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Abstract: 23 

Pesticide exposure threatens many freshwater and estuarine ecosystems around the world. 24 

This study examined the temporal and spatial trends of pesticide concentrations in a 25 

waterway within an agriculturally developed dry-tropics catchment using a combination of 26 

grab and passive sampling methods over a continuous two year monitoring program. A total 27 

of 43 pesticide residues were detected with seven pesticides exceeding ecologically relevant 28 

water quality guidelines/trigger values during the study period and four (ametryn, atrazine, 29 

diuron and metolachlor) of these exceeding guidelines for several months. The presence and 30 

concentration of the pesticides in the stream coincided with seasonal variability in rainfall, 31 

harvest timing/cropping cycle and management changes. Our sampling approach 32 

demonstrates that the application of these complementary sampling techniques (both grab 33 

and passive sampling) were effective to establish pesticide usage patterns in upstream 34 

locations where application data are unavailable.  35 

Keywords 36 

Great Barrier Reef, pesticides, herbicides, passive sampling, sugarcane, irrigation  37 

  38 
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Introduction 39 

Pesticide residues are now ubiquitous in many streams that drain agricultural, urban and 40 

industrial lands around the globe and concerns regarding their environmental risks have led 41 

to the implementation of numerous management regulations and assessment programs
1-5

. 42 

However, many monitoring programs are limited by costs associated with sampling and 43 

laboratory methods; depending on the monitoring aims, a tradeoff is often made between 44 

sampling frequency, spatial coverage and analytical cost
6
. Sampling within tropical areas is 45 

further complicated by the variable local weather profiles (i.e. rain driven ephemeral flows), 46 

extreme weather events and remote locations, that when combined with monitoring 47 

limitations has resulted in limited data available on pesticide concentrations in tropical areas 48 

compared to the data available from temperate areas.  49 

The application of both grab and passive sampling methods allows for more pesticide 50 

residues (and degradation products) to be examined in a cost effective manner and to assess 51 

how those concentrations vary in space and time
7
. Such monitoring programs are 52 

particularly useful when examining the spatial and temporal variability of pesticide 53 

concentrations in streams in response to factors such as timing of application, seasonal 54 

variability in rainfall/runoff and management change. However, application of such 55 

approaches is rare in tropical catchments. 56 

Pesticides, along with nutrient and sediments, transported to the Great Barrier Reef (GBR) 57 

have been identified as a key issue for management under the Reef Water Quality Protection 58 

Plan
8-10

. In response, the Queensland State and Australian Federal Governments 59 

implemented the Paddock to Reef Integrated Monitoring Modelling and Reporting program 60 

(Paddock to Reef) which encourages the agricultural industry to adopt best management 61 

practices in order to improve water quality in the GBR
11

. Five herbicides including diuron, 62 

atrazine, ametryn, hexazinone and tebuthiuron have been identified as priority herbicides to 63 
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be targeted for reduction in their offsite transport. Among these five herbicides, diuron has 64 

been widely recognised as one that consistently poses the highest ecological risk
12-13

 which 65 

is manifested through regulation on its use introduced by the Australian Pesticides and 66 

Veterinary Medicines Authority (APVMA) in 2011 and 2012. As a result, farmers have 67 

sought out a range of alternative pesticides as replacements
12

 and many of these alternatives 68 

are now detectable in several rivers or tributaries that flow into the sea along the GBR 69 

coastline
14

. Unfortunately, pesticide sales or usage data in the GBR are not publically 70 

available and with the exception of ‘anecdotal evidence’ (i.e. farmer/industry stakeholder 71 

communications on usage within the region) changes in pesticide use cannot be quantified.  72 

Barratta Creek, located in the dry tropics of north-eastern Australia (Figure 1), and with a 73 

large proportion of sugarcane cropping in the catchment, has been identified as a high risk 74 

area compared to other GBR catchments as pesticide concentrations
15-20

 exceed both 75 

Australian and New Zealand
21

 water quality guideline trigger values and international
22

 76 

guideline values
15-20, 23-24

. While previous studies have examined the concentrations and 77 

loads of pesticide residues at various sites along Barratta Creek, no systematic and 78 

continuous monitoring approach to examine spatial and temporal variations within Barratta 79 

Creek has been undertaken. This study has undertaken continuous monitoring of pesticide 80 

concentrations over two years (July 2011 to July 2013) at four sites within Barratta Creek 81 

with an aim to assess pesticide presence and the temporal and spatial variability of pesticide 82 

residues in this intensely developed tropical catchment.  83 

Materials and methods 84 

Study site. Barratta Creek drains a large area of the Burdekin-Haughton floodplain and has 85 

a total catchment area of 1,167 km
2
 which covers 0.9% of the Burdekin Dry Tropics Natural 86 

Resource Management region
25

. Land use within the Barratta Creek catchment includes 87 
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grazing on native pastures (60% of area) and irrigated sugarcane production (approximately 88 

31%) with the remaining catchment area consisting of wetland/conservation, minimal use 89 

and other crops
25

; other crops includes legumes (i.e. chickpeas, soybeans etc.) grown in 90 

fallow sugarcane paddocks as well as mango orchards, mixed horticulture, cotton and rice. 91 

Sugarcane within the Barratta catchment accounts for approximately one quarter of the total 92 

land area cultivated for sugarcane production across the whole Burdekin Region. The creek 93 

network drains into nationally (Australian Nature Conservation Agency; ANCA) and 94 

internationally (Ramsar) recognized wetlands and ultimately the World Heritage listed 95 

GBR
18-19

. The Barratta Creek catchment has been extensively developed for sugarcane 96 

supported by furrow irrigation, the introduction of which has altered the previously 97 

intermittent flow regime of Barratta Creek to one of constant flow
17

 and raised local water 98 

tables
23

. The sampling sites monitored as part of this study (Figure 1) were all located within 99 

the area identified by the directory of important wetlands in Australia
26

. The three freshwater 100 

sites (Upper Barratta Creek, West Barratta Creek, and East Barratta Creek) have been 101 

subjected to previous monitoring efforts
16-19

 but not at this level of sophistication. The end 102 

of catchment estuarine site (Lower Barratta Creek) was within the Bowling Green Bay 103 

Ramsar wetland boundary. The percentage contribution of grazing, cropping and 104 

conservation/other land uses above the monitored sampling sites are outlined in Table 1
25

. 105 

Monitoring methods. Water sampling across the four sites was undertaken through the 106 

combination of grab (point in time measurements), time/flow weighted sampling using an 107 

automated sampler (multiple point in time measurements; at Upper Barratta Creek only – 108 

data provided by Queensland Department of Science, Information Technology and 109 

Innovation (DSITI)) and passive sampling techniques (time-integrated measurement). 110 

