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Foreword 

The rice industry in southern New South Wales (NSW) plays a critical role in the economies of towns 

throughout the irrigation areas of the Murrumbidgee and Murray Valleys. The industry is strongly 

export-oriented, with over one million tonnes of paddy rice being harvested in the 2012/13 season. 

Effectively and sustainably managing pests, diseases and weeds is a core industry priority and 

essential for maximising productivity and hence profitability. The native water snail Isidorella 

newcombi is one of the key pests that can reduce crop yields. Although this pest can be controlled 

using crop rotations, this practice conflicts with the imperative of minimising water consumption. 

Consequently, growers continue to have a strong dependence on chemical control for managing snail 

infestations. 

Copper sulphate has been used for snail control in rice for many years, and has been the only material 

legally available for this purpose. Its use was authorised under permits of one- to three-years’ 

duration, issued by the Australian Pesticides and Veterinary Medicines Authority (APVMA) or its 

predecessor, the National Registration Authority for Agricultural and Veterinary Chemicals. In 2005, 

the APVMA indicated it would no longer issue permits for copper sulphate. Furthermore, formal 

registration of this chemical was required to support its continued use. New data on the efficacy and 

environmental fate of copper applied to NSW rice fields was needed to satisfy the regulatory 

requirements of the APVMA, and was the stimulus for this project. 

Data encompassed in this report was submitted as part of a registration claim for copper sulphate 

application to rice by Ruth Consolidated Industries (Aust) Pty Ltd. Their copper sulphate product, 

SnailBlitz®, was formally registered prior to the 2011/12 rice season. A second product has also since 

been registered. Short-term APVMA permits issued on the understanding that registration work was 

underway, ensured that NSW rice growers were not left without a legally available chemical control 

option for managing the snail infestations while the research was undertaken. 

The outcome of this research has ensured that NSW rice growers have ongoing access to a chemical 

control option for one of their most serious crop pests. The project was funded from industry revenue 

which is matched by funds provided by the Australian Government. 

This report is an addition to RIRDC’s diverse range of over 2000 research publications and it forms 

part of our Rice RD&E program, which aims to improve the productivity and sustainability of the 

Australian rice industry through the organisation, funding and management of a research, 

development and extension program that is aligned with industry reality and stakeholder needs. 

Most of RIRDC’s publications are available for viewing, free downloading or purchasing online at 

www.rirdc.gov.au. Purchases can also be made by phoning 1300 634 313. 

 

John Harvey 

Managing Director 

Rural Industries Research and Development Corporation 

http://www.rirdc.gov.au/


 

iv 

About the Authors 

Mark Stevens is a Principal Research Scientist with the NSW Department of Primary Industries (DPI) 

based at Yanco Agricultural Institute. He has 24 years’ experience in integrated pest management 

research, with a strong focus on aquatic rice pests. He also has interests in chemical ecology, 

environmental toxicology, and the field ecology of stored grain pests. 

Greg Doran is a Senior Lecturer in analytical chemistry at Charles Sturt University, with a particular 

interest in the fate of pesticides in the environment. 

 

Acknowledgments 

We are grateful to Kristen Clancy and Dr Mano Veeragathipillai of the Office of Environment and 

Heritage, NSW Department of Premier and Cabinet, for assisting us with the analysis of soil samples. 

The late Randall Williams, local rice grower and former member of the RIRDC Rice Research and 

Development Committee, generously allowed us to collect soil samples from his farm for this project. 

We miss you, mate.  



 

v 

Abbreviations 

AAS  atomic absorption spectroscopy 

ANOVA analysis of variance 

APVMA Australian Pesticides and Veterinary Medicines Authority 

bdl  below detection limit 

cm  centimetre 

d  days 

DOC  dissolved organic carbon 

g  grams 

g (italic) gravitational force (centrifugation) 

GPS  global positioning system 

h  hours 

HSD  highly significant difference 

ICP-AES inductively coupled plasma - atomic emission spectroscopy 

IW  irrigation water 

LCx  lethal concentration for x % of the test population 

m  metres 

M molar 

mg  milligrams 

mg kg
-1  

milligrams per kilogram 

mg L
-1

  milligrams per litre 

min.  minutes 

mL  millilitres 

mm  millimetres 

MRS  Martin’s rearing solution 

nM  nanometres 

nsd  no significant difference 

NTU  nephelometric turbidity units 

P  probability 

PTFE  polytetrafluoroethylene 

NSW  New South Wales 

SE  standard error 

v/v  volume / volume 

w/w  weight / weight 
o
C  degrees Celsius 

μm  micrometres 

μS cm
-1  

microsiemens per centimetre 

χ
2  

chi-squared 



 

vi 

Contents 

Foreword ............................................................................................................................................... iii 

About the Authors ................................................................................................................................ iv 

Acknowledgments................................................................................................................................. iv 

Abbreviations ......................................................................................................................................... v 

Executive Summary ........................................................................................................................... viii 

Introduction ........................................................................................................................................... 1 

Objectives ............................................................................................................................................... 3 

Methodology and Results ...................................................................................................................... 4 

Chemical analyses, soil and water characterisation, and method verification ................................. 4 

Response of Isidorella newcombi to copper in soil/water systems .................................................. 8 

Available copper and dissolved organic carbon in soil/water systems ........................................... 10 

Field trials of copper sulphate against Isidorella newcombi .......................................................... 14 

Discussion ............................................................................................................................................. 19 

Recommendations ............................................................................................................................... 22 

References ............................................................................................................................................ 23 

 



 

vii 

Tables 

Table 1. Origin and characteristics of soil types used in laboratory and field studies on the efficacy 

and fate of copper sulphate. ...................................................................................................... 6 

Table 2. Water chemistry parameters, mean (range) values from source water, soil/water systems 

used in bioassays and adsorption experiments, and efficacy field trials. Field trial values 

from single composite samples only. bdl, below detection limit (0.02 mg L
-1

). ...................... 7 

Table 3. Toxicity of copper sulphate to immature I.newcombi in relation to underlying soil type. 

48 h exposure at 25 ± 1oC. Lethal concentration values in individual columns with 

different superscript letters are significantly different (P < 0.05). Figures in brackets are 

95% fiducial limits; 1 df = degrees of freedom. ..................................................................... 10 

Table 4. Dissolved organic carbon (DOC) extracted from test soils and overlying water of 

soil/water bioassay systems. Values in individual columns with different superscript 

letters are significantly different (P < 0.05).
 
Values in brackets are standard errors. Base 

levels of DOC: irrigation water 5.9 (SE 1.1) mg L
-1

, MRS 2.4 (SE 0.3) mg L
-1

. ................... 13 

 

Figures 

Figure 1. Adult Isidorella newcombi and shell. Shell length approximately 9 mm. ................................ 1 

Figure 2. Moderate (L) and severe (R) damage to rice caused by I.newcombi feeding at the 

stem/root junction. In each picture all plants are the same age; the plant or plants on the 

left are from bays without snails, or where infestations were controlled using copper 

sulphate before damage occurred. ............................................................................................ 2 

Figure 3. Available copper concentrations in water overlying three different soil types in laboratory 

soil/water systems three days after inundation. At each sampling time, points with 

different letters are significantly different (P < 0.05). nsd, no significant difference (P > 

0.05). ....................................................................................................................................... 12 

Figure 4. Mortality of adult I.newcombi in field evaluations of copper sulphate. Solid line, 

regression  of mortality against application rate (kg ha
-1

), broken line, regression of 

mortality against initial copper concentration (mg L
-1

). r 
2
 ≥ 0.99 for both regressions. ....... 16 

Figure 5. Variation in (a) total, and (b) available copper in rice field surface waters over time. 

Graphs at the same scale. Detection limit for total copper 0.007 mg L
-1

, for available 

copper 0.02 mg L
-1

. Data labels on the left indicate initial applied copper concentrations 

(mg L
-1

), data labels at 7, 12 and 20 d indicate when concentrations for specified 

treatments fell below detection limits (bdl). ........................................................................... 17 

Figure 6. Total copper concentration in field trial sediment traps at 30 days post-treatment in 

relation to copper sulphate application rate. Acid extraction / ICP-AES. .............................. 18 



 

viii 

Executive Summary 

What the report is about 

This report describes the results of laboratory and field studies conducted to provide the data 

necessary to facilitate registration of copper sulphate for the control of the aquatic snail Isidorella 

newcombi in rice crops in southern Australia. Isidorella newcombi is one of the most serious 

invertebrate pests affecting rice production in NSW and managing it through crop rotations, which 

prevents the survival of dormant snails in the soil, conflicts with the need to reduce water 

consumption. Rice growers consequently have a high dependence on chemical control for snail 

management and copper sulphate has historically been used for this purpose. 

