soil desiccation.
Grasses stop growing in winter and even die back with frosts, but keep their mulching
effect and sprout again in the next spring. Inundation-tolerant grasses can tolerate a
wide range of watertable height fluctuations as long as these fluctuations are not too
rapid. Inundation-tolerant grasses can grow when water is standing 30-40 cm over the
surface, and when watertables fall < 1 m below the soil surface. The native grasses
growing on the trial site are very palatable to cattle and contain a high crude protein
content (19.6%) (NSW Agriculture 1995). Interestingly, the other dominant vegetation
type at the site, Eleocharis acuta, was also tested and found to have a high crude protein
content (21.4%) (Feedtest 2002).

5.4.6 Macleay trial soil moisture results

Soil-moisture conditions (Fig. 5.5) over the trial period reflect climatic conditions and
watertable heights (Fig. 5.2). The soil in the non-ridged (undisturbed) treatments had
higher soil-moisture content in the 0-1 cm samples (Fig 5.5). Consequently, during the
driest sampling round Treatment M resulted in significantly higher soil-moisture content
than any other treatment in the 0-1 cm samples. This was likely due to the combined
effect of mulch and the undisturbed soil structure. In the 1-10 cm samples, differences
in soil-moisture conditions were minimal between different treatments (Fig. 5.5). The
results indicate that soil moisture was not limiting to the growth or establishment of
vegetation during the trial period.
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Figure 5.5: Macleay trial soil moisture results. Floating error bars represent the

averaged Standard Error of the six treatments at each sample round.

5.4.7 Macleay trial soil acidity results

Except for the limed plots, soil pH was similar amongst the different treatments (Fig.
5.6). In the 0-1 cm samples of the limed plots, pH quickly rose from pH 3.5 to pH 6.0
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Figure 5.6: Macleay trial soil acidity results. Error bars represent Standard Error of

average values from each of four replicates of each treatment, at each sampling round.

and then steadily declined over the trial period, but at a much slower rate in the mulched
plots. Despite the severe acidity of the site, the results indicate that soil pH was not a
major constraint on vegetation growth. The pH was similar in all treatments except

those with lime. Yet vegetation growth was strongest in the mulched plots, whether
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limed or not. Lime did encourage growth, but in the absence of mulch the vegetation
type (i.e. Isolepis inundata) was not desirable from a cattle grazing or environmental

perspective and the biomass was not sustained over the trial period.

5.4.8 Macleay trial soil salinity results

Mulching moderated the extent of salinisation during dry times (Figs. 5.7a and 5.7b).
During the dry period (Sample Round 5), electrical conductivity (EC) reached ~ 6.5
dS/m in the 0-1 cm samples of Treatment C. At the other non-mulched plots
(Treatments R and RL), EC results were also elevated (~ 4.5 dS/m), but less so than
Treatment C. Surface disturbance and ridging would have disrupted the capillary
pathways to the surface soil, and lessened the amount of salinity transported upwards.
The 0-1 cm samples of the mulched plots did not experience the pronounced salinity

rise of the non-mulched plots, only reaching ~ 2 dS/m during the dry period.

In the 1-10 cm samples, differences in soil salinity conditions were minimal between
different treatments, with non-mulched plots (~ 2 dS/m) only slightly more saline than

the mulched plots (~ 1 dS/m) during dry periods.

Results similar to the EC results were evident for Cl, SO, Fe and Al (Figs. 5.7¢-5.7j).
There is, however, a difference between the Fe and Al results and the previous EC
measurements. The limed plots, mulched or non-mulched, resulted in the lowest
concentrations of soluble Fe and Al. In the 0-1 cm samples, the limed non-mulched
plots (Treatment RL) had similar concentrations to the mulched non-limed plots
(Treatment RM and M). This indicates that mulching can have the same Fe and Al
suppressive effect as adding lime to bare soil. The limed mulched plots (Treatment
RML) had the lowest concentrations of soluble Fe and Al. In the 1-10 cm samples,
again the 2 limed plots (Treatments RL and RML) had the lowest concentrations. These
low concentrations of soluble Fe and Al reflect their pH dependence, and are due to the
higher pH in the limed treatments encouraging Fe and Al incorporation into SO4

minerals.
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5.4.9 Macleay trial ridge and furrow comparison

Macleay trial ridge and furrow comparisons were less well-defined than the
Hawkesbury site. The wetter conditions and presence or absence of lime and mulch on
different ridged treatments produced variable results. However, general trends were
evident, which are reflected in Table 5.2. These results should be seen against a
background of lower overall salinity in general, and Cl in particular, at the Macleay site
when compared to the Hawkesbury site. Vegetation occurrence and biomass results
were mostly higher in furrows than ridges, but were only significant in Treatment RML
during the drier conditions of Sample Rounds 4 and 5 (Table 5.2). Especially on drier
occasions, furrows favoured wetland vegetation (sedges and rushes) and ridges favoured

dryland vegetation (grasses and weeds).