Passive sampling devices facilitate the accumulation of chemicals from water into a sorbent. 111 

When calibrated correctly the mass accumulated by a passive sampler can be used to provide 112 
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a time weighted average (TWA) measurement of a contaminant during the exposure period. 113 

Two passive sampling devices (PSDs) were employed: the Chemcatcher
®

 and the 114 

polydimethylsiloxane (PDMS) passive samplers. The Chemcatcher
®

 passive sampler 115 

configured with styrenedivinylbenzene (SDB) Empore Disk (ED) and polyethersulfone 116 

(PES) membranes in the original Teflon
®

 housing
27-29

 was used for sampling the polar 117 

chemicals. The PDMS passive samplers accumulate less polar chemicals and have been 118 

employed in assessing the concentrations of hydrophobic organic compounds
30-32

. The 119 

PDMS strips (410 µm thick, 2.5 cm wide, 92 cm length; Purple Pig Australia), were 120 

deployed inside stainless steel cages. Passive sampling kinetics for each deployment were 121 

adjusted to the deployment specific flow conditions using the passive flow monitors (PFM) 122 

in replicate
33-34

. Further, water salinity/conductivity is known to influence the calibration 123 

method employed so the water electrical conductivity (EC) was recorded during site visits 124 

using a Hydrolab Quanta (ECO Environmental) and the data used to refine the calibration of 125 

the passive sampling devices
33

.  126 

Passive samplers were deployed in replicate at each site attached to a length of chain on an 127 

overhanging tree branch such that the samplers were exposed to the main channel flow and 128 

remained submerged for the duration of the deployments. Previous studies show that PSDs 129 

can under- or over- estimate the TWA concentrations of certain analytes when fluctuations 130 

in both concentration and flow occur during the deployment period
35-37

. As such, each 131 

deployment period during this study lasted for approximately four weeks except when a 132 

runoff event occurred. When a runoff event occurred samplers were exchanged within the 133 

next few days to ascertain that samplers remained in a linear uptake phase
36, 38

. During each 134 

site visit two 1 L grab samples were collected using a 3-5 m extendable sampling pole from 135 

~ 20 cm below the water surface in amber glass bottles. The passive and grab samples were 136 

kept on ice during transport and stored at 4 °C prior to analysis.  137 
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Rainfall and stream water level data were obtained from Queensland Department of Natural 138 

Resources and Mines
39

 Northcote gauging station (119101A) located ~ 50 metres 139 

downstream of the Upper Barratta Creek sampling site. During January 2013, the rain gauge 140 

failed and the rainfall associated with ex-Tropical Cyclone Ita was not recorded. To fill in 141 

the missing data the rainfall recorded at the nearest gauging site (119003A: Haughton River 142 

at Powerline, located ~9 km to the North West) was obtained. 143 

Sample extraction and analysis. Analysis of all grab water samples was undertaken by the 144 

Queensland Health Forensic and Scientific Services (QHFSS) using a Varian 3400 gas 145 

chromatograph (GC) with a Finnigan A200S liquid autosampler (splitless; injector 146 

temperature 295°C; GC column: J&W DB-1, originally 20 m, 0.2 mm id, 0.33 lm film 147 

thickness; temperature program: 65°C (isothermal 2 min), 20°C min -1 to 295°C (isothermal 148 

10 min)) and coupled to a Finnigan SSQ 710 single stage quadrupole mass selective 149 

detector. Detection limits were defined as three times blank values or where a compound 150 

was not identified in the blanks, as three times signal to noise ratio. The passive samplers 151 

were extracted for the quantification of pesticide concentration at the University of 152 

Queensland. A full description of the passive sampling extraction and analysis methods 153 

employed in this study has been described previously
28, 30

. Analysis of the extracted samples 154 

employed liquid and gas chromatography–mass spectrometry (LC-MS/MS and GCMS). All 155 

results have been reported as µg.L
-1

 (i.e. equivalent to ppb). Sample replicates were analysed 156 

separately to ensure the reproducibility of the measurements obtained.  157 

Assessment of ecosystem risk. Guidelines have been established with respect to the percent 158 

of species theoretically protected when concentrations are maintained below a certain 159 

concentration (PC). Pesticide concentrations across the study sites were compared to the 160 

PC95 and PC99 (theoretically protect 95% or 99% of species in the ecosystem being 161 

considered) ecological threshold values proposed by Smith et al
40

, then to any existing 162 
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ANZECC and ARMCANZ
21

 trigger values (TV). It is general practice that the PC95 values 163 

are applied for ecosystems already impacted by anthropogenic activities. However, as the 164 

Barratta Creek system is of higher ecological significance as it lies within ANCA
41

 165 

(East/West/Upper Barratta sites) and Ramsar (Lower Barratta) listed wetlands, management 166 

of this site should aim to maintain pesticide concentrations at levels that protect 99% of 167 

species and thus the PC99 values are more appropriate when assessing ecosystem risk of this 168 

system. Overall, ecosystem risk per site was assessed through the calculation of the 95th 169 

percentile concentration of individual pesticides per sampling year (i.e. the highest 170 

concentration that falls within 95% of all samples collected; where concentrations in 171 

samples were below the analytical reporting limit values half the detection limits were used 172 

in the calculation) to compare to both the PC95 and PC99 guideline values (method 173 

described in Smith et al.
20

). 174 

Results  175 

Environmental condition. Electrical conductivity (EC) and rainfall data were obtained to 176 

inform the environmental conditions during the study period relative to long term averages. 177 

The study period captured two of the wettest years on record within the catchment with 178 

~1200 mm falling during both sampling years (mean rainfall is ~ 700 mm). The data 179 

obtained are presented in more detail in the supporting materials.  180 

Pesticides detected and frequency of detection. A total of 48 organic compound residues 181 

were detected over the two year monitoring program including 32 herbicides (including 182 

three breakdown products), 10 insecticides (including one breakdown product and the insect 183 

repellent DEET) and one fungicide. Non-pesticide organic compound residues detected 184 

during the analysis included the fuel and oil additive 2,6-di-t-butyl-p-cresol (BHT), a 185 

plasticizer (bisphenol A) and two polycyclic musks (galaxolide and tonalid). In addition to 186 
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the known pesticide contaminants of concern, pesticide residues were detected that have not 187 

previously been reported within the GBR catchment area (see unshaded chemicals in Table 188 

2). Grab sampling detected 17 residues (14 herbicides, 1 insecticide, 2 non-pesticides) and 189 