In 2005, the APVMA foreshadowed that it would no longer issue permits for the use of copper in rice, 

as it had done for many years previously. They required that the material be formally registered if its 

use was to continue. In the absence of any other registered pesticide for snail control, it was 

imperative that copper sulphate be registered. This project was commissioned to generate the 

necessary data to support the registration process. 

Data generated in this project led to the successful registration of copper sulphate for snail control in 

rice, prior to the 2011/12 rice season. Through negotiations with the APVMA interim arrangements 

were put in place whilst the research was conducted, effectively ensuring that there was no break in 

availability of copper sulphate to rice producers during the data generation and registration process. 

Who is the report targeted at? 

This report will be of relevance to rice growers, private sector and government advisory officers, 

agricultural and environmental scientists, and regulatory authorities. 

Where are the relevant industries located in Australia? 

Although interest is increasing in producing rice in northern Australia, the industry remains 

concentrated in southern NSW and northern Victoria, in the irrigation areas and districts of the 

Murrumbidgee and Murray Valleys. There are approximately 1,200 farm businesses involved in rice 

production centred on the NSW towns of Leeton, Griffith, Coleambally, Jerilderie, Hay, Deniliquin, 

Finley and Tocumwal.  

Rice is Australia’s ninth largest agricultural export and generates approximately $800 million dollars 

revenue per annum. The industry has a strong export focus, with local value-adding a significant 

contributor to the revenue generated from exports to markets in the Pacific, Middle East, and parts of 

Asia, notably Japan and Hong Kong. 

The primary beneficiaries of this research are the rice growers of southern NSW, who have 

maintained access to a pesticide necessary for the sustainable and efficient management of aquatic 

snails in their crops. Maintaining their productivity will also have flow-on economic benefits to the 

rural towns where rice milling and processing occurs, and where businesses focus on providing goods 

and services to rice producers. 

Background 

Aquatic snails, particularly the native species Isidorella newcombi, have been a serious problem for 

NSW rice producers for many years. These snails are not obligate rice feeders, and their native 

habitats include billabongs and streams throughout inland south-eastern Australia. With the 

introduction of rice production to the area, the snails rapidly colonised the fields and found rice plants 

to be a suitable alternative food source to naturally occurring algae and water plants. 



 

ix 

In its natural habitats I.newcombi is subject to periods when surface water disappears, either due to 

falling river levels, drought, or regular seasonal variability. In response, I.newcombi has developed the 

capacity to enter dormancy in the top layers of the soil when conditions become unfavourable. This 

capacity for dormancy is the key to the pest status and management of this and other related snail 

species. 

In southern Australia only one rice crop is produced per year, with sowing typically in October / 

November and harvest in March / April. Snail problems have always been highest in areas where rice 

is ‘repeat cropped’, or grown on the same field for several consecutive seasons. This is because snails 

gradually colonise crops during the first season on ‘new’ ground, but cause little damage since by the 

time populations build up algae and aquatic weeds have proliferated along the crop margins, providing 

an alternative food source, and the rice plants are well established. At the end of the season, however, 

a significant proportion of snails enter dormancy and studies have shown around 45% of dormant 

snails survive over winter until the next crop is sown. When this occurs the snails emerge from 

dormancy and start feeding and reproducing immediately, causing significant plant losses by attacking 

the seedlings at the junction between the roots and the shoot. Complete crop loss can occur if the 

snails are not controlled, and the same scenario can be repeated in each subsequent consecutive crop. 

Dormant snails cannot survive in the soil if a break in the cropping cycle occurs – they either die as a 

consequence of higher soil temperatures or lower soil moisture during summer, or because they do not 

have the metabolic reserves necessary to remain dormant for the much longer period between flooding 

events. Breaking the cycle of repeat cropping is an effective way to eliminate most snail problems 

without the use of chemicals, but this approach has come into conflict with the overriding imperative 

to conserve water. Water use in a repeat crop is often a megalitre less per hectare than on ‘new’ 

ground, due to water remaining in the soil profile from the previous crop reducing the amount of 

water necessary for bay filling. Because of the importance of reducing water usage more farmers are 

repeat cropping and, as a consequence, snail problems are becoming more widespread, creating an 

increased need to maintain the availability of a suitable molluscicide for their control. There are no 

other pesticides registered, or close to registration, for snail control in rice in Australia. 

Aims/objectives 

To generate efficacy and water column persistence data in support of a registration claim for the use 

of copper sulphate pentahydrate (CuSO4.5H2O) against the aquatic snail Isidorella newcombi sens. lat. 

in NSW rice fields. 

Methods used  

Laboratory bioassays were used to determine the applied concentration of copper necessary to kill 

immature I.newcombi above three different soil types. Water samples taken from these soil/water 

systems were used to assess the persistence of available copper above different soils in both 

laboratory and irrigation water. Dissolved organic carbon levels in the soil and overlying water were 

also assessed in an effort to explain variability in the response of snails to copper applied to the water 

above the different soil types. Two small scale field trials were conducted at Yanco Agricultural 

Institute to evaluate the response of adult snails to varying copper application rates. Available and 

total copper were measured in the water column, and sediment traps were used to examine copper 

accumulation in the soil. 

Results/key findings 

Laboratory bioassays showed that soil type has a major effect on the biological availability of copper 

applied to soil/water systems, with at least twice as much applied copper being necessary to kill 90% 

of test snails above the Murrami soil when compared to the Yanco and Leeton soils. This was not a 

consequence of rapid adsorption of applied copper to the soil surface, as water column levels of 

dissolved, or ‘available’ (0.45 µm filtered) copper remained higher above the Murrami soil. Studies 
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on dissolved organic carbon levels indicate that copper in the water column above the Murrami soil 

was being deactivated through binding to organic carbon compounds leaching upwards from the 

flooded soil. This variability in the response of snails to copper provides justification for a variable 

application rate as specified in previous permits and the current product registration, as snail 

responses are clearly site-specific. 

Field trials showed that approximately 6.4 kg of copper sulphate pentahydrate per hectare was 

required to kill 95% of mature I.newcombi. This fits well with the registered rate of 6 - 12 kg ha
-1

, 

since the Yanco soil has low levels of soluble organic carbon. Available copper levels in the water 

column fell below the detection limit (0.02 mg L
-1

) between 7 and 20 days after applications of 

between 3 and 12 kg ha
-1

. Total copper fell below the detection limit (0.007 mg L
-1

) between 7 and 12 

days after application at lower application rates, but remained detectable at 0.01 - 0.02 mg L
-1

 until 

day 30 when higher rates were initially applied. Data from sediment traps demonstrated a distinct 

linear increase in sediment copper concentrations in response to increasing rates of copper 

application. 

Implications for relevant stakeholders 

Our data demonstrates that copper sulphate will provide effective control of I.newcombi at rates 

between 6 and 12 kg ha
-1

 in most, if not all situations. The response of the snails will be site-specific, 

with soils containing high levels of soluble organic carbon compounds requiring higher copper 

application rates. Our field data indicates that any copper present in the water column 20 days after 

application is probably bound to suspended particulate matter and represents minimal risk to 

downstream environments at the low concentrations detected.  

Recommendations 

The principal objective of this research has already been achieved. The APVMA have now formally 

registered copper sulphate for snail control in NSW rice crops on the basis of the data reported here. 

The principal recommendation to industry arising from this study is that ongoing research on snail 

control is necessary in order to develop better approaches that do not rely on either copper sulphate or 

crop rotations. Although copper sulphate is effective, it is believed to have little or no effect on snail 

eggs, sometimes necessitating repeat applications, and its performance is strongly affected by site-

specific factors.  
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Introduction 

The water snail Isidorella newcombi Adams & Angas sens. lat. (Figure 1) is an Australian species 

native to the Murray-Darling Basin. It is normally found in creeks, billabongs, and other ephemeral 

habitats were it is believed to feed on algae, aquatic plants and decaying organic matter. 

 

Figure 1. Adult Isidorella newcombi and shell. Shell length approximately 9 mm. 

Snails were first identified as a significant pest of rice in NSW during the 1973/74 rice season (Jones 

1979). Prior to this time they were regarded as ‘sporadic and minor’ pests (Jones 1979) - in earlier 

reviews by Hely (1932, 1958) snails were not mentioned as pests at all. Early references to the snails 

involved as ‘Physastra spp.’ almost certainly refer to two species now referred to I.newcombi and 

Glyptophysa sp., which are the only species known to feed on rice in NSW. Of these, I.newcombi is 

responsible for over 95% of damaging infestations. The reasons why snails became a much more 

serious issue for rice producers from 1973/74 onwards remains unclear. Snail feeding is characterised 

by damage at ground level around the junction of the roots and the stem, and leads to either delayed 

plant maturity or complete plant loss (Figure 2). 