Like the Hawkesbury site, furrows were consistently moister than ridges in the 0-1 cm
samples, despite the higher watertable and waterlogging. Differences were more often
significant in sites with vegetation coverage. Unlike the Hawkesbury site, the Macleay
site furrows often had higher pH and lower EC than in ridges in the 0-1 cm samples.
The differences were significant especially during (of after) drier conditions i.e. Sample
Rounds 2, 4 and 5 (Table 5.2). These results could be due to oxidation of surface
sulfides, which are known to form at this site (and on ASS scalds in general) during
waterlogged periods and oxidise during dry periods (see Chapter 2). Surface sulfides
would oxidise first on ridges as they dry out producing acidic salts (Fe and Al sulfates)

which lower pH and raise EC (Fanning et al. 2002).

5.4.10 Summary

Treatment C showed the effect of stock exclusion alone, with vegetation occurrence and
biomass recording only a small rise between Sample Round 2 and 3 (mainly Eleocharis
acuta). However, the much larger rises, at the same time, resulting from the addition of
mulch (Treatment M) cannot be attributed to differences in soil moisture (Fig. 5.5)
acidity (Fig. 5.6), salinity or soluble metals (Fig. 5.7). Salinity parameters showed a

relationship with vegetation occurrence and biomass in the second half of the trial.
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However, the principle effect of mulch in the first half of the trial remains unclear from
the results of data collected. Possible untested effects include microclimatic effects (e.g.

temperature) or physical protection of emerging seedlings.

Treatment M outperformed the other 2 mulched treatments until the very dry period
(Sample Round 5) because soil disturbance in the ridged sites lead to a disrupted seed
bed and delayed seed germination. However, soil disturbance allowed grasses to take
root via germination and/or runners and these grasses dominated the mulched sites with
soil disturbance (Treatments RM, RML). After the very dry period at Sample Round 5,
wetland vegetation was discouraged while grasses grew vigorously.

The salinity results are consistent with the degree of revegetation. The treatments with
the least vegetation were the non-mulched ones in which salinity rose to elevated levels
with soil desiccation. The mulched plots, with the best vegetation growth, avoided the
salinity increases during dry times. The results indicate that revegetation by desired
plant species will require mulching to be undertaken in order to guard against the

salinity increases that can occur during extended dry periods in these areas.

5.5 Conclusion

The results of these trials have shown that:

1. Revegetation of chronic ASS scalds is possible using simple techniques, and
different combinations of techniques encourage different vegetation species
occurrence.

2. Stock exclusion (fencing) alone achieved minimal results. Wetland vegetation is
sporadically encouraged when the soil is waterlogged, but discouraged as the site

dries out.

3. Mulching is the most important single treatment. All mulched treatments produced
significantly more vegetation occurrence and biomass than the control. An untested
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mulching effect encouraged vegetation in wet periods. In dry times, mulching

significantly minimised the build-up of surface salinity.

4. Liming, without mulching, encouraged lesser amounts of economically and
environmentally inferior plant species (Isolepis inundata). However, liming and
mulching encouraged the best vegetation occurrence, biomass and species results

(Paspalum distichum, Pseudoraphis paradoxa).

5. Soil disturbance (ridging and furrowing) alone produced less vegetation response
than the control. However, in combination with mulch, it is important because it
breaks the hard smooth surface and allows a range of vegetation species, including
grasses, to take root.

6. Furrows remain moister than ridges and create variable micro-environments and
physical protection. This encourages greater vegetation species diversity across the
site. Especially as the site dries out, furrows contained wetland vegetation (sedges
and rushes) and ridges contained dryland vegetation (grasses and weeds).
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CHAPTER 6

CONCLUSIONS

6.1 Introduction

There were 2 basic components to this investigation into the revegetation of acid sulfate
soil (ASS) scalds in eastern Australia. The first component was to characterise ASS
scalds along the New South Wales (NSW) coast of eastern Australia, and the second
was to establish field trials to test various low-cost readily-available techniques to
encourage revegetation of ASS scalds. All conclusions and recommendations refer to
low elevation, coastal floodplain areas, underlain by sulfidic sediments, and managed as

freshwater, usually grazing, environments.

The ASS scald characterisation confirmed that ASS scalds occur in every major
catchment from the Queensland border to the Shoalhaven River (the southerly extent of
the study). Scald surfaces consistently had a lower elevation (due to erosion and soil
shrinkage) than the surrounding vegetated surfaces (due to organic matter accretion and

protection from erosion).

6.2 Thesis conclusions

6.2.1 CONCLUSION 1: Larger areas of ASS landscapes are at risk from scalding.

The results from soil tests down to 2 m depth in permanently-vegetated soil profiles all
showed similarly shallow sulfidic zones (Chapter 2), and similar soil-water chemistry
(Chapters 2 and 3), to those from adjacent ASS scalds. This indicates that these
vegetated areas may well be prone to prolonged scalding should these areas be

devegetated by natural or human-induced events.
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Conclusions

Close proximity of the sulfidic zone to the soil surface (< 1 m) was important in most
ASS scalds tested, affecting the rate of accumulation of sulfide oxidation products
reaching the soil surface. However, an ASS scald was found which did not have a
significant sulfidic zone within 2 m of the soil surface (Chapter 2) and hence did not fit
in with this generalisation. Sufficient quantities of toxic solutes from sulfide oxidation
reached the soil surface of this site, presumably via groundwater movement. This
indicates that ASS scalding can occur where sulfidic layers are > 2 m below the soil

surface.