45 residues (32 herbicides, 9 insecticides, one fungicide, 3 non-pesticides) were detected 190 

using PSDs. Of the PSDs samplers, the Chemcatcher
®

 passive sampler detected 33 191 

compounds in total including an additional 22 residues (18 herbicides, 2 insecticides and one 192 

fungicide and one herbicide additive) not detected by the grab method. The PDMS passive 193 

samplers detected ten residues (4 herbicides, 2 herbicide breakdown products, 2 insecticides 194 

one fungicide and one fuel/oil additive) that were not detected by either the grab or 195 

Chemcatcher
®

 sampling methods. Overall, grab samples detected 3 residues (bifenthrin, 196 

bisphenol A and tris (dichloropropyl) phosphate) not detected by the PSDs.  197 

On a concentration and detection frequency basis, the nine key pesticides identified were 198 

diuron (0.01 – 12.8 µg.L
-1

; 88% detection in grabs and 100% in PSDs); atrazine (0.017 – 199 

11.5 µg.L
-1

; 96% detection in grabs and 100% in PSDs); ametryn (0.001 – 1.99 µg.L
-1

; 60% 200 

detection in grabs and 100% in PSDs); metolachlor (0.003 – 5.31 µg.L
-1

; 48% detection in 201 

grabs and 100% in PSDs); hexazinone (0.001 – 0.327 µg.L
-1

; 22% detection in grabs and 202 

100% in PSDs); simazine (below detection limit (BDL) – 0.543 µg.L
-1

; 16% detection in 203 

grabs and 98% in PSDs); imidacloprid (BDL – 0.504 µg.L
-1

; 7% detection in grabs and 93% 204 

in PSDs); tebuthiuron (BDL– 0.007 µg.L
-1

; 0% detection in grabs and 100% in PSDs) and; 205 

prometryn (BDL – 0.03 µg.L
-1

; 2% detection in grabs and 84% in PSDs). Chemical specific 206 

detection frequencies are presented in Table 2 with site and method specific detection 207 

frequency and concentrations for the nine key pesticides presented in Table 3. Further 208 

analysis presented in this paper predominantly focuses on the nine key pesticides identified. 209 

The PSDs employed in this study measure a TWA concentration for the pesticide residues 210 

detected and cannot be directly compared to the point in time (PIT) concentration 211 
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measurements made using grab sampling without recognising the differences in the two 212 

different methods. However, the ranges of pesticide concentrations when detected by two or 213 

more sampling methods showed very good agreement (Table 3). Further, there was a similar 214 

temporal rise and fall trend in the concentrations measured at each site when comparing the 215 

TWA and PIT values (Figure 3-5). While the TWA and PIT values were generally “in 216 

range” when detected by both grab and passive sampling methods, the agreement became 217 

less clear when the frequency of pesticide detection in the grab water samples fell below the 218 

analytical limit of reporting (e.g. ametryn and metolachlor); the PSDs were able to detect 219 

these herbicides at lower quantifiable limits for longer periods of time during the study 220 

period. The measured TWA and PIT pesticide concentrations have been plotted in Figure 3-221 

5.  222 

Summary concentrations of atrazine, diuron, ametryn, metolachlor, hexazinone and 223 

imidacloprid measured using the Chemcatcher
®

 PSD are shown in the box plots in Figure 6. 224 

The ranges and medians of atrazine, diuron, ametryn and hexazinone concentrations over the 225 

two year sampling period were comparable across the three freshwater sampling sites. While 226 

the measured concentration ranges of metolachlor were comparable across the three 227 

freshwater sites, the median concentration measured at East Barratta was higher than the 228 

Upper Barratta and West Barratta sites. Further, while the median concentrations of 229 

imidacloprid measured across the three freshwater sites were similar, a greater range was 230 

recorded at the Upper Barratta site. The concentrations of all pesticides measured at the 231 

Lower Barratta estuarine site were generally between one third and one half the 232 

concentrations measured within the freshwater reaches of the creek (Figure 6).  233 

Temporal changes in pesticide concentration. In general, the highest pesticide 234 

concentrations detected during this study across all sampling sites (and recorded by the 235 

different techniques) occurred from August 2011 to January 2012 and from October 2012 to 236 
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January 2013. Peak pesticide concentrations in Barratta Creek coincided with end of the 237 

sugarcane harvest period (November-December) and with the onset of the first wet season 238 

rains in November 2011 and December 2012, respectively. Consistently, the nine key 239 

pesticides were detected at highest levels between July and December. Six of the nine 240 

pesticides (diuron, atrazine, ametryn, metolachlor, hexazinone and imidacloprid) are 241 

registered for use in sugarcane and the temporal change in concentrations reflected usage 242 

patterns within the industry; i.e. the highest concentrations were measured during the 243 

sugarcane harvest period (July to December), with concentrations increasing as the harvest 244 

period progressed (for example see Figure 2). Concentrations of the herbicides ametryn, 245 

atrazine and diuron were highest between August 2011 and February 2012 and September 246 

2012 and February 2013. Concentrations of metolachlor followed a similar trend; however, 247 

there were additional fluctuations in the TWA concentrations recorded across the study 248 

period. Concentrations of hexazinone and imidacloprid increased in association with 249 

rainfall-runoff driven discharge within the creek (Figure 4). The maximum TWA and PIT 250 

concentrations of atrazine and diuron recorded during our monitoring program were 11.5 251 

and 12.3 µg atrazine.L
-1

 and 9.2 and 12.8 µg diuron.L
-1

, respectively. Peak concentrations of 252 

atrazine and diuron occurred during low flow conditions during October, 2011 and 253 

December, 2012 (grab sampling) and during August, 2011, November, 2011 and December, 254 

2012 (passive sampling).  255 

Pesticide concentrations rapidly decreased following each subsequent rainfall event 256 

throughout the wet season and then generally increased following the onset of either crop 257 

planting or the crop harvest period (June) when pesticides (predominant examples include: 258 

pre-emergent herbicides: atrazine, diuron, ametryn, metribuzin, metolachlor and imazapic; 259 

knockdown herbicides: 2,4-D and MCPA; and insecticides: imidacloprid, permethrin and 260 

bifenthrin) are applied to cane blocks. Exceptions to this pattern included the herbicide 261 
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terbuthylazine which is registered for use in legume fallow crops but not in sugarcane; the 262 

insecticide bifenthrin and herbicides imazapic and isoxaflutole which are registered for use 263 

on sugarcane. The latter herbicides were predominantly detected during the non-harvest 264 

period from December through June. Reductions in pesticide concentrations as the wet 265 

season progressed were observed with each subsequent rainfall event. During the 2011/2012 266 

water year, rainfall extended into the winter months which led to a delay in the 2012 sugar 267 

harvest
42

 and coincided with an increase in the TWA concentrations of metolachlor, ametryn 268 

and imidacloprid. 269 

Site-specific differences in the contaminant profiles included the detection of clomazone 270 