Isidorella newcombi has the capacity to enter soil dormancy, which gives it an adaptive advantage 

over other snail species in ephemeral habitats. This feature of its biology has provided the only real 

opportunity to develop a non-chemical control strategy for limiting snail damage. It was recognised 

many years ago that snail problems were most severe in the Coleambally Irrigation Area, whereas in 

the western Murray Valley snails caused very few significant issues. A key difference between the 

areas was the frequency of rice production on individual fields – long rotations were common in the 

western Murray Valley, however around Coleambally ‘repeat-cropping’ was a common practice, with 

rice being grown on the one field for several consecutive seasons. 

In repeat crops a proportion of the snails present at the end of each season would enter dormancy in 

the top layer of the soil as water levels fell prior to harvest, and of these around 45% would survive 

through winter until the flooding of the next rice crop, when they would emerge from dormancy to 

start feeding and reproducing. Populations of snails would then build up rapidly whilst plants were 

still in the seedling stage and particularly vulnerable to attack. When a field is fallowed or used for an 

alternative summer crop, the period between prolonged flooding of the field extends from 

approximately 6 months (with a repeat crop) to 18 months if there is a single-season break in rice 

production. Isidorella newcombi dormant in the soil cannot survive for this long, either as a 

consequence of higher soil temperatures over summer or simply through not having sufficient energy 

reserves. 
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Breaking the repeat cropping cycle is an effective method for reducing snail problems, however in 

recent years it has become less tenable due to the overriding imperative to conserve water. Repeat rice 

crops typically require a megalitre less water per hectare each season than crops grown on new or 

fallowed ground because residual water remains in the soil profile over winter from the previous crop, 

reducing water usage during bay filling. The need to implement this potential water saving has led to a 

significant increase in repeat cropping in recent years, and a consequent increase in damaging snail 

infestations that need to be managed using molluscicides. 

 

Figure 2. Moderate (L) and severe (R) damage to rice caused by I.newcombi feeding at the 

stem/root junction. In each picture all plants are the same age; the plant or plants on 

the left are from bays without snails, or where infestations were controlled using 

copper sulphate before damage occurred. 

Copper sulphate has been used to control aquatic snails since 1920 (Malek 1980), particularly to break 

the transmission cycle of schistosomiasis, a serious human disease affecting large numbers of people 

in Africa. Its use has declined since the Second World War as alternative compounds such as 

niclosamide (Bayluscide®) and N-tritylmorpholine (Frescon®) were developed, however it is still 

widely used in a number of countries. Jones (1979) indicates that copper sulphate has been used 

against aquatic snails in NSW rice crops since they first became an issue in the 1970s, and the 

literature indicates that copper sulphate has been the only chemical used commercially against 

I.newcombi since that time, despite evidence from research trials that both niclosamide and N-

tritylmorpholine provide better levels of control. 

The use of copper as a molluscicide in aquatic systems has several drawbacks. Organic and inorganic 

substances in the water can result in absorption or adsorption of ionic copper, and can also lead to it 

precipitating as insoluble compounds (Malek and Cheng 1974). High pH levels in the water also 

reduce its effectiveness (Malek 1980) and because of these and other soil-related factors the response 

of snails to copper can be site-specific. Whilst copper may be effective against the eggs of some snail 

species, higher rates than those needed to kill immature and adult snails are often required (Malek and 

Cheng 1974, Malek 1980), and there is evidence that at application rates of up to 12 kg ha
-1

 copper 

sulphate does not significantly affect the eggs of I.newcombi in rice fields. In addition, most of the 

copper applied to rice crops eventually finds it way into the soil, where it accumulates and has the 

potential to cause sustainability issues in the longer term, particularly when pastures are grown in 

rotation with rice. 
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Developing alternative molluscicides for use against snails in NSW rice fields had proved 

problematic. Stevens et al. (1996) screened 27 candidate compounds for activity against I.newcombi 

and found only three, niclosamide, N-tritylmorpholine and nicotinanilide, to be highly effective; of 

these N-tritylmorpholine is no longer manufactured, whilst nicotinanilide is only experimental and has 

not been developed as a commercial molluscicide. Niclosamide remains the best option for advancing 

chemically-based snail control in rice. It is used extensively throughout south-east Asia for control of 

the golden apple snail Pomacea canaliculata, however the lack of patent protection for this compound 

combined with the cost of regulatory compliance have so far prevented commercialisation in 

Australia, despite the known efficacy and favourable residue profile of this material (Stevens 2006, 

2009). Studies on chlorothalonil, a fungicide with molluscicidal activity, were initially promising 

(Stevens 2003) however the chemical characteristics of this compound led to unreliable performance 

in commercial trials (Stevens 2006). Very little product development work has been done globally on 

new molluscicides for use against aquatic snails in the last 50 years, and as snails are molluscs rather 

than insects, they are often unaffected by conventional insecticides at viable application rates. This 

has left only a very limited range of compounds available for further development. 

A detailed review of planorbid and lymaeid snails as pests of rice and their management has been 

published by Stevens (2002). 

 

 

Objectives    

The objective of this project was to generate efficacy and water column persistence data in support of 

a registration claim for the use of copper sulphate pentahydrate (CuSO4.5H2O) against the aquatic 

snail Isidorella newcombi sens. lat. in NSW rice fields. 
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Methodology and Results 

Chemical analyses, soil and water characterisation, and method 

verification 

Some of the analytical methods used for measuring copper concentrations, soil parameters and the 

characteristics of overlying water are common to several of the experiments reported here, and 

therefore all analytical methods are described in this preliminary section to avoid repetition. Our 

experiments involved the use of different soil types and soil/water systems, and the behaviour of 

applied copper in these systems is influenced by the chemical characteristics of both the soil and the 

overlying water – pH, organic carbon content, etc. Consequently it is important that their chemical 

characteristics are documented here to ensure repeatability, appropriate interpretation, and relevance 

to field situations. 

In addition, our laboratory experiments required the use of both experimental containers and 

containers for the storage of water samples prior to chemical analysis, and it was essential that the 

containers themselves did not interact with the water samples, particularly through the adsorption of 

ionic copper onto the container walls. In this section we outline preliminary experiments conducted to 

demonstrate our containers and their preparation prior to use resulted in robust systems in which the 

containers themselves did not influence experimental outcomes. 

Chemical analyses 

Available and total copper in water 

When copper is applied in its dissolved form it can precipitate as insoluble compounds (e.g., copper 

chloride) and can adsorb to particulate matter or various surfaces. The two most important measures 

of copper concentration in water are total and dissolved (or ‘available’) copper. Total copper is 

defined as all the copper present in its various forms, whilst ‘available’ copper is that which is deemed 

likely to interact with living organisms, and excludes the copper bound to particulate matter. In 

practice, ‘available’ copper is defined as being the copper present in a water sample after it has been 

passed through a 0.45 µm filter (Deaver and Rodgers 1996, APHA/AWWA/WEF 2005, Rogevich et 

al. 2008) and includes dissolved copper in its ionic form, copper bound to particles less than 0.45 µm 

in diameter, and also copper bound to dissolved organic compounds. 

For the analysis of available copper in water, samples were passed through a 30 mm diameter 0.45 μm 

pore size PTFE membrane syringe filter (Chromacol Ltd, Welwyn Garden City, Herts, UK) using a 20 

mL disposable plastic syringe without rubber gasket (Lomb Scientific Pty Ltd, Taren Point, NSW). 

Samples (40 mL) were then acidified to pH < 2 using 1 mL of 70% nitric acid (Univar® analytical 

grade, assay 68-70%, Ajax Finechem Pty Ltd, Taren Point, NSW) and maintained at room 

temperature until analysis. Syringes, syringe filters and containers were all acid-washed for 1 hour in 

10% nitric acid, rinsed and air dried before use. Copper concentrations were determined at Charles 

Sturt University, Wagga Wagga, using a Varian SpectraAA 10 Plus atomic absorption spectrometer 

(AAS) with air/acetylene flame, a wavelength of 324.8 nM and a 0.5 nM slit width. Calibrations were 

made using acidified copper standards and were checked regularly during each session. 