6.2.2 CONCLUSION 2: Areas containing ASS scalds have acidified, yet unoxidised,

sulfidic zones which increase the risk of environmental damage.

Soil profiles were found to have variable thicknesses of acidified (< pH 4.5) yet
unoxidised sulfidic layers, ranging from 20-160 cm at different sites (Chapter 2). One
site, which had only been drained and modified for ~ 30 years, had a 150 cm-thick
acidified sulfidic zone. Based on scientific literature, acidified sulfidic zones are more
readily oxidised than neutral sulfidic zones, as bacterially mediated sulfide oxidation is
greatly enhanced under such acidified conditions (Evangelou and Zhang 1995). If the
pH is < 3.5, soluble ferric iron (Fe**) concentrations increase (as a result of microbial
mediated Fe®* oxidation to Fe**) and Fe** continues to effectively oxidise sulfides, even
in the absence of oxygen. These results are important for management of toxic solute
production and export from ASS. Sites with large acidified sulfide zones will generally

pose a greater environmental risk than sites with neutral sulfide zones.

6.2.3 CONCLUSION 3: Areas containing ASS scalds have surface-soil sulfidic zones

which increase the risk of environmental damage.

All tested sites (vegetated or scalded) exhibited an environmentally-significant surface
sulfide layer (Chapter 2). Indeed, chromium-reducible sulfur (CRS) concentrations from
surface soil layers of vegetated areas were usually higher than those from the nearby
scalded areas. Due to lack of external soluble sulfate (SO,) input at these freshwater-

influenced sites, these surface sulfidic zones are likely to have formed from SO,
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Chapter 6

supplied by sub-surface sulfide oxidation. The soluble sulfide oxidation products
produced in the sub-surface ASS layers would translocate and concentrate on the soil
surface and re-form sulfides during the extended waterlogged periods that these areas
experience. Such surface sulfidic zones would readily oxidise when the watertables
inevitably fall below the soil surface again during extended dry periods, causing
acidification of the soil surface layers, and a flush of toxic sulfide oxidation products

able to be transported into waterways.

6.2.4 CONCLUSION 4: Soil salinity concentrations were an important vegetation
constraint at all ASS scalds. Two types of scalds were found: One with elevated SO,
concentrations only, and the other with elevated concentrations of both SO, and
chloride (ClI).

All the tested sites were managed as freshwater regimes, and were mainly used for
cattle grazing. Vegetated areas consistently had lower surface-soil salinity
concentrations than the scalded areas, despite the usually moist soil conditions and high
watertables (Chapter 3). Yet most surface and profile samples (scalded and vegetated)
were found to be saline (ECe > 4 dS/m) and would reduce the growth of freshwater
grass species which are routinely planted, with 5 of the 10 ASS scalds considered highly
saline (ECe > 10 dS/m) (Chapter 3).

All tested sites had elevated SO, concentrations as a result of sulfide oxidation. High
salinity concentrations were often associated with the low pH values (Chapter 3). This
indicates the presence of acidic SO, salts of iron (Fe) and aluminium (Al). However, of
the 10 sites tested, the 5 with the highest salinity concentrations also had elevated
soluble CI concentrations throughout their profiles. These profiles reflect an estuarine-
affected environment that has been more recently altered to freshwater regimes. The
elevated EC values at these Cl-affected sites indicate a substantial higher risk of osmotic
stress and vegetation mortality in dry periods.
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Conclusions

6.2.5 CONCLUSION 5: Land and water management practices contribute to ASS

scald formation.

Because of widespread drainage and sulfide oxidation, soil sub-surface layers
underlying ASS scalds and adjacent vegetated paddocks had similar soluble SO, Cl,
EC and pH distributions down the profile. Any disturbance or activity that leaves land
denuded in areas containing groundwater enriched with sulfide oxidation products and

connate salinity, can instigate ASS scalding.

Drainage has made the backswamps alternately too dry for permanent wetland
vegetation and too wet for permanent dryland vegetation. Drainage has increased the
frequency of dry soil conditions and allowed the growth and survival of dryland pasture
species. However, it has not eliminated periods of waterlogging or inundation, which
kills dryland pasture. If wetting/drying cycles occur abruptly, it can lead to vegetation

mortality, bare ground and ASS scalding (Chapter 4).

The surface accumulations of sulfides that form during prolonged periods of
inundation, can oxidise during extended dry periods, producing toxic sulfide oxidation
products in the root zone. Drainage has also allowed fires (and to a lesser extent frosts)
to denude sensitive areas. Other denuding activities included excessive stock and
vehicular traffic, saltwater intrusion onto freshwater areas, saltwater exclusion from
formerly saline areas, deliberate topsoil removal, flood scouring and prolonged
inundation by deep floodwaters that can kill both dry and wetland vegetation (Chapter
4).