(herbicide) and imidacloprid urea (insecticide) only at West Barratta; fluometuron 271 

(herbicide) at Upper and East Barratta; mecoprop (herbicide) only at Upper Barratta; and the 272 

failure to detect bifenthrin (insecticide) at Upper Barratta and bromacil (herbicide) at East 273 

Barratta (Table 2).  274 

Overall, both the grab and passive sampling techniques generally displayed similar 275 

concentration ranges and seasonal trends. The pesticide concentrations detected in the grab 276 

samples followed the same trend over time as the TWA measurements. Average 277 

concentrations of atrazine and diuron measured using both the grab and Chemcatcher
®

 278 

sampling methods at the three freshwater sampling sites were higher during the June – 279 

November harvest period (i.e. when pesticides are being reapplied to plots post-harvest) 280 

compared to the non-harvest period (December – May), with t-test p values of <0.05 across 281 

all sites. There was little to no difference in the average concentrations of ametryn, 282 

metolachlor, prometryn, simazine and tebuthiuron when compared across the same periods 283 

(t-test p values varied from between 0.01 and 0.37 for each pesticide across the three 284 

freshwater sites). For all other pesticide residues there was no significant difference between 285 

the average calculated during both the harvest and non-harvest periods.  286 
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Ecosystem risk. Australian water quality guidelines
21

 exist (or have been proposed
40

) for 12 287 

of the detected pesticides. Of those 12 pesticides, the guidelines for 2,4-D, imazethapyr, 288 

bromacil, MCPA and tebuthiuron were not exceeded while hexazinone, atrazine, simazine, 289 

diuron, ametryn, imidacloprid and metolachlor concentrations exceeded at least one 290 

guideline value (TV or 99/95% species protection concentration (PC) values – PC99/PC95) 291 

in at least one sample collected across the fresh (Table 4) or estuarine sites (Table 5) using 292 

either grab or passive methods. Table 6 outlines the 95th percentile concentrations for each 293 

detected pesticide with an established or proposed guideline. Diuron 95th percentile 294 

concentrations exceeded both the existing TV and the proposed PC95 guidelines across all 295 

fresh and estuarine sites for both years of sampling. The atrazine 95th percentile 296 

concentrations did not exceed the existing TV but did exceed the proposed PC95 guideline 297 

at Upper and East Barratta sites over both sampling years and at West Barratta during 2012-298 

2013. Atrazine and simazine use has been banned in most European countries
43

. Ametryn 299 

95th percentile concentrations exceeded the proposed PC95 guideline at Upper and West 300 

Barratta in 2012-2013; East Barratta over both sampling years and the proposed marine 301 

PC95 guideline at the estuarine site during 2011-2012. Metolachlor 95th percentile 302 

concentrations exceeded the existing TV across all freshwater and estuarine sampling sites 303 

over all sampling years; however, no proposed PC95 guidelines have been established and 304 

no guideline values for metolachlor have been proposed for marine/estuarine systems. The 305 

only other 95th percentile concentration to exceed a guideline or TV occurred for 306 

imidacloprid at Upper Barratta for the 2011-2012 sampling year. The 95th percentile 307 

concentrations of ametryn, atrazine and diuron exceeded the PC99 freshwater values across 308 

all freshwater sites; the 95th percentile imidacloprid concentrations exceeded PC99 309 

freshwater values at Upper Barratta during 2011-2012; and the 95th percentile hexazinone 310 

concentrations exceeded the PC99 freshwater values at Upper Barratta during 2012-2013 311 
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and West Barratta during 2011-2012. The marine PC99 values were exceeded in the samples 312 

collected at Lower Barratta (estuarine site) for ametryn and diuron across both sampling 313 

years and atrazine (including the estuarine specific guideline) during 2011-2012. The 95
th

 314 

percentile concentrations of simazine across the two sampling years did not exceed any 315 

established or proposed guideline values. We note our assessment of ecosystem risk is based 316 

on the 95
th

 percentile values; however the TWA values from the PSDs indicate that many of 317 

these pesticides were continuously above TV for several months of the year including diuron 318 

(7 months), atrazine (4 months), metolachlor (2-7 months) and imidacloprid (1 month), see 319 

Figures 3-5.  320 

Discussion  321 

Sampling approach. Our sampling approach allowed for a comprehensive and continuous 322 

pesticide profile to be established and illustrates the consistency in the results obtained when 323 

using both grab and passive sampling methods. Our monitoring program detected 24 324 

additional contaminants (including 17 pesticides and two breakdown products) that were not 325 

previously reported in Barratta Creek or within the wider GBR catchment area
13, 16, 18-20, 44-46 

326 

and as such has highlighted that a wide range of pesticide products are used upstream and 327 

are largely sourced to cropping lands (particularly sugarcane). Our results also demonstrate 328 

that, while both grab and passive sampling methods offer a few (grab) or many (PSD) 329 

additional chemicals not detected by the other method, both methods effectively capture the 330 

five priority herbicides which pose the most risk to the GBR. As such a similar monitoring 331 

program using either grab or passive sampling methods at any one time could be applied to 332 

save resources based on the objective of the monitoring. We note that for monitoring 333 

programs of other agricultural areas where a broader (or different) suite of pesticides are 334 

applied, the pesticide profiles would first need to be established using both grab and passive 335 
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techniques to determine the key pesticides of concern. Specifically, the application of 336 

passive samplers would be suitable when seeking to assess the presence of a broader range 337 

of pesticides (i.e. the assessment of land use change/management) over a longer period 338 

while grab sampling would be best to apply when seeking to assess the key pesticides of 339 

concern or to quantify peak concentrations (i.e. during wet season discharge). However, 340 

unless collected at high frequency, grab sampling only provides limited information about 341 

the concentration profiles over time in a water body which comes at a high price with 342 

regards to both sample collection and analysis. Overall, our time-series data indicate the key 343 

periods when the bulk pesticide usage occurs, the key exposure (and risk) period in the 344 

waterway, and to some degree the main products used in the upstream catchment area.  345 

Many of the 43 pesticide residues detected over the monitoring program are registered for 346 

multiple land uses. Twenty-two of the detected pesticides are registered for use in the 347 