Analysis of total copper in water samples requires an acid digestion process to strip the copper from 

particulate matter prior to analysis. Total copper was extracted from water samples using nitric–

hydrochloric acid digestion according to method 3030 F (APHA/AWWA/WEF 2005) with a starting 

sample volume of 150 mL and a final volume of 50 mL, allowing an improved limit of detection 

relative to that achieved with the available copper samples. Once the extraction process was 

completed copper concentrations were determined using AAS as for the available copper samples. 
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Total copper in soil 

Total soil copper was measured using acid extraction according to USEPA Method 3050B (USEPA, 

1996) and analysed using inductively coupled plasma - atomic emission spectroscopy (ICP-AES) 

following USEPA Method 200.7 (USEPA, 1994). Analyses were conducted in NATA-accredited 

laboratories run by the NSW Office of Environment & Heritage at Lidcombe, NSW. 

Dissolved organic carbon (DOC) in soil and water 

Soil samples (10 g) were placed in 50 mL plastic centrifuge tubes previously treated with Coatasil® 

glass treatment (APS Ajax Finechem, 2% W/W dimethyldichlorosilane in 1,1-dichloro-1-

fluoroethane). Twenty mL of deionised water was added to each tube, the samples were shaken and 

then placed horizontally on a Ratek platform mixer for five hours at 90 oscillations min
-1

. Samples 

were then centrifuged for 15 min. at 2,460 g. The supernatant from each sample was removed and 

centrifuged again at 4,500 g then filtered through 0.45 μm pore size PTFE membrane syringe filter. 

For DOC in water, samples were centrifuged for 15 min. at 2,460 g then filtered (0.45 μm). Prepared 

samples were stored in treated sample jars and kept chilled until analysis. DOC was determined at 

Charles Sturt University using methodology based on that of Heanes (1984). A carbon stock solution 

(1,000 mg L
-1

) was prepared from sucrose and a range of working standards (0 – 200 mg L
-1

) was 

prepared. The samples and standard solutions (4 mL) were added to 100 mL glass digestion tubes and 

4 mL of sulphuric acid (90% v/v) was added to remove carbonates. Potassium dichromate (4 mL, 0.01 

M) was added and the tubes were heated to 135
o
C for 30 min. After cooling, absorbances were 

measured at 600 nm using a 4 cm path-length cuvette. 

Other water analyses 

Conductivity, pH and turbidity were measured in the laboratory using regularly recalibrated electronic 

meters. Due to potential variability in water characteristics throughout the study period, water 

chemistry parameters were measured each time irrigation water samples were taken, and when each 

batch of ‘laboratory water’ (Martin’s rearing solution) was prepared. Samples for the analysis of water 

hardness were prepared as for available copper samples. Hardness was assessed at Charles Sturt 

University by analysing magnesium and calcium concentrations using AAS with lanthanum 

suppression and then calculating the total hardness as mg L
-1

 CaCO3 equivalents. 

Other soil analyses 

All other soil analyses were conducted by the NATA-accredited laboratory of the NSW Office of 

Environment and Heritage, Yanco, NSW. Electrical conductivity, pH (CaCl2) and total organic carbon 

were assessed using the methods of Rayment and Lyons (2011), whilst clay content was measured 

using the method of Gee and Or (2002). 

Soil and water characterisation 

Three different soil types were used in our laboratory studies, hereafter referred to as ‘Yanco’, 

‘Leeton’, and ‘Murrami’ soils. The Yanco soil for laboratory use was taken from the site subsequently 

used for the field trials described later in this report. 

All soil samples were taken from the top 3 cm of the soil profile, air dried at room temperature, and 

each sample was then mixed in a large plastic bin to ensure homogeneity. Soils for use in the 

laboratory bioassays and adsorption studies were ground using a Fritsch Pulverisette® 16 mill (Fritsch 

GmbH Asia Pacific, Singapore) prior to use. Collection details and key characteristics for the soils are 

given in Table 1. 
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Table 1. Origin and characteristics of soil types used in laboratory and field studies on the 

efficacy and fate of copper sulphate. 

Soil type Yanco Leeton  Murrami 

Collection site location 

(GPS coordinates) 

34
o
37’27.7”S 

146
o
25’05.4”E 

34
o
36’43.8”S 

146
o
21’14.1”E 

34
o
25’23.4”S 

146
o
20’20.9”E 

Collection date 28 May 2010 1 June 2010 3 June 2010 

Electrical conductivity (μS cm
-1

) 40 160 150 

pH (CaCl2) 5.1 6.9 5.0 

Total organic carbon (%) 0.92 2.06 3.33 

Clay (%) 40 47 32 

Cu (acid extractable, mg kg
-1

) 20 18 18 

 

Two water sources were used in this study, an artificial invertebrate rearing solution (Martin’s rearing 

solution (MRS), Martin et al. 1980) containing 75 mg L
-1

 total dissolved solids, and irrigation water 

collected from the main irrigation canal at Yanco Agricultural Institute (34
o
37’S, 146

o
26’E). These 

water types were used in experimental systems, in combination with the different soil types, to assess 

the molluscicidal effect and fate of applied copper. The establishment of these soil/water systems is 

described in the following section on snail bioassays, however in brief it involved adding water to 

experimental containers above a given soil type and allowing it to equilibrate for three days prior to 

dosing the containers with the required amount of copper. In order to characterise water chemistry in 

the soil/water systems at the time of copper application, we assessed water chemistry in duplicate 

containers also allowed to equilibrate for three days under the same conditions. 

The water chemistry data obtained during this project is summarised in Table 2, and covers the source 

water used in the laboratory experiments and the characteristics of water from the soil/water systems 

measured at the time of copper application. The chemical characteristics of water samples taken from 

the field trial site immediately prior to copper application are also included. The most notable feature 

of this data relates to the fact that although the test soils contain copper at 18 – 20 mg kg
-1

 (Table 1), 

this copper was not released into the water column after the soil was flooded (Table 2) – it remained 

bound up in the soil and did not contribute to snail toxicity. The variation in water hardness above the 

three soil types was also quite pronounced, and was lowest over the Yanco soil and highest over the 

Leeton soil, with the Murrami soil intermediate between the two. 

Method verification 

Developing an experimental system in which no copper is lost through absorbance to sampling and 

filtration equipment or experimental / storage containers is of critical importance for the integrity of 

the work reported here. To verify our container selection and treatment procedures, we conducted the 

following preliminary experiment to provide proof-of-concept. 

Two types of polycarbonate containers with polyvinylchloride screw lids were obtained from Techno-

Plas Pty Ltd, St Marys, SA. The smaller size containers (model C5744UU) were 70 mL in capacity, 

while the larger containers (model C10065UU) were 250 mL capacity with an internal diameter of 

approximately 60 mm at their midpoint. The small containers were used as ‘dippers’ for subsample 

collection in the field trials, and were also used to store water samples prior to chemical analysis. The 

larger containers were used for the storage of composite water samples from the field trials, and also 

as experimental containers for both the bioassays and laboratory adsorption studies.
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Table 2. Water chemistry parameters, mean (range) values from source water, soil/water systems used in bioassays and adsorption experiments, 

and efficacy field trials. Field trial values from single composite samples only. bdl, below detection limit (0.02 mg L
-1

). 

 

System pH 
Conductivity 

(µS cm
-1

) 

Hardness 

(mg L
-1

 CaCO3) 

Turbidity 

(NTU) 

Available Cu (mg 

L
-1

) 

Martin’s Rearing Solution (MRS) 
1  6.97 (6.95 – 7.01) 151 (148 – 153) 15.5 (15.0 – 16.2) 0.4 (0.3 – 0.6) bdl 

Irrigation water
 2 7.46 (7.27 – 7.74) 118 (95.0 – 160) 31.3 (26.0 – 37.5) 43 (22 – 61) bdl 

Soil/water systems 
3      

 Yanco soil / MRS 
1 6.29 (6.28 – 6.31) 192 (188 – 196) 17.0 (16.7 – 17.2) 0.7 (0.6 -0.8) bdl 

 Leeton soil / MRS 
1 7.38 (7.34 – 7.43) 303 (297 – 307) 71.9 (71.0 – 72.4) 1.2 (1.0 – 1.4) bdl 

 Murrami soil / MRS 
1 6.49 (6.44 – 6.55) 269 (265 – 274) 44.4 (44.0 – 44.7) 2.4 (1.4 – 3.4) bdl 

 Yanco soil / IW 
2 6.74 (6.62 – 6.88) 156 (133 – 233) 18.8 (17.9 – 19.7) 6.1 (2.6 -10) bdl 

 Leeton soil / IW
 2 7.60 (7.42 – 7.78) 267 (231 – 312) 70.9 (64.6 – 78.7) 5.6 (2.2 – 9.6) bdl 

 Murrami soil / IW 
2 6.80 (6.60 – 6.98) 203 (187 – 228) 47.8 (43.1 – 54.0) 6.2 (3.1 – 9.9) bdl 