6.2.6 CONCLUSION 6: ASS scald revegetation is possible using targeted on-ground

works.

The Hawkesbury catchment trial site had the most extreme salinity and acidity
conditions and highest sulfide concentrations. The combined treatment of stock
exclusion (fencing), surface disturbance (rotary hoeing, ridging and furrowing),

mulching and liming resulted in significantly more vegetation occurrence and biomass,
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Plant

Common name

Comments

TREES
Casuarina glauca
Melaleuca quinquenervia

Swamp oak
Paperbark

Watercourse edges
Common in backswamps

SEDGES AND RUSHES
Baumea articulata
Baumea rubiginosa
Bolboschoenus medianus
Carex appressa

Cyperus polystachyos
Cyperus eragrostis
Cyperus exaltatus
Eleocharis acuta
Eleocharis equisetina
Eleocharis sphacelata
Isolepis inundata

Juncus usitatus

Juncus cognatus

Juncus prismatocarpus
Juncus kraussii
Lepironia articulata
Schoenoplectus validus

Jointed twigrush

Tussock sedge
Bunchy sedge/quillrod
Umbrella sedge

Common spikerush
Sag

Tall spikerush
Common rush

Sea rush
Giant sedge
River clubrush

Drain edge

Drain edge/standing water
Drain edge/standing water
Paddocks near scalds

Scald pioneer/around scalds
Waterlogged areas
Waterlogged areas

trig. below spikelet (1-3mm)
terete, septa, striate (4mm)
Drain edge/waterlogged areas
Drain edge/waterlogged areas
Paddocks near scalds
Paddocks near scalds
Paddocks near scalds
Paddocks near scalds
Waterlogged areas

Drain edge/waterlogged areas

OTHER SWAMP PLANTS

Blechnum indicum
Cotula coronopifolia**
Eichhornia crassipes*
Marsilea sp.

Maundia triglochinoides
Nymphaea capensis*
Nymphaea gigantea
Philydrum lanuginosum
Sarcocornia quinqueflora
Triglochin procera

Swamp water fern
Water buttons

Water hyacinth

Nardoo

Cape waterlily

Native (Giant) waterlily
Frogsmouth

Samphire

Water ribbons

Paddocks near scalds/under trees
Waterlogged areas/saline areas
In drain/standing water

In drain/standing water
Waterlogged areas

In drain/standing water

In drain/standing water
Waterlogged areas

Waterlogged areas/saline areas
Waterlogged areas

SMARTWEEDS
Persicaria capitata*
Persicaria decipiens**
Persicaria strigosa**

Smartweeds-small
long spike pink fl.
ovate spike white fl.

Paddocks near scalds/wet areas
Paddocks near scalds/wet areas
Paddocks near scalds/wet areas

GRASSES

Agrostis avenacea
Echinopogon ovatus
Eragrostis elongata
Leersia hexandra
Paspalum distichum
Phragmites australis
Pseudoraphis sp.
Typha orientalis

Avena fatua*

Blowngrass

Forest hedgehog grass
Clustered lovegrass
Swamp ricegrass
Water couch
Common reed
Mudgrass

Bulrush

Wild oats

Paddocks near scalds
Paddocks near scalds
Paddocks near scalds
Drain edge/standing water
Waterlogged paddocks

In drain

Waterlogged paddocks

In drain

In experimental trial plots
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Axonopus affinis*
Briza minor*

Cynodon dactylon*
Digitaria aequiglumis*
Eleusine indica*
Hordeum distichon*
Lolium perenne*
Paspalum dilatatum*
Paspalum urvillei*

Pennisetum clandestinum*

Phalaris angusta*
Setaria gracilis*
Setaria sphacelata*

Narrow leaf carpetgrass
Shivery grass

Common couch

Finger grass

Crab grass

Two row barley
Perennial ryegrass
Paspalum

Vasey grass

Kikuyu

Canary grass

Slender pidgeon grass
S. African pidgeon grass

Paddocks near scalds
Paddocks near scalds
Paddocks near scalds
Paddocks near scalds
Paddocks near scalds

In experimental trial plots

Paddocks near scalds
Paddocks near scalds
Paddocks near scalds
Paddocks near scalds
Paddocks near scalds
Paddocks near scalds
Paddocks near scalds

*introduced

**cosmopolitan

Plants were identified through the following resources:

Atkinson G (1999) Soil landscapes of the Kempsey-Korogoro Point 1: 100 000 Sheet. Department of
Land and Water Conservation: Sydney.

Auld BA, Medd RW (1997) Weeds: An illustrated botanical guide to the weeds of Australia. Inkata Press:

Melbourne.

Beadle NCW (1971-1987) Students flora of north eastern New South Wales, Part 1-V1. University of New

England: Armidale.

Sainty GR, Jacobs SWL (1981) Waterplants of New South Wales. New South Wales Water Resources

Commission: Sydney.