Queensland sugarcane industry, 13 of which are also registered for use in other crops/land 348 

uses. Additional agricultural applications for the pesticides detected included legume fallow 349 

crops (10 pesticides), cotton (15 pesticides), rice (8 pesticides), sunflower (8 pesticides), 350 

mango/lychee (6 pesticides), and grazing (6 pesticides). Local land uses specific for each 351 

pesticide detected has been indicated in Table 2. A number of pesticide residues (i.e. 352 

bromacil, diazinon, permethrin, mecoprop) detected could not be ascribed to a particular 353 

land use source but may be predominately used in the management of weeds and insects 354 

around agricultural buildings or roadways. Reliable pesticide usage/application data are not 355 

available for the GBR
47

 (or indeed Australia generally) and so this approach also captures 356 

some indication of the key pesticides being used in the upstream catchment area. We note 357 

that some pesticides known to be used in high amounts in the catchment (e.g. paraquat
16

 and 358 

glyphosate) were not analysed as part of our program; these pesticides are strongly bound to 359 

soils and are not commonly mobilised in paddock runoff (e.g. Davis et al.
18

; Oliver et al.
48

).  360 
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While the results from the grab and passive sampling methods could not be directly 361 

compared due to the differences in their sampling intervals, some broad comparisons could 362 

be examined across the techniques. Our monitoring program aimed to establish temporal 363 

trends in TWA pesticide concentrations (to examine chronic exposure periods) and thus the 364 

sampling could not establish the peak pesticide concentrations within Barratta Creek. 365 

Passive sampler devices are not designed to capture the maximum pesticide concentrations 366 

during the period of deployment
49-51

 nor are the monthly PIT grab samples collected at the 367 

start and end of each passive deployment. PIT grab sampling can provide maximum 368 

concentrations provided a) there is a good understanding of pesticide transport within the 369 

system and b) there is good sample coverage (and subsequent analysis) during periods when 370 

expected peaks in concentrations are anticipated. The inclusion of flow weighted PIT 371 

sampling data (see small dot points in Figure 3-5) highlight that the PIT values (particularly 372 

with regard to atrazine, hexazinone and imidacloprid) were occasionally at concentrations up 373 

to 10 times higher or lower than the corresponding TWA passive measurements.  374 

To visualise the difference in the information obtained when using grab and passive 375 

sampling methods, the PIT (excluding flow weighted data), the flow weighted (FE) PIT, and 376 

TWA data (and the respective 95
th

 percentile concentration) have been plotted against the 377 

average and median concentrations calculated across the whole sampling period for each 378 

respective method (Figure 7). While it would expected that grab sampling would provide 379 

more information on the “variability” of concentrations/exposure within the system, Figure 380 

7 illustrates that in general the grab and passive sample data match reasonably well. The 381 

highest agreement is particularly evident for pesticides for which extensive calibration data 382 

are available for validating uptake kinetics (i.e. simazine, atrazine and diuron) as opposed to 383 

those chemicals where calibration data are very limited or predicted from other pesticides 384 

with similar properties (such as imidacloprid). However, there may be bias in the data as a 385 
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result of the different detection limits achieved when using the passive verses grab methods, 386 

particularly considering that only positive detections in the grab samples have been used in 387 

the comparison and it is possible that concentrations may have been close to the limits of 388 

detection. Passive samplers are not 100% accurate as they suffer from lag phases and the 389 

single phase model is oversimplifying how chemicals are accumulated which results in some 390 

uncertainties. However, they are a cost effective tool for the measurement of temporal 391 

changes in the presence of pesticide residues and to gauge relative trends in pesticide 392 

concentration over time. The detection of additional pesticides (including 19 herbicides and 393 

8 insecticides and 1 fungicide) through the use of passive sampling methods during this 394 

study has demonstrated the utility of PSDs in the screening for the types of pesticides 395 

employed within a catchment area. 396 

Pesticide variability in Barratta Creek. Our data show that there were large spatial and 397 

temporal variability in pesticide detection and concentrations in Barratta Creek over the two 398 

year monitoring program. On a spatial scale, the pesticide concentrations tended to be 399 

considerably lower at the Lower Barratta estuarine site, which most likely indicates dilution 400 

with seawater. Indeed the mean EC value measured at this site (20.4 mS.cm
-1

) suggests that 401 

the average creek water to seawater ratio is approximately 60:40. This result provides 402 

support that the lower pesticide concentrations measured at Lower Barratta are influenced by 403 

dilution, particularly in grab samples collected during high tide periods.  404 

Changes in the pesticide profiles across the freshwater sampling sites can be attributed to 405 

local land use differences particularly between the West and East Barratta sites. For 406 

example, bromacil, fluometuron and clomazone were detected at West Barratta but were not 407 

detected at the East Barratta site while imazapic and imazethapyr were detected at West 408 

Barratta at twice the frequency recorded at East Barratta. It is believed that most of the 409 

catchment runoff discharges through East Barratta Creek
17

, however the disparity between 410 
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the detection frequencies of pesticides between East and West Barratta would suggest that 411 

there is a local runoff source influencing the West Barratta site. The detections of bromacil 412 

and fluometuron are possibly associated with use around urban/industrial buildings or weed 413 

management in cotton crops, respectively. Clomazone is registered for use in horticulture, 414 

legume and rice crops; the detections at West Barratta are likely associated with the 415 

management of weeds within fallow legume crops (within the sugarcane crop cycle). 416 

Imazapic and imazethapyr are only registered in the sugarcane industry and hence the 417 

increased frequency of detection at the West Barratta site might reflect differences in local 418 

usage amounts across the catchment. 419 

The pronounced dry season in the lower Burdekin (April to October) means that cropping in 420 

this region is almost completely dependent on furrow irrigation methods. This irrigation 421 

paddock runoff (and associated pesticide losses) is transported through a network of drains 422 

which ultimately discharge into Barratta Creek introducing flow into a normally ephemeral 423 

system and explains why pesticide concentrations in Barratta Creek increase prior to the 424 

onset of wet season rains
17-19

. Several studies have shown that the dominant mechanism 425 

driving the amount of pesticide lost from croplands relates to surface runoff following 426 

rainfall as well as the timing of pesticide application
52-53

. In contrast, the design of the water 427 

supply and discharge network of the Burdekin Water Supply Scheme means that irrigation 428 

runoff within the Barratta Creek catchment drives the prolonged and elevated pesticide 429 

profile within the stream prior to wet season rains. Our results reflect this and show that the 430 

first flush rainfall events also deliver pulses of pesticide concentrations into Barratta Creek 431 

that flush the system prior to the onset of the next cropping cycle. 432 

Interestingly, there was a delay in the increase in Barratta Creek pesticide concentrations in 433 

the 2012 season (September) compared to the previous (2011 August) and following (2013 434 

July) seasons (Figure 3-5). Unseasonal winter rainfall in June/July, 2012 delayed the harvest 435 
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commencement (and hence the preparation of paddocks for the new or ratoon crop) and the 436 

subsequent application of pesticides on the cropping lands. However, variable 437 

concentrations of certain pesticides (ametryn, atrazine, diuron, hexazinone, metolachlor, 438 

imidacloprid, prometryn, tebuthiuron; see Figure 3-5) in the TWA and PIT samples during 439 

this period suggest that some application occurred within the catchment prior to this 440 

unseasonal rain event. The origin of the tebuthiuron detected in the Barratta catchment is 441 

most likely sourced from the irrigation water ultimately delivered from the Burdekin Falls 442 