Field trials 
3      

 Trial 1 7.74 154 41.2 28 BDL 

 Trial 2 8.21 168 51.3 13 BDL 

1 adsorption and DOC studies only; 2 bioassays, adsorption and DOC studies; 3 immediately prior to copper application 
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To determine whether these containers were appropriate for handling water samples to be analysed for 

available copper, we prepared a 2 mg L
-1

 Cu solution using copper sulphate pentahydrate (AnalaR® 

analytical grade, ≥ 99.5% purity, BDH Chemicals (Australia) Pty Ltd, Port Fairy, Victoria) and metal-

free water, and poured 160 mL into each of five 250 mL polycarbonate containers. The containers 

were capped and maintained at 25 ± 1
o
C with a 15L:9D lighting cycle for 7 days. Two 50 mL aliquots 

were then taken from each container. One aliquot was filtered for the assessment of available copper 

as described previously, whilst the second aliquot was poured directly into a second 70 ml container 

without filtration. All subsamples (5 x filtered and 5 x unfiltered) were acidified to pH < 2 using 1 mL 

of 70% nitric acid and maintained at 25 ± 1
o
C (15L:9D) for a further week before analysis of copper 

concentrations. Syringes, syringe filters and containers had all been acid-washed for 1 hour in 10% 

nitric acid, rinsed and air dried before use. The copper concentration in the initial copper solution was 

also analysed for comparative purposes. Available copper concentrations were determined using AAS 

as described previously.  

After 7 d exposure in the bioassay containers, filtration, acidification, and storage for a further 7 d, the 

available copper concentration in unfiltered samples had declined by only 1.13% (from 2 mg L
-1

 to 

1.977  ± 0.002 (SE) mg L
-1

) whilst in the filtered samples the decline was 1.65% (from 2 mg L
-1

 to 

1.967 ± 0.004 (SE) mg L
-1

), indicating that our exposure, filtration and storage protocols had minimal 

effect on  the recovery of available copper. 

Response of Isidorella newcombi to copper in soil/water systems 

A key component of this project involved generating data to demonstrate the efficacy of copper 

sulphate for I.newcombi control, even though its efficacy has been shown anecdotally during its 

commercial use authorised under previous APVMA permits. Whilst field trials provide the ultimate 

demonstration of efficacy, useful data can be generated from laboratory bioassays, where snails are 

exposed to copper under more tightly controlled conditions. 

Because the efficacy of copper is known to be influenced by water chemistry, which is intrinsically 

linked to characteristics of the underlying soil, it is unrealistic to expose snails to copper in laboratory 

water without an underlying soil substrate. Such an approach would dramatically overestimate the 

toxicity of copper to snails relative to its impact under field conditions. 

To overcome this issue and provide additional information on how soil type affects copper toxicity, 

we developed a soil/water testing system that more closely reflects field conditions, and allows effects 

related to soil type to be assessed. We bioassayed immature I.newcombi in this system using irrigation 

water and the three soils characterised in the previous section - ‘Leeton’, ‘Yanco’, and ‘Murrami’ 

soils. 

Materials and methods 

Snail rearing 

Adult I.newcombi were collected from rice fields at Yanco Agricultural Institute and used in colony 

establishment. Large plastic tanks (internal measurements 105 cm x 105 cm x 43 cm (height)) were 

lined with washed river sand and flooded to a depth of approximately 15 cm with clean untreated 

irrigation water. Tanks were topped up weekly to compensate for evaporation, and were kept in a 

controlled temperature glasshouse that maintained the water temperature between 13.5 and 22.5
o
C 

(mean 17.8
o
C). An aquarium aerator stone attached to a compressed air supply was positioned in the 

middle of each tank, and fresh lettuce leaves were provided as food twice per week. The adult snails 

oviposited on the walls of the tanks and the snails that emerged were used in laboratory bioassays. 
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Preparation of soil/water systems as biaossay containers 

Bioassay containers (acid-washed 250 mL capacity polycarbonate jars described previously) were 

filled to a depth of 17 mm (50 mL volume) with one of the three soils characterised in Table 1. 

Irrigation water was then added to fully saturate the soil, and a further 150 mL was then added. 

Aliquots of the irrigation water were assessed at this stage for pH, turbidity, and conductivity, and an 

additional aliquot was preserved with 70% nitric acid for the assessment of hardness and background 

copper levels. A layer of plastic wrap placed on the soil surface was used to prevent the addition of 

the water disturbing the soil layer and causing excessive turbidity, and this was removed once the 

flooding process was complete. 

Bioassay containers were placed on stainless steel trays and transferred to a controlled temperature 

room (25 ± 1
o
C, 15L:9D) for three days to allow suspended particles to settle. Ten immature snails 

(shell height 2 - 4 mm) were then added to each container, and the required volumes of stock copper 

sulphate solution (AnalaR®, 200 mg L
-1

 Cu) were then pipetted into the containers to provide the 

selected starting concentrations identified in preliminary assays as providing partial population 

mortality. Solutions were briefly mixed with a glass Pasteur pipette, and the trays of containers were 

placed in a controlled temperature room at 25 ± 1
o
C with a 15L:9D lighting cycle for 2 d prior to 

assessment of mortality. Snails were considered dead if they were unresponsive when touched on the 

foot with a dissecting needle. Each bioassay replicate involved five test concentrations plus an 

untreated control. Five replicate bioassays were conducted using each of the three soil types.  

Statistical analysis 

Bioassay data were analysed without replicate pooling using a stand-alone probit program following 

the approach developed by Barchia (2001) for use in the GenStat statistical environment. The program 

applies the method outlined in Finney (1971) including data adjustment for natural mortality using 

Abbott’s formula (Abbott, 1925). This approach was taken to ensure variability between replicates 

was taken into account during the analysis. Significant heterogeneity was identified using a χ
2
 test of 

residual deviance. When heterogeneity was significant (5% level) the variance of the estimated 

parameters was scaled by the corresponding heterogeneity factor equal to the residual mean deviance 

(Finney, 1971). Lethal concentration (LC) ratios plus the associated 95% confidence intervals 

calculated as described by Robertson et al. (2007) were used to determine the significance of 

differences between LC values. 
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Results 

Results from the bioassays of immature snails above the different soils are shown in Table 3. Results 

for the Yanco and Leeton soils were relatively similar, with LC50 values of 0.26 - 0.34 and LC90 values 

of 0.41 – 0.50 mg Cu L
-1

 respectively. Copper retained less activity above the Murrami soil, with LC 

values more than double those above the other two soils. The LC values above the Murrami soils were 

significantly (P < 0.05) higher than from the other two soils, indicating a soil-related factor was 

reducing the biological availability of copper above the Murrami soil. 

Table 3. Toxicity of copper sulphate to immature I.newcombi in relation to underlying soil 

type. 48 h exposure at 25 ± 1oC. Lethal concentration values in individual columns 

with different superscript letters are significantly different (P < 0.05). Figures in 

brackets are 95% fiducial limits; 1 df = degrees of freedom. 

Soil type LC50 mg Cu L
-1 LC90 mg Cu L

-1 Slope (SE) χ
2
 (df) 

1 

Yanco 0.26 (0.21 - 0.30) 
a 0.41 (0.35 – 0.68) 

a 6.5 (1.8) 92.0 (23) 

Leeton 0.34 (0.25 – 0.38) 
b 0.50 (0.43 – 0.84) 

a 7.4 (2.3) 89.8 (23) 

Murrami 0.78 (0.60 – 0.85) 
c 1.04 (0.96 – 1.35) 

b 10.5 (3.3) 54.1 (23) 

 

Available copper and dissolved organic carbon in soil/water 

systems 

The results from the previous section clearly show that underlying soil type has a significant effect on 

the efficacy of applied copper for I.newcombi control, but provide no explanation as to why this 

occurs. Water above the Leeton soil had higher hardness (Table 2) which would be expected to reduce 

copper availability, but it was the Murrami soil over which efficacy was lowest – far more copper was 

necessary to cause snail mortality in the water column above the Murrami soil. The Murrami soil had 

the highest total organic carbon content (Table 1), however organic carbon in the Leeton soil was 

twice that in the Yanco soil, yet snail mortalities above the Leeton and Yanco soils did not differ 

significantly at the LC90 level (Table 3). 

We conducted two experiments to try and determine the cause of the variability in response of 

I.newcombi to copper in the water column above the different soil types, and particularly to determine 

the cause of the poor response above the Murrami soil. Initially, we looked at the change in available 

copper in the water column above the different soils over time, as we believed available copper would 

decline faster above the Murrami soil as dissolved copper would be being adsorbed onto the soil 

surface at a faster rate. When this hypothesis was contradicted by our results, we then examined the 

amount of soluble organic carbon compounds present in the three soils, and also the concentrations of 

dissolved organic carbon (DOC) in the water column. 