Wheeler DJB, Jacobs SWL, Norton BE (1994) Grasses of NSW. University New England: Armidale.

Selected specimens identified by Royal Botanic Gardens, Mrs Macquaries Road: Sydney (30/6/99,
14/10/99, 29/2/00, 5/6/00 and 2/2/01).
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1. Introduction

Acid sulfate soil (ASS) scalds are found in the coastal
backswamps of New South Wales (NSW), Austraia
They are persistently bare areas of land, recognised as
being agriculturally unproductive and environmentally
damaging. They can be small areas of lessthan 5 ha (Fig
1), or larger at over 200 ha (Fig 2).

This brochure looks at:
why ASS scalds occur
why they are located where they are
why they are so damaging
what can be done about them

Figure 1: This ASSscald is about 1.5 ha with a thick surface-coating of iron deposits (photo Michael Wood).

Figure 2: Part of an ASS scald which once measured over 200 ha.

ASS scalds are an agricultural
and environmental liability
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2. The pyrite problem

Many NSW coastal floodplains are underlain by
sediments containing iron sulfide (pyrite). As sealevels
slowly rose (between 6,000 — 10,000 years ago),
substantial deposits of pyritic sediments formed in
estuarine muds, where tidal seawater (containing
sulfur) met and mixed with freshwater outflows
(containing iron). When waterlogged, the sediments
remain stable. When exposed to air, they react and
form sulfuric acid. Since sea level stabilisation, various
amounts of freshwater-deposited overburden have
capped the pyritic sediments. Backswamps formed at
the lowest elevations in the coastal floodplains. They
are areas located away from the main rivers, where
very little flood-borne sediment was deposited. Pre-
drainage, the backswamps were submerged (surface
water stood for 100 days or more) or waterlogged for
extended periods, and often had thick peat layers
supporting wetland vegetation. Drainage was designed
to clear backswamp paddocks in about five days. This
often meant deep drains (over two metres deep) and
one-way floodgates. It isin these drained backswamps
that ASS scalds appear.

Figure 3: Acidic, iron-rich water draining from an ASS scald.

ASS scalds are an extreme result of pyrite oxidation,
which occurs when sediments containing pyrite are
exposed to air. The main problem is the toxic
oxidation products associated with exposing pyrite to
air: sulfuric acid and water-soluble iron (Fig 3) are
formed directly, and water-soluble dluminium is
stripped from clay particles. In sufficient amounts,
these three products are all harmful (or fatal) to plants
and animals both on land and in the water (Fig 4). In
NSW, there is enough pyrite to produce environmental

damage for hundreds of years.

The enormity of the ASS problem has been long
recognised internationally, but has only recently been
appreciated in Australia. The recently proven role of
ASS leachate in fish-kills and red spot disease has
focused renewed attention on the extent of the
problem. It is now accepted that past and present ASS
oxidation impacts negatively on water quality,
estuarine habitat, commercial fisheries, engineering
structures, community infrastructure, agricultural
productivity, real estate values, scenic amenity and
tourism.

Figure 4: Red iron stained drain and vegetation die-off
caused by acidic drainage from an ASS scald (to the right of
picture).



3. ASS scald formation

Backswamps were formed because much less flood-
borne sediment was deposited away from the main
rivers. Most sediment was deposited on the main
levees and the levee toes. Only a small amount of very
fine sediment reached the extremities of the floodplain.
These relatively low areas remained waterlogged for
much of the year, wetland plant species dominated, and
often thick layers of peat accumulated (Fig 5A).

Backswamp drainage has caused drying-out of soil
profiles, with profile shrinkage, loss of wetland
vegetation and erosion of the peat layers (Fig 5B).
Pyrite layers can be close to the surface and deep
drains often intersect them. Toxic oxidation products
are formed close to the soil surface, and can overcome
the soil’s acid-neutralising capacity. As soil
acidification increases, vegetation cannot cope with the
high levels of water-soluble metals (iron and
auminium), and lack of availability of essentia plant
nutrients. The vegetation dies off and bare soil (ie. ASS
scalding) is left.

ASS scalds occur
in or around drained,
low-elevation, coastal

backswamps

Once denuded, the bare soil allows accelerated soil-
water evaporation. Water, containing toxic oxidation
products, is drawn to the soil surface from the profile
beneath and from the surrounding soil. The bare
surface layers of ASS scalds accumulate acidity and
salinity during dry periods. With the onset of wet
conditions, the concentrated pollutants are washed into
surrounding waterways or spread over adjacent
vegetated areas.

Figure 5: Typical profile of a coastal floodplain and backswamp where ASS scalds can occur
(source: Acid Sulfate Soils Assessment Guidelines, ASSMAC, Wollongbar, NSW).



ASS scalds can form directly as described in Section
3.1, or they may form indirectly from some other
intervening factor that denudes land in a sensitive
backswamp area. Once bare, ASS scald conditions can
quickly develop and revegetation can be difficult.
Some intervening factors are summarised below.