Dam which drains extensive grazing lands where this herbicide has been detected in 443 

monitoring programs
24

; however, local use of tebuthiuron within the grazing lands in the 444 

Barratta catchment is also possible.  445 

Our two-year continuous dataset captured the apparent response to changes in pesticide 446 

management regulations in the Barratta Creek catchment area. Specifically, during our 447 

monitoring period, the Australian Pesticide and Veterinary Medicines Authority (APVMA) 448 

imposed two separate diuron restrictions over successive seasons. The first restriction, 449 

announced in November 2011, involved a suspension of diuron products within the GBR 450 

catchment area in any areas where runoff was not contained. The announcement did not 451 

state whether diuron would be available for use after this date, although a subsequent 452 

announcement allowed diuron use to recommence from March 28
th

 2012. The second 453 

restriction, announced on the 1
st
 November 2012 declared a no spray window for diuron 454 

between December 2012 and March 2013. Our data show that diuron concentrations in 455 

Barratta Creek increased considerably (more than doubled) in November 2011, and also 456 

became the dominant herbicide in Barratta Creek in the subsequent months (Figure 3). 457 

Following the second restriction, the diuron concentrations in Barratta Creek were more than 458 

four-fold lower over the same period (compared to the previous year). Taken together with 459 

previous monitoring showing atrazine as the dominant pesticide within this system, these 460 
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results could imply that the existing diuron stores held by local farmers were being used up 461 

prior to the first restriction and that during subsequent pesticide applications within the 462 

region local farmers began employing alternative pesticides (i.e. metolachlor and metribuzin 463 

as alternative herbicides registered for use in sugarcane
54

).   464 

Our dataset also reveals increases in concentration and detection frequency of other 465 

“alternative herbicides” such as isoxaflutole and imazapic over the monitoring period, which 466 

coincided with major changes in pesticide management in this catchment. Indeed these 467 

“alternative herbicides” have been marketed as suitable replacements for the traditionally-468 

used PSII inhibitors such as diuron, atrazine, ametryn and hexazinone which are under 469 

increasing pressure due to the implementation of the Reef Water Quality Protection Plan, 470 

government regulations and label restrictions
12, 55-56

. Furthermore, the implementation of 471 

improved pesticide management practices such as the use of banded/shielded spraying 472 

techniques will lead to lower amounts of herbicides applied and lost from sugar paddocks
48

. 473 

Future pesticide monitoring of the Barratta Creek system is likely to highlight the positive 474 

influences associated with the increasing uptake of these improved practices in the absence 475 

of catchment-specific sales and usage data. 476 

Pesticide exposure and risk in the Creek. Our continuous monitoring data show the 477 

prolonged exposure and risk of multiple pesticides across the Barratta Creek complex. 478 

Specifically concentrations of diuron, atrazine, hexazinone, metolachlor, ametryn, simazine 479 

and imidacloprid exceed relevant ANZECC and ARMCANZ guidelines
21

 and/or proposed 480 

ecological threshold values
40

 for freshwater (Table 4) and/or estuarine systems (Table 5). In 481 

particular, the exposure periods where the guidelines or proposed ecological values were 482 

exceeded for these pesticides range from 7 months for diuron to 1 month for imidacloprid per 483 

year (Figure 3-5).  484 
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Effects of multiple pesticides in mixtures within Barratta Creek are also of concern as many 485 

pesticides have a common mode of action (i.e. the PSII herbicides) which would produce 486 

additive toxicity
44

. Previous research investigating the ecological risk of pesticides in 487 

freshwater have highlighted that Barratta Creek is at high risk of impaired ecosystem 488 

function compared to other lower Burdekin sites
19

. An analysis of the likely effects of the 489 

more frequently detected herbicides in Barratta Creek (atrazine, ametryn, diuron, hexazinone 490 

and 2,4-D) on a range of aquatic community endpoints showed that the major effects would 491 

particularly be evident on photosynthetic communities including periphyton, phytoplankton 492 

and zooplankton
19

. Indeed the risk of pesticides in Barratta Creek in this earlier risk 493 

assessment
19

 would likely have been conservative given that only 5 herbicides of the total 43 494 

pesticides identified in our study were assessed. Future assessments within Barratta Creek 495 

should perform in situ ecotoxicological investigations to better quality the impacts of 496 

pesticide exposure on this system and determine if pollution-induced community tolerance 497 

has developed due to the long-term chronic pesticide exposure
57

.  498 

A number of pesticides detected within Barratta Creek are known endocrine disrupting 499 

compounds (EDCs) (e.g. herbicides atrazine and its metabolite desethyl atrazine, 500 

pendimethalin and simazine; insecticides chlorpyrifos, fipronil and permethrin). Kroon et 501 

al.
58

 showed that estrogenic effects in coastal fish in GBR catchment waterways were 502 

correlated with sugarcane land use and that the level of the biological marker for exposure of 503 

EDCs (vitellogenin expression) in the fish barramundi (Lates calcarifer) increased at sites 504 

with increased concentrations of ametryn, diuron, hexazinone, imidacloprid and simazine. 505 

Further, the study found that some of the highest vitellogenin expression was observed in 506 

wild barramundi obtained from rivers without sewerage discharge (Haughton Basin = 507 

Barratta Creek) or intensive animal production (Tully) leading the authors to conclude that 508 
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the pattern of estrogenic exposure more closely reflected agricultural land use and associated 509 

pesticide runoff
58

.  510 

We conducted an extensive grab and passive sampling monitoring program to analyse 511 

pesticide residues in the Barratta Creek complex. Our sampling approach provides a 512 

framework to construct a more complete pesticide profile for waterways to assess spatial and 513 

temporal variability and to better appreciate ecosystem risk. The continual discharge of 514 

irrigation tail waters from sugarcane cropping into Barratta Creek facilitates the transport of 515 

pesticides within the surface waters during the “dry season”. The onset of “wet season” 516 

rainfall discharge through the Barratta Creek complex resulted in the dilution of pesticide 517 

concentrations within the system and concentrations were only observed to increase again 518 

during the subsequent sugarcane crop harvest and associated reapplication of herbicides 519 

during the new cropping cycle. The chronic exposure of the local freshwater biota to 520 

elevated pesticide concentrations during the “dry season” is distinctly different to the acute 521 

short term exposures that are more commonly observed when first flush rainfall-driven 522 

events transport pesticides into the environment from the sites of application. The results are 523 

broadly applicable across regions and internationally as they demonstrate the impact of 524 

management practices on the transport of pesticides into the environment following industry 525 

adoption and regulatory changes.  526 
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Tables and figures: 541 
Table 1: Site coordinates and the percent land use contribution above each sampling site.  542 