Materials and methods 

Influence of soil type on available copper in the water column 

Sets of ten bioassay containers were prepared using a single soil type and were flooded with either 

MRS or irrigation water as described previously. The containers were left for three days at 25 ± 1
o
C 

for suspended particles to settle and were then dosed with stock copper sulphate solution (AnalaR®, 

200 mg L
-1

 Cu) to achieve an initial notional copper concentration of either 2 mg L
-1

 (MRS) or 0.8 mg 

L
-1

 Cu (irrigation water). Solutions were briefly mixed with a glass Pasteur pipette, and then assessed 
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for available copper at different time intervals. Samples were taken at 10 min., 20 min., 30 min., 1 h, 3 

h, 6 h, 18 h, 48 h, 96 h and 144 h, with only one sample being taken from any one container prior to it 

being discarded. Aliquots of surface water were removed using plastic syringes and filtered and 

acidified as described previously prior to analysis by AAS. Syringes, syringe filters and containers 

had all been acid-washed before use. Three replicates were conducted for each of the six soil/water 

combinations, giving 180 water samples in total.  

Dissolved organic carbon levels in test soils and overlying water 

Laboratory measurements of available copper above the different soil types did not adequately explain 

the variability in copper toxicity from our bioassays (see results), so we examined soluble / dissolved 

organic carbon (DOC) levels in the test soils and overlying water. Three samples of each soil type 

were extracted as described previously, and eighteen bioassay containers were established, six with 

each soil type. Three of each six were flooded with irrigation water and the remaining three with 

MRS, and they were then maintained for three days at 25 ± 1
o
C with a 15L:9D lighting cycle. Water 

samples were then taken from each container, and prepared and analysed for DOC as described 

earlier. Three samples of each source water (irrigation water and MRS) were also prepared and 

analysed for background DOC levels. 

Statistical analysis 

Data on available copper concentrations were analysed separately for each combination of water 

type/copper concentration using factorial ANOVA to separate the effects of soil type, time, and their 

interaction. Where the interaction was significant (P < 0.05) one-way ANOVA was used to examine 

the effect of soil type at each time interval. Tukey’s HSD test was used to separate means.  

One-way ANOVA was used in three separate analyses for soil-extractable DOC and water column 

DOC in the 2 different water types 3 days after container flooding. Where necessary data were square 

root transformed prior to analysis. 

Results 

Results from the analysis of available copper levels are shown in Figure 3.  
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Figure 3. Available copper concentrations in water overlying three different soil types in 

laboratory soil/water systems three days after inundation. At each sampling time, 

points with different letters are significantly different (P < 0.05). nsd, no significant 

difference (P > 0.05). 
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Factorial ANOVA showed that with a starting concentration of 2 mg Cu L
-1

 in laboratory water 

(MRS), time, soil type, and their interaction were all significant (P < 0.001) and that available copper 

concentrations above the Murrami soil were significantly (P < 0.05) different overall from the Yanco 

and Leeton soils types, which were not different (P > 0.05) from each other. Significant (P < 0.05) 

differences in available copper were detected by one-way ANOVA on five of the ten sampling 

occasions, and available copper levels were higher above the Murrami soil than either of the other two 

soils at the final three samplings (48, 96 and 144 h after copper application) (Figure 3a). 

A starting concentration of 0.8 mg Cu L
-1

 in irrigation water led to a greater disparity in the effects of 

different soil types (Figure 3b). Again, time, soil type and their interaction were all highly significant 

(P < 0.001), however all three soil types produced significantly different results from one another (P < 

0.05), with water above the Murrami soil having the highest available copper levels and water above 

the Yanco soil the lowest. Significant differences between soil types were detected on seven of the ten 

sampling occasions, and on four of these significantly (P < 0.05) more available copper was detected 

above the Murrami soil than either of the two other soil types. Water above the Murrami soil only had 

significantly lower available copper concentrations than either of the other two soils at the final 

sampling time (144 h). 

Dissolved organic carbon (DOC) levels 

DOC concentrations in the three soil types and in the overlying water from the bioassay containers are 

shown in Table 4. The Murrami soil had over three times the extractable DOC of the other soils, and 

water overlying the Murrami soil had at least twice the DOC concentration of water above the other 

two soil types, regardless of the source water type. For each parameter tested, the Murrami soil (or its 

overlying water) was significantly (P < 0.05) different to corresponding treatments involving the two 

other soils, which did not differ significantly from each other. 

Table 4. Dissolved organic carbon (DOC) extracted from test soils and overlying water of 

soil/water bioassay systems. Values in individual columns with different superscript 

letters are significantly different (P < 0.05).
 
Values in brackets are standard errors. 

Base levels of DOC: irrigation water 5.9 (SE 1.1) mg L
-1

, MRS 2.4 (SE 0.3) mg L
-1

.  

 

The results of these experiments demonstrate that the reduced toxicity of copper above the Murrami 

soil is not a consequence of the applied copper adsorbing more rapidly to the soil surface – under 

conditions most similar to those in our actual bioassays (0.8 mg L
-1

 applied Cu in irrigation water) 

more copper remained ‘available’ in the water column, not less. The Murrami soil, which was known 

to be high in total organic carbon (Table 2), contained approximately three times the DOC of the other 

soils, and after three days inundation the water above the Murrami soil contained more than twice as 

much DOC as water above the other soils. This correlates well with the bioassay results, where twice 

as much copper was required to control snails above the Murrami soil than above the other two soils, 

which were broadly similar to each other. 

Soil type 

Dissolved organic carbon 

Soil extractable, 

mg g
-1

 

Overlying water 

(irrigation), mg L
-1

 

Overlying water (MRS), 

mg L
-1

 

Yanco 0.11 (0.01) 
a
 13.3 (0.5) 

a
 6.4  (0.5) 

a
 

Leeton 0.10 (0.01) 
a
 14.0 (0.3) 

a
 11.4 (1.2) 

a
 

Murrami 0.37 (0.03) 
b
 31.2 (2.5) 

b
 27.6 (6.1) 

b
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Field trials of copper sulphate against Isidorella newcombi 

Whilst laboratory studies can provide valuable information on how toxicity is affected by 

environmental variables such as soil characteristics, water quality and temperature, the ultimate 

demonstration of efficacy and environmental fate must come from field studies where all possible 

environmental variables can interact. 

Two field trials were conducted at Yanco Agricultural Institute during the 2010/11 rice season to 

demonstrate the efficacy of copper sulphate for the control of I.newcombi, and to assess the 

persistence of both available and total copper in the water column. The deposition of copper into the 

sediment in response to different application rates was also assessed. 

Materials and methods 

Each field trial involved four small rice bays of between 73 and 83 m
2
 in area (mean 77.0 m

2
). Bays 

were constructed in a single row at the Yanco soil collection site, and were drill-sown with the rice 

variety Sherpa. After several flushes permanent water was applied to all 8 bays on 6 December 2010. 

Three 9 cm diameter acid-washed glass Petri dishes each containing 35 g of ground topsoil from the 

trial site were placed on the floor of each bay to facilitate quantitative sediment sampling after copper 

application. 

Each trial involved three treatment bays and one untreated control. Bays were measured individually 

to ensure accurate copper application rates, which were initially based on unit/area values, however 

the resulting data are also presented in terms of notional initial copper concentrations, calculated on 

the basis of unit/area values adjusted for the average depths of individual bays. Depth measurements 

(15 per bay) were made after efficacy assessments and water sampling were completed in order to not 

unnecessarily disturb the sediment while other data was being collected. A data logger was placed in 

the control bay during each trial to record water temperatures at 15 minute intervals. 

As the bays did not contain natural snail populations, mature I.newcombi were collected from a 

nearby irrigation supply channel that had not been chemically treated. The day before copper 

application three snail enclosures were randomly positioned in each bay. The enclosures were made 

from 3.5 mm aperture woven stainless steel mesh, with two edges sown together to form a cylinder 30 

cm in diameter, 30 cm in height, and open at both ends. The enclosures were pushed vertically into the 

sediment to prevent the snails escaping. Ten snails were placed in each enclosure on the evening prior 

to the day of copper application. 

Snailblitz®, a commercial copper sulphate pentahydrate formulation containing 250 g/kg copper was 

obtained from Ruth Consolidated Industries (Aust) Pty Ltd, Mascot, NSW. The required amount of 

copper sulphate needed to obtain the unit/area application rate for each bay was dissolved in 4 to 5 L 

of deionised water and applied as evenly as possible as a coarse jet from a single nozzle hand sprayer. 