Basically, backswamps get too
wet for dry-pasture vegetation, and too dry for wetland
vegetation. Cycles of wetting and drying repeatedly
replace vegetation types. When changes happen too
quickly, areas of bare soil result and ASS scalding can
be initiated.

Major flooding can kill even water-
tolerant vegetation, leaving bare soil exposed to
evaporation.

Mangrove or saltmarsh
areas, excluded from tidal inundations (Fig 6), can
experience extreme increases in surface-soil salinity
during dry times (Fig 7). Alternately, freshwater
backswamps can be inundated by brackish water in
times of low river flow and king tides, causing
vegetation die-off.

ASS scalds concentrate
acidity and salinity at their
surface

Pyrite can form on the
surface of ASS scalds and surrounding paddocks in wet
periods. When dry conditions return, this pyrite is
exposed to air. Toxic oxidation products are produced
and kill vegetation, leaving bare soil.

Drained backswamps become more fire-prone.
Peat fires can burn or smoulder for long periods. This
can denude the surface and lower paddock elevation.

If surface soil is removed, by
accident (flood scouring) or design (topsoil removal),
bare soil is formed and paddock elevation is lowered.

Severe frosting can kill standing vegetation
which is eroded by wind or water, leaving bare soil.

Livestock eat and trample emerging
vegetation. Trampling aso churns up and disrupts the
potential seed bed.

Figure 6: Mangrove die-off and ASS scalding caused by drainage and tidal exclusion.
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Figure 7: White acidic salts (containing iron, aluminium and sulfate) gathering on the surface of an ASSscald as
conditions dry out.

PRIMARY CONTRIBUTING
CAUSES FACTORS

VEGETATION DYNAMICS

DRAINAGE
allows oxygen penetration
MAJOR FLOODING

SOIL SALINITY
OXIDATION OF
of pyritic sediments FIRE
GROUND FLOOD SCOURING

TOXIC PRODUCTS

SURFACE SOIL REMOVAL
accumulate near surface

COVER

SURFACE PYRITE OXIDATION

ASS SCALDING FROST
kills vegetation OVERGRAZING
Figure 8: Primary causes and contributing factors in the ASS scalding process.
All the above factors lead to land being laid bare. on bare soil due to surface evaporation, which leaves
In susceptible areas such as drained backswamps, toxic oxidation products behind in the surface horizon.
oxygen incursion and pyrite oxidation have already Conditions get too extreme for plant germination and

occurred and toxic oxidation products are present in the survival (Fig 8).
soil-water. ASS scald conditions can quickly take hold



4. How bad are ASS scalds?

In astudy conducted along the NSW coastline, thirteen
ASS scalds were examined and tested to a depth of two
metres. At five of the scalds, adjacent paddock cores
were also taken, to compare vegetated and non-
vegetated conditions. Some of the most important soil
parameters resulting from this detailed study, and their
significance, are outlined below.

High watertables unless drought conditions
Pyritic layer 1 m or less below surface
Maximum pyrite concentrations. 2% — 7%
Pyrite reformation in the soil surface layer
pH lessthan 4 intop 1 m

High concentrations of soluble aluminium
High concentrations of soluble iron

High salinity levels

The soils under nearby vegetated areas were very
similar to the soils under scalds, except for the top
20-40cm.

The topsoils under the vegetation were less acidic
and less saline than the soils under scalds.

Below the root zone there was very little difference
between the scalds and the adjacent paddocks, with
regard to pyritic sediment depth and concentration,
and acidity and salinity.

It is apparent that current management practices are
allowing pyrite oxidation and creating ASS scalds. The
scalds are actively producing large amounts of acidity,
salinity and soluble metals, which are being transported
into surrounding waterways (Fig 9).

The presence of pyrite reformation on the surface of
ASS scalds and surrounding paddocks is of particular
concern. In dry times it would cause a flush of acidity
and other pollutants on the soil surface, killing
vegetation and negatively effecting surrounding water
quality.

Drained
backswamps get too
dry for wetland
vegetation, and too wet
for dryland
vegetation

Although deeply drained, the backswamps are still
prone to waterlogging

Drainage guidelines recommend 3 cm depth only.
In reality drains up to 300 cm deep

10 — 40 times above guidelines for environmental
protection; severe acidification potential

Severe acidification potential for surface soil
when dry

Plants struggle due to toxic amounts of soluble
iron and aluminium; also nutrient deficiencies
Restricts or kills plants; in waterways is toxic

to fish and other animals

Restricts or kills plants; in waterways causes thick
iron deposits and consumes dissolved oxygen
Restricts or kills freshwater plant species

Figure 9: Red, iron-stained water in a drain
bordering an ASS scald has pH of 2.5.



5. What can be done about ASS scalds?

Figure 10: ASSscald edge. Note height difference between paddock and scald surfaces.

The ultimate management aim is to revegetate ASS
scalds. Thiswould result in several benefits:

1. Vegetation prevents toxic oxidation products from
collecting on the surface, and being transported into the
waterways or over surrounding paddocks.
Reduced surface evaporation minimises upward soil-
water movement.
Plant roots intercept groundwater before it reaches
the surface, leaving toxic oxidation products at
depth.
Organic matter can bind up large amounts of soluble
iron and aluminium.