Barratta sampling sites 

 
Upper  West East Lower 

 
19°41'23.15"S 19°32'9.94"S 19°33'42.37"S 19°28'41.55"S 

147°10'13.69"E 147°13'3.07"E 147°13'16.71"E 147°13'57.66"E 

Percent land use contribution above site (%) 

Grazing 84 72 60 

Cropping 15 25 31 

Conservation/Other 1 3 9 

 543 

 544 

Figure 1: Sampling sites in the Barratta Creek Complex. The Left map shows the location of the sampling sites (red 545 
triangles) in relation to the surrounding land use in the area supplied with irrigation water from the Burdekin 546 
Haughton Water Supply Scheme (BHWSS; red lines). Land use classifications are based on the 2004 Queensland 547 
Land Use Mapping shape files obtained from the Queensland Department of Natural Resources and Mines 548 
(DNRM). The right satellite image shows the locations of the four sampling sites in relation to the sugarcane 549 
croplands surrounding the wetlands supported by the Barratta Creek (catchment boundary indicated by the blue 550 
line59); the Ramsar wetland (green shaded area), the GBRMP and conservation zone. 551 
 552 
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Figure 2: PIT (A) and TWA (B) concentrations of the nine key pesticide measured at Upper Barratta Creek between 

July 2011 and July 2013.  
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Table 2: Frequency (%) at which a contaminant was detection per sampling period (~1 month intervals) irrespective 

of sampling method (i.e. grab or passive sampling).   

  
Sampling 

method: 

All 

sites 
Upper West East Lower Registered land use: 

2,4 D 
a
 ED 68 67 73 67 67 SC, H, L, C, R, U/I 

3,4 Di Cl Analine  
a#

 PDMS 11 11 12 11 11 SC 

Acifluorfen
 a

 ED 9 4 15 15 4 H, L 

Ametryn 
a
 ED 100 100 100 100 100 SC, H 

Atrazine 
a
 Grab, ED, PDMS 100 100 100 100 100 SC, H, C, U/I 

Atrazine desethyl 
a#

 Grab, ED, PDMS 100 100 100 100 100 SC 

Bromacil 
a
 Grab, ED 8 11 19 ND 4 U/I 

Clomazone 
a
 Grab 2 ND 8 ND ND H, L, R 

Desisoproyl atrazine
a#

 Grab 100 100 100 100 100 SC 

Diuron 
a
 ED 100 100 100 100 100 SC, H, C, U/I 

Fluometuron 
a
 PDMS 6 4 19 ND ND C 

Fluroxypyr 
a
 ED 22 26 27 26 11 SC 

Flusilazole 
c
 PDMS 8 15 12 4 4 SC 

Haloxyfop 
a
 Grab, ED 38 48 35 44 26 H, C, U, 

Hexazinone 
a
 PDMS 100 100 100 100 100 SC, H, U/I 

Imazapic 
a
 Grab, ED 40 7 62 37 56 SC 

Imazethapyr
 a
 PDMS 34 15 62 33 26 SC 

Imidacloprid 
b
 ED 93 100 81 100 93 

SC, H, L, C, R, S, M/L, 

U/I, G 

Imidacloprid urea 
b
 ED 4 7 ND 7 ND   

Isoxaflutole
 a

 ED 46 44 50 44 44 SC 

MCPA 
a
 PDMS 64 67 65 67 59 SC, R, U/I 

Mecoprop 
a
 ED 1 4 ND ND ND U/I 

Metolachlor 
a
 Grab, ED 100 100 100 100 100 SC, H, C, S 

Metribuzin 
a
 Grab 11 11 12 11 11 SC 

Metsulfuron methyl
a
 Grab 47 48 50 48 41 H, L, G 

Prometryn 
a
 Grab, ED 84 85 69 93 89 H, L, C, S 

Propazin-2-hydroxy
a
 ED 74 74 73 74 74   

Simazine 
a
 ED 98 100 92 100 100 H, U/I, F 

Tebuthiuron 
a
 ED 100 100 100 100 100 H, C, U/I, G 

Terbuthylazine 
a
 ED 29 37 23 33 22 L,G 

Terbuthylazine desethyl 
a#

 PDMS 7 7 4 11 4 L,G 

Terbutryn 
a
 Grab, ED, PDMS 36 37 35 44 26 SC, U/I 

Triclopyr 
a
 Grab, ED, PDMS 52 56 46 63 44 M/L, U/I 

Pendimethalin 
a
 ED 30 44 NA NA 15 SC, H, C, R, M/L 

Propazine 
a
 Grab , PDMS 50 63 NA NA 37   

Chlorpyrifos 
b
 PDMS 13 22 NA NA 4 

SC, H, L, C, R, S, M/L, 

U/I, G  

DEET Grab 7 ND NA NA 15 U/I 

Diazinon 
b
 Grab, ED, PDMS 4 ND NA NA 7 H, L, C, R, U/I, G 

Fipronil 
b
 ED 11 19 NA NA 4 C, R, S, F 

Methamidophos 
b
 Grab , PDMS 2 4 NA NA ND   

Permethrin 
b
 Grab, ED 2 4 NA NA ND C 

Phosphamidon 
b
 Grab, ED 2 ND NA NA 4   

BHT 
d
 PDMS 2 ND NA NA 4   

Galaxolide 
f
  Grab, ED 19 22 NA NA 15   

Tonalid 
f
 ED, PDMS 2 4 NA NA ND   

Bifenthrin 
ab

 PDMS 9 ND 11 14 11 SC, H, C, M/L, U/I  

Bisphenol A  ED 4 ND 7 4 4 U/I 

Tris(dichloropropyl) 

phosphate 
e
 

Grab 6 ND 4 11 11   

a= Herbicide; b = Insecticide; c = Fungicide; d = a fuel and oil additive; e = Flame retardant and pesticide; f = 

Polycyclic musks; # = Breakdown product; BHT =2,6-Di-t-BUTYL-p-CRESOL; ND = not detected; N/A = not analysed; 

SC = Sugar, H = Horticulture, L = Legume, C = Cotton, R = Rice, S = Sunflower, M/L = Mango/Lychee, U/I = 

Urban/industrial, G = Grazing, F = Forestry 

Shaded cells indicate chemicals that have been reported previously in the GBR catchment area
13, 16, 18-20, 44-46

. 
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Table 3: Frequency (%) and concentration (µg.L-1) range for the nine most frequently detected pesticides during this study across all sampling sites.  
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Ametryn 