The metal wand and nozzle of the sprayer had previously been treated with two applications of 

Coatasil® to prevent any electrolytic reaction occurring as a consequence of direct metal contact with 

the copper solution. In trial 1 we assessed copper sulphate pentahydrate application rates of 6, 9 and 

12 kg ha
-1

, whilst in trial 2 the rates were 3, 4.5 and 6 kg ha
-1

. Trial 1 was treated on 1 December 2010, 

whilst trial 2 was treated on 21 December 2010. Snails were recovered by hand 72 hours after copper 

application, and mortality was assessed. The formal criterion for death was absence of heartbeat, 

however in practice the majority of snails were either clearly alive or had died and decayed to the 

point where only empty shells were recovered. Data from the three cages in each bay were combined 

to give average mortalities. No control mortality occurred in trial 1, however in trial 2 one snail (of 

30) died in the control bay, so treatment bay mortalities in trial 2 were adjusted accordingly using 

Abbott’s formula (Abbott 1925). Mortality data from the trials was evaluated using non-linear 

regression. 
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Water samples were collected from the control bays at the time of treatment application for the 

assessment of pH, conductivity, turbidity and water hardness, and then all bays were sampled for 

water column copper levels at 1 h, 1 d, 3 d, 7 d, 12 d,  20 d and 30 d post-treatment. All sampling 

involved acid-washed polycarbonate containers identical to those used in the laboratory bioassay and 

adsorption studies. Smaller (70 mL) containers were used as ‘dippers’, attached to a 2 m handle, 

whilst the 250 mL containers were used for sample storage. Each 200 mL sample was composed of a 

minimum of 10 subsamples taken from random points within the bay. At each post-treatment sampling 

two such composite samples were taken from each bay. One sample was acidified with 4 mL of 70% 

nitric acid and stored at room temperature for subsequent analysis of total copper, whilst 40 mL of the 

other sample was filtered and then acidified for quantification of available copper using AAS as 

described previously.  

Petri dishes containing the soil samples were removed after the last water samples had been taken at 

30 d post-treatment. Dishes were carefully lifted horizontally from the floor of the bay and the 

overlying water remaining in the Petri dish was removed with a Pasteur pipette and discarded. Soil 

from the three dishes from each bay was dried overnight at 50
o
C in a laboratory oven and the 

replicates were combined and ground using a glass mortar and pestle. Acid-extractable soil copper 

was measured using ICP-AES as described previously. 

Results 

Average water temperature during the first 24 hours after copper application was 22.8
o
C (range 17.8 – 

30.1
o
C) in trial 1 and 21.3

o
C (range 15.7 – 27.8

o
C) in trial 2. Average bay depth varied from 12.7 to 

15.6 cm. Water quality parameters at the time of copper application in both trials are given in Table 2. 

Efficacy results are shown in Figure 4, in terms of both application rates (copper sulphate 

pentahydrate, kg ha
-1

) and notional initial copper concentrations (mg L
-1

) determined using area and 

water depth data. In trial 1 all copper sulphate application rates (6, 9 and 12 kg ha
-1

) provided 100% 

mortality of adult I.newcombi. Adjusted for water depth, these rates equated to initial applied copper 

concentrations of 1.18, 1.71 and 2.16 mg Cu L
-1

. In trial 2, application rates of 3, 4.5 and 6 kg ha
-1 

produced between 27 and 90% corrected mortality. Initial applied copper concentrations in trial 2 

were 0.52, 0.72 and 1.12 mg Cu L
-1

. The lower mortality at the 6 kg ha
-1

 rate in trial 2 (89.7% 

compared to 100% in trial 1) may reflect the greater water depth in the trial 2 bays and the later time 

of treatment relative to flooding, which would have allowed more time for algal communities to 

develop, and also more DOC to leach from the soil into the water column. Denser algal growth would 

be expected to accelerate the decline of available copper in the water column. Snail mortality showed 

the expected sigmoidal response to increasing copper application rates/concentrations, with r 
2
 ≥ 0.99 

for both regressions calculated. The estimated LC95 values from the regressions are 1.14 mg Cu L
-1

 

and 6.38 kg product ha
-1

. 

Changes in total and available copper in the water column during the first 30 days after copper 

application are shown in Figure 5. One hour after application total copper recoverable from the water 

column averaged 86.3% of the initial amount applied; three days after application the recoverable 

amount averaged only 7.0% of that initially applied (Figure 5a). Total copper fell below the detection 

limit (0.007 mg L
-1

) between 7 and 12 days after application at the three lowest initially applied 

concentrations (0.52 – 1.12 mg L
-1

) but remained detectable at 0.01 - 0.02 mg L
-1

 until day 30 at the 

three higher starting concentrations (1.18 – 2.16 mg L
-1

). Losses of available copper were initially 

much faster, with on average only 53.8% of applied copper being recovered as available copper one 

hour after application. Available copper dropped below the detection limit (0.02 mg L
-1

) between 7 

and 20 days after application, with higher initial concentrations remaining detectable for longer 

(Figure 5b). 
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Figure 4. Mortality of adult I.newcombi in field evaluations of copper sulphate. Solid line, 

regression  of mortality against application rate (kg ha
-1

), broken line, regression of 

mortality against initial copper concentration (mg L
-1

). r 
2
 ≥ 0.99 for both 

regressions. 

 

Total copper concentrations in the sediment recovered from the submerged Petri dishes 30 days after 

copper sulphate application are shown in Figure 6. The data demonstrate a distinct linear increase in 

sediment copper concentrations in response to increasing rates of copper applied to the rice bays. 

Recovery of total copper from the sediment dishes averaged only 22% of the amount initially applied. 
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Figure 5. Variation in (a) total, and (b) available copper in rice field surface waters over time. 

Graphs at the same scale. Detection limit for total copper 0.007 mg L
-1

, for available 

copper 0.02 mg L
-1

. Data labels on the left indicate initial applied copper 

concentrations (mg L
-1

), data labels at 7, 12 and 20 d indicate when concentrations 

for specified treatments fell below detection limits (bdl). 
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Figure 6. Total copper concentration in field trial sediment traps at 30 days post-treatment in 

relation to copper sulphate application rate. Acid extraction / ICP-AES. 
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Discussion     

The results from our field trials provide direct evidence to support the registration of copper sulphate 

for the control of I.newcombi in rice crops. Mortality of adult I.newcombi caged in rice crops 

increased in response to increasing applications of copper sulphate, with approximately 6.4 kg of 

copper sulphate per hectare being required to produce 95% snail mortality (Figure 4). This rate is 

close to the lower end of the proposed registered rate range of 6 - 12 kg ha
-1

 copper sulphate 

pentahydrate, and this level of response at the lower end of the range would be expected, as conditions 

at the Yanco site were close to optimal for maximum product efficacy – turbidity was low (13 - 28 

NTU), the source water did not show excessive levels of hardness (Table 2), and the levels of 

extractable DOC in the soil were also relatively low (Table 4). 

Despite these favourable conditions, an average of 13.7% of total applied copper moved out of the 

water column in the first hour after application. Only 53.8% of applied copper was classified as 

‘available’ in the water column after one hour, and our laboratory data suggests that even on a 

favourable soil type a significant proportion of this was probably already inactivated through bonding 

to DOC compounds. 

In the longer term, available copper dropped below detection limits in the water column at between 7 

and 20 days after application. Total copper fell to undetectable levels at 7 - 12 days post-treatment at 

the lower application rates, but remained detectable at very low levels until the conclusion of 

sampling (30 days post-treatment) when applied at higher rates. In interpreting this data the 3-fold 

lower detection limit for total copper brought about by sample concentration during the extraction 

process needs to be taken into account. 

These results lead to two conclusions about the behaviour of copper applied to establishing rice crops. 

The first and most positive conclusion is that the application of copper to rice fields is unlikely to 

represent a significant issue to downstream environments because at the end of the 28 day mandatory 

drainage retention period no available copper, and negligible amounts of total copper, will remain in 

the water column. Because copper can become bound to sediment and other particulate matter it must 

be acknowledged that if the water in rice fields becomes turbid for whatever reason, total copper 

levels in the water may increase as a consequence of sediment-bound copper being resuspended in the 

water column. Copper in this form would have limited biological availability, in the same way that 

copper already associated with the test soils (Table 1) did not produce snail mortality in the bioassay 

controls, and did not move into the water column after the test soils were flooded (Table 2). 

The second conclusion from the field trial persistence data is that copper applications, whilst 

effective, are not a ‘chemically efficient’ method of snail control, in that a large proportion of the 

applied copper does not directly interact with the target organisms, but rather is lost through a series 

of processes including bonding with DOC and adsorption to various surfaces, including the soil 

surface and plant material present in the fields. The amount of copper necessary to provide control is 

essentially the concentration of dissolved copper necessary to directly produce snail mortality plus a 

substantial excess to overcome these various loss processes. 