2. The mulching effect of vegetation slowly builds up
the surface layer, raising the soil-surface level (Fig 10).

3. Vegetation can also act as a partition, separating
acidic groundwaters from better quality surface-water
flowing into backswamps.

Any persistently bare area of land in low-elevation,
drained, coastal backswamps could well be an ASS
scald. Visual indicators of ASS scalding, as opposed to
scalding from some other mechanism, might include
some (or all) of the items listed in section 5.3. Presence
of some of these indicators (even without associated
scalding) could signal that extra management care, or
perhaps even further inquiries, may be warranted.
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on bare scald surfaces, or surrounding
vegetation, drain banks and concrete structures
(Fig 11).

covering sub-surface drain banks and
bottoms near scalded land (Fig 3).

adjacent to
scalded ground due to aluminium or iron contamination
(Fig 12).

Figure 11: Concrete corrosion and iron staining caused by
acidic water draining from a backswamp area.



Figure 12: Coloured pools of different depthsin an ASS scald, one stained red and one a clear green-blue.

(jarosite) in soil matrix or old (iron monosulfides) in
root channels (Fig 13). drains, on scalded land or on surrounding waterlogged
paddock surfaces. Monosulfides are a highly reactive
first stage of pyrite formation (Fig 14).

Figure 13: Yellow veins of jarosite in the upper soil profilein Figure 14: A handful of iron monosulfides from a drain edge.
an ASS scald (photo Leigh Sullivan).



Figure 15: Backswamp landscape. The vegetation in the
midground is sedges and rushes.

(sedges and rushes) growing
around or scattered throughout bare areas (Fig 15).

surrounding or within
bare areas.

More definite confirmation of ASS scalding can be
obtained by laboratory testing of soil (including sulfide
content and soluble acidity). The first line of inquiry
should be the relevant NSW Agriculture acid sulfate
soil project officer or information officer in your area.

To enable ASS scald revegetation, there are two
response levels that would be beneficial.

Drained backswamps
have changed from waterlogged to free-draining
systems. Pre-drainage, air intrusion was infrequent and
toxic oxidation products were confined in al but the
most extreme rainfall events. Drainage has allowed
increased pyrite oxidation and delivery of toxic
oxidation products, both to the soil surface and off-site.
Levee and levee toe drainage could continue, but
coastal backswamps should not be drained too deeply.

The advantages of this appoach would be:
Minimised watertable rise and fall, both in
frequency and extent.

Waterlogged pyrite layers (less oxidation).
Acidity produced remains on-site.

L ess toxic oxidation products produced and
transported to the surface.

Diluted surface conditions encourages vegetation.
Catchment water quality improved.

Drought stock-refuge function restored.
Long-term land and water ecosystem

function improved (economic sustainability,
biodiversity, scenic amenity, tourism values).

Challenges regarding this approach include:
Surface pyrite reformation would increase with
waterlogged conditions, creating a flush of toxic
products at the soil surface in extremely dry times.
Backswamp paddocks would remain waterlogged
longer, limiting current management practices.
Current flood mitigation strategies need to be
maintai ned.
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There are severa on-site
management techniques that are showing promisein
revegetating ASS scalds. They include watertable
mani pulation; fencing; mulching; surface disturbance;
liming; ridging and furrowing; and combinations of
these activities. Of course these on-site techniques
would be far more effective if conducted against a
background of higher watertables and/or moist soil
conditions. But even in the absence of an organised,
wider catchment approach, these techniques can still
encourage vegetation back onto individual ASS scalds
(Figs 16 and 17).

Figure 16: Vegetation patchwork showing successful ASS
scald revegetation on the most severe site tested on the NSW
coast (in terms of surface acidity and salinity, pyrite
concentration and proximity to surface).

Figure 17: Close-up of trial sitein Fig 16. Fencing, ridging,
mulching and liming encouraged vegetation, even in the
absence of wider catchment-drainage modification.



Several techniques have been trialed and found
successful in individual circumstances. Watertable
mani pulation, fencing and mulching can be done
individually or in combination. Surface disturbance,
ridging and liming would normally be donein
combination with mulching.

Concrete pipes and drop-
boards allow surface water to be shed while impeding
sub-surface drainage. Rock and earth drain blocks hold
drain-water at a higher level to impede sub-surface
drainage. They are easily constructed, removed or
adjusted; provide vehicular access; and alow
unconstricted water flow once overtopped (Fig 18).

Figure 18: A rock and earth drain block holds drain water at
a higher level (photo Michael Wood).

ASS scalds are very sensitive to
disturbance. Trampling of bare soil by livestock,
particularly when wet, churns up the surface layer. This
disrupts both the seedbed, and emerging or established
vegetation. Fencing allows controlled grazing or stock
exclusion (Fig 19).

Surface disturbance (eg. rotary-
hoeing) has a mulching effect, disrupting upward soil-
water movement and minimising surface salt and acid
accumulation. It also alows flushing of toxic oxidation
products and provides a diversity of germination sites
for awider range of vegetation (Fig 20).