The loss of total copper from the water column demonstrates that regardless of short-term DOC and 

water hardness effects, applied copper ultimately partitions into the sediment. Some may be taken up 

by rice and other plants, but the bulk of this plant matter also eventually ends up decomposing and 

being incorporated into the soil. The data from our sediments traps (Figure 6) shows a strong linear 

relationship between the amount of copper applied and sediment copper levels 30 days after 

treatment. Only 22% of applied copper was recovered from these sediment traps on an area basis, and 

this could be due in part to uptake by epiphytic algae and biofilms, as well as to the fact that our 

sediment traps did not allow downward movement of water into the soil profile as would have 

occurred elsewhere in each bay. 
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Whilst our field trial data provides positive evidence as to the suitability of copper sulphate for snail 

control in terms of efficacy and environmental fate, our laboratory data serves to shed light on the 

factors affecting the performance of copper at different sites. Bioassays showed that it requires much 

more copper to achieve snail control above the Murrami soil than above the other two test soils, where 

the snail responses were broadly similar. The differences in response did not correlate closely with 

parameters such as hardness of the overlying water, soil clay content, or total soil organic carbon, 

however a much closer correlation was obtained both with extractable soil DOC and with DOC levels 

in the overlying water three days after soil inundation. Higher levels of extractable DOC in the 

Murrami soil led to higher DOC levels in the overlying water, and this is hypothesised as being the 

main cause of the reduced snail response to applied copper. As with the bioassay results, DOC levels 

in the water above the Leeton and Yanco soils were broadly similar (Table 4). 

The significant role of DOC in mediating the toxicity of applied copper to snails is supported by a 

large number of published studies, conducted mainly in an environmental context rather than in 

relation to pest management problems. In studies on the Florida apple snail, Rogevich et al. (2008) 

showed that copper toxicity decreased as DOC concentration increased, and also as water pH 

increased to 7.5 and above. McGeer et al. (2002) have shown that humic acid (a form of DOC) 

moderatesd chronic copper bioavailabilty in rainbow trout. 

The behaviour of applied copper in rice fields is clearly complex and mediated by a range of 

processes. Over time, copper will partition into the soil, but the rate at which it does so will vary in 

response to a number of factors. Within the water column pH and hardness will affect the persistence 

of ionic copper, but the concentration of DOC compounds appears to also have a significant role. 

Copper bound to DOC will still register as ‘available’ under the filtration-based definition of the term, 

and may well remain in the water column for some time, however its biological activity against snails 

will be either substantially reduced or negated. 

Results from our soil/water systems show that movement of DOC from the soil into the water column 

may be a major contributor to overall DOC concentrations, however the levels of DOC in source 

water may also be a significant factor. DOC in our irrigation water averaged only 5.9 mg L
-1

, and 

contributed between 19 and 44% of total DOC above the soils 3 days after inundation. In summary, 

DOC concentrations in the water column will be determined by a number of factors, including DOC 

levels in source water, extractable DOC in the soil, the rate at which soil DOC dissolves and moves 

into the water column and, in all probability, the time since the soil was initially flooded, although this 

aspect has not yet been examined. In our field trials the performance of copper was slightly reduced in 

the second trial, which was treated after a longer period of soil inundation. 

The results of this project have led to the successful registration of copper sulphate for snail control, 

and have also provided new information on how copper behaves in soil/water systems. The variability 

in toxicity in response to soil type justifies the registration of copper sulphate at a range of application 

rates, so that local and seasonal conditions can be taken into account. At present, decisions on what 

rate of copper sulphate to use (from within the registered rate band) are based on farmer experience 

rather than any established soil/water testing protocols, however further research on the relationship 

between soil and water DOC levels and snail toxicity may make it possible to develop firm guidelines 

for the selection of rates that optimise control whilst minimising costs and also minimising copper 

inputs into the environment. This work could be based around the biotic ligand model that is 

frequently used to predict the toxicity of metals in aquatic systems. Whilst this work may be 

beneficial, we believe it is a lower priority than identifying and developing alternative chemicals that 

may provide more consistent levels of snail control, and particularly those chemicals that have proven 

activity against snail eggs.
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Implications 

The results of this project have led to the formal registration of copper sulphate for the control of 

snails in NSW rice crops. With permits being made available by the APVMA to cover the period 

during which the data was being generated, there was no break in the legal availability of copper 

sulphate to NSW rice producers. 

Assessing the financial benefits of this project to industry is complicated by fluctuations in the 

availability and cost of inputs each season, and also by the responses rice growers would make in the 

absence of a legally available molluscicide. 

If no chemical snail control was available then the only option available to rice producers would be to 

manage the problem through crop rotations. Repeat crops would not be possible without unacceptable 

risk, and changing to a system without repeat crops would lead to an approximate one megalitre per 

hectare increase in water consumption in each crop rotated to ‘new’ ground. The consequences of this 

are difficult to interpret, but would include higher input costs and in all probability a reduction in the 

area of rice sown each season by around 5%. 

An alternative assessment can be made by considering what would happen if there was no legally 

available molluscicide and growers did not respond by modifying their crop rotations. Based on 

informal chemical supplier estimates, around 120 tonnes of copper sulphate were used in the 2012/13 

rice season. At the average application rate (9 kg ha
-1

) this would allow treatment of just over 13,000 

hectares of crop. We estimate that without chemical control 10% of the treated area would have 

experienced total crop failure, whilst the remainder would have averaged 10% yield loss. At an 

average yield of 9 tonnes ha
-1

 and a farm-gate price of AUD 300 tonne
-1

, we estimate a loss of 

productivity at the farm gate of AUD 6.7 million for the season. This loss would be exacerbated by 

lost revenue from local value-adding and the cost of inputs to crops abandoned due to snail damage. 

The RIRDC contribution to this project was $44,946 and, based on the above farm-gate estimate, this 

gives a minimum benefit/cost ratio of 149:1 for the 2012/13 rice season alone, with similar benefits 

set to continue into the future. 
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Recommendations 

This project was initiated specifically to facilitate the formal registration of copper sulphate for snail 

control in rice, and this objective has been fully realised – there are now two commercial copper 

sulphate products registered for use in rice, ensuring growers have a chemical control option for snails 

available for the foreseeable future. 

There are, however, problems with copper sulphate, in that it lacks proven efficacy against snail eggs, 

has variable performance in response to different soil and water chemistries, and accumulates in soils. 

Alternatives such as niclosamide, the most promising commercially formulated chemical for 

I.newcombi control, need to be supported through the commercialisation process, and other 

agrochemicals developed since the mid-1990s need to be screened for activity against snails even if 

they were not originally developed for snail control. 

There is a need for the rice industry to review its access to important agrochemicals on an ongoing 

basis. In the case of herbicides, the main issues involve the development of resistance to existing 

compounds and the absence of new compounds with alternative modes of action. Increased levels of 

regulation also represent a hurdle for industry, with molinate, a key herbicide for barnyard grass 

control, likely to be withdrawn in the near future. 

In regard to invertebrate pests, increased levels of regulation are likely to reduce the number of 

chemicals available for the control of key pest species. The recent withdrawal of fenthion and 

dimethoate from fruit fly control in horticultural crops serves to highlight the increased scrutiny being 

placed on organophosphate insecticides by regulatory authorities, and the NSW rice industry has a 

high degree of dependence on this class of chemicals. Four of the six registered bloodworm treatments 

are organophosphates, three of four armyworm treatments with proven efficacy and residue safety 

belong in this category, and the only registered leafminer treatment is also an organophosphate. 

Organophosphates have been extremely popular due to their low cost, however this is a consequence 

of the patents on the active ingredients having expired, and there being a large number of 

manufacturers in the marketplace. Legislation recently passed by the Federal House of 

Representatives, if approved by the Senate, may require all agrochemicals to be reregistered every 7 to 

15 years. If this happens it will be unlikely that any one manufacturer will invest in reregistration of 

cheap out-of-patent active ingredients (such as the majority of organophosphates) unless they are 

granted effective data protection. Reduced chemical control options for the management of pests like 

bloodworms and armyworms will increase the risk of resistance, and where only one chemical is 

available for a given pest (e.g. leafminer), regulatory action could leave rice growers without any 

chemical control options for several years whilst alternatives are developed. The rice industry is 

encouraged to look at preliminary evaluation and development of newer classes of insecticides, as 

having efficacy and environmental fate data on hand will allow these compounds to be 

commercialised much more rapidly in the event that regulatory action reduces access to the 

organophosphates and other older classes of pesticides. 
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