Mulching is the single most effective
treatment. It prevents evaporation from the surface soil.
It slows the accumulation of acidity and salinity in the
potential root zone, thus encouraging the regrowth of
vegetation (Figs 21 and 22). Mulching is best done
before surface conditions get too dry (excessive acidity
and salinity can be trapped below the mulch).
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Figure 19: Effect of stock exclusion at an ASS scald field
trial.

Figure 20: The revegetated background of this ASS scald was
rotary-hoed 12 months previously whereas the surrounding
area was not disturbed and remains bare (foreground).



Figure 21: Afield trial where the ASS scald was fenced, ridged, limed and mulched (photo Michael Wood).

Figure 22: The same trial site 16 months later showing successful revegetation.
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This creates two distinctly
different germination and growth environments,
encouraging a greater variety of plant species and
protection from climatic extremes (Figs 21 and 22).

The scale of the ASS problem cannot be
dealt with by liming. However, a single strategically-
targeted lime application can assist plant germination
and establishment (Fig 23).

6. SUmmary

ASS scalds are the extreme result of ASS formation
caused by aeration of pyrite sediments. Awareness of
ASS impactsis growing. It is clear that the ASS scald
issue must be addressed, and revegetation is a priority.
ASS scalds are in need of special management. They
are a point-source of toxic products, which damage
plants and animals on land and in water. Revegetation

will help contain and manage the build-up and spread
of toxic oxidation products.

ASS scalds are one unforseen consequence of past and
present management of coastal floodplains.
Community concern about ASS issuesis growing.
More issues are being related to ASS oxidation (fish
kills, concrete and metal corrosion, soil-nutrient
deficiencies, soil and water contamination, dissolved-
oxygen deficiencies, vegetation die-off, water quality
implications for livestock and human usage).

There is an increasing commitment from Federal and
State governments to improve our understanding of the
management of ASS soils. This brochure is a summary
of our current understanding of ASS scalds on the
NSW coast. Research continues and much work
remains to be done to more fully understand and
manage these sensitive and fragile degraded areas.

Figure 23: Srategic surface-liming has been found to provide a temporary effect which encourages vegetation germination.
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7. Best management practice
for the revegetation of
ASS scalds:

Each watertable fall creates more toxic
products, each rise carries them to the
surface. Drain blocks or pipes and
drop-boards can allow watertable
manipulation to keep pyrite layers covered
while still allowing surface drainage.

ASS scalds are of little grazing value and
any newly germinating vegetation is eaten
or trampled.

Use mulch, either alone or in combination
with other treatments. Mulching is the
single most effective treatment, but is
much more effective in combination with
fencing, surface disturbance, ridging,
liming and/or watertable manipulation.
Inundation-tolerant vegetation should be
encouraged rather than dry-pasture species.

Pyrite forms on or near ASS scald surfaces
in wet times. In dry times it reacts with air,
producing acidity and soluble toxinsin the
root zone. Watertable manipulation, in
preference to long-term inundation can
reduce the amount of surface pyrite which
forms. Strategic liming can alleviate the
harmful impacts of surface pyrite
oxidation.

Existing or former ASS scald areas are
extremely sensitive areas with a great
potential for environmental damage. They
must be managed differently from
“normal” pasture situations.
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8. For more information:

Contact the relevant NSW Agriculture ASS project
officer or information officer in your area, through the
local NSW Agriculture office.

An introduction to acid sulfate soils. NSW Acid
Sulfate Soil Management Advisory Committee
(ASSMAC), Wollongbar NSW Australia. Authors: J.
Sammut and R. Lines-Kelly (2000).

Acid sulfate soils: Farming community attitudes about
the way forward. NSW Agriculture and Acid Sulfate
Soil Management Advisory Committee (ASSMAC),
Wollongbar NSW Australia. Author: A.Woodhead
(1999).

Acid sulfate soils: Keys to success. Acid Sulfate Soil
Management Advisory Committee (ASSMAC) and
NSW Agriculture, Wollongbar NSW Australia.
Authors: A. Woodhead, A. Jenkins and M. Wood
(2000).

Acid sulfate soil management priority areasin NSW-
brochure series (Tweed, Brunswick-Byron, Richmond,
Clarence, Coffs Harbour, Bellinger-Kalang,
Nambucca, Macleay, Hastings-Camden Haven,
Manning, Shoalhaven floodplains). Department of
Land and Water Conservation, Sydney Australia.

Proceedings National Conference on Acid Sulphate
Soils. Coolangatta Qld Australia (1993). Editor: R
Bush. Tweed Shire Council, CSIRO, NSW
Agriculture.

Proceedings Second National Conference on Acid
Sulfate Soils. Coffs Harbour NSW Australia (1996).
R.J. Smith and Associates, Acid Sulfate Sail
Management Advisory Committee (ASSMAC).

Go to http://www.agric.nsw.gov.au and enter acid
sulfate soil in the search box.