GRAB 60 0.02 2 56 0.02 2 48 0.02 0.17 61 0.02 1.02 75 0.02 0.09 

ED 100 0.001 0.505 100 0.001 0.403 100 0.002 0.348 100 0.002 0.505 100 0.001 0.118 

PDMS 50 0.022 1.99 48 0.022 1.99 N/A -- -- N/A -- -- 52 0.054 0.173 

Atrazine 

GRAB 96 0.017 9.17 96 0.017 9.17 96 0.043 4.84 96 0.068 8.06 96 0.079 4.19 

ED 100 0.034 11.5 100 0.034 11.5 100 0.064 9.03 100 0.09 7.28 100 0.06 2.16 

PDMS 100 0.076 10.9 100 0.076 10.9 N/A -- -- N/A -- -- 100 0.134 4.23 

Diuron 

GRAB 88 0.01 12.8 89 0.015 12.8 93 0.01 2.43 96 0.017 2.99 75 0.011 2.02 

ED 100 0.018 12.4 100 0.024 12.3 100 0.019 3.97 100 0.021 7.98 100 0.018 1.37 

PDMS N/A -- -- N/A -- -- N/A -- -- N/A -- -- N/A -- -- 

Hexazinone 

GRAB 22 0.01 0.259 22 0.01 0.03 26 0.026 0.259 18 0.019 0.107 21 0.01 0.097 

ED 100 0.001 0.327 100 0.001 0.327 100 0.001 0.171 100 0.001 0.223 100 0.001 0.042 

PDMS N/A -- -- N/A -- -- N/A -- -- N/A -- -- N/A -- -- 

Imidacloprid 

GRAB 7 0.02 0.504 11 0.02 0.504 7 0.02 0.04 7 0.03 0.04 4 0.02 0.02 

ED 93 0 0.041 100 0.001 0.041 81 0.001 0.03 100 0.001 0.037 93 0 0.013 

PDMS N/A -- -- N/A -- -- N/A -- -- N/A -- -- N/A -- -- 

Metolachlor 

GRAB 48 0.013 2.1 33 0.03 2.1 56 0.013 0.57 57 0.04 1.04 46 0.013 0.19 

ED 100 0 0.964 100 0 0.964 100 0.001 0.392 100 0.002 0.699 100 0.001 0.098 

PDMS 96 0.003 5.31 93 0.003 5.313 N/A -- -- N/A -- -- 100 0.01 0.509 

Prometryn 

GRAB 2 0.02 0.03 4 0.03 0.03 ND -- -- 4 0.02 0.02 ND -- -- 

ED 84 0 0.003 85 0 0.002 69 0 0.003 93 0 0.002 89 0 0.001 

PDMS 2 0.007 0.007 4 0.007 0.007 N/A -- -- N/A -- -- ND -- -- 

Simazine 

GRAB 16 0.01 0.1 19 0.01 0.1 7 0.011 0.03 29 0.01 0.03 11 0.02 0.06 

ED 98 0 0.543 100 0 0.013 92 0 0.011 100 0 0.543 100 0 0.1 

PDMS N/A -- -- N/A -- -- N/A -- -- N/A -- -- N/A -- -- 

Tebuthiuron 

GRAB ND -- -- ND -- -- ND -- -- ND -- -- ND -- -- 

ED 100 0 0.007 100 0.001 0.006 100 0.001 0.007 100 0.001 0.006 100 0 0.004 

PDMS N/A -- -- N/A -- -- N/A -- -- N/A -- -- N/A -- -- 
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Table 4: Established Australian pesticide guideline values (µg.L-1) for freshwater and the rate at which guidelines 

were exceeded in samples collected during this study across the three freshwater sampling sites (Upper, East and 

West Barratta). 

Note: data is shown only for pesticides where concentrations exceeded any established guidelines 

Guideline  Values  
Sampling 

method 

Guideline exceedance frequency/ timing/location: 

No. % Months  Sites 

A
m

e
tr

y
n

 

PC99
a
 0.02 

ED 45 56 
Jul-Nov 2011; May, Jun, Aug 2012-Jan, 

June 2013  
All 

Grab 59 73 
July 2011-Jan 2012; May-July, Aug 2012-

Feb 2013; May-Jul 2013 
All 

PC95
 a

 0.10 
ED 13 16 Jul, Aug, Nov 2011; May, Aug-Dec 2012   

Grab 11 14 Aug-Nov 2011; Aug-Dec 2012;  All 

A
tr

a
zi

n
e

 

PC99 0.70 

ED 44 54 Jul 2011-Feb 2012; Aug 2012-Jan 2013 All 

Grab 44 54 
Aug, Oct 2011-Jan 2012; Aug 2012-Jan 

2013; Jun-Jul 2013 
All 

PC95 13.00 

ED 0 0 -- -- 

Grab 0 0 
Aug, Oct -Nov 2011; Sep-Nov 2012; Jan 

2013 
All 

PC99
 a

 3.70 

ED 20 25 Aug-Dec 2011; Sept-Nov 2012-Jan 2013 All 

Grab 14 17 Aug, Oct-Nov 2011; Sep, Nov 2012 
Upper, 

West 

PC95
 a

 6.00 

ED 7 9 Aug-Nov 2011; Sept 2013 Upper, East 

Grab 6 7 Aug, Oct, Nov 2011; Sep, Nov 2012 
Upper, 

West 

D
iu

ro
n

  

TV 0.20 

ED 49 60 
Aug 2011-Feb 2012; July 2012-March 

2013 
All 

Grab 40 49 
Aug, Oct 2011-Jan 2012; Aug 2012-Feb 

2013 
All 

PC99
 a

 0.20 

ED 49 60 
Aug 2011-Feb 2012; July 2012-March 

2013 
All 

Grab 40 49 
Aug, Oct 2011-Jan 2012; Aug 2012-Feb 

2013 
All 

PC95
 a

 0.30 

ED 43 53 Aug 2011-Feb 2012; Aug 2012-Feb 2013 All 

Grab 38 47 
Aug, Oct 2011-Jan 2012; Aug 2012-Feb 

2013 
All 

H
e

x
a

zi
n

o
n

e
  

TV 75.00 
ED 0 0 -- -- 

Grab 0 0 -- -- 

PC99
 a

 0.20 
ED 2 2 Nov-11 

Upper, 

West 

Grab 1 1 Nov-11 East 

PC95
 a

 0.70 
ED 0 0 -- -- 

Grab 0 0 -- -- 

Im
id

a
cl

o
p

ri
d

 Canadian 0.23 
ED 0 0 -- -- 

Grab 1 1 Jul 2011   

PC99
 a

 0.03 
ED 4 5 Jul, 2011; Jan, Aug 2012 All 

Grab 4 5 July 2011; Jan, Oct, Nov 2012 Upper, East 

PC95
 a

 0.10 
ED 0 0 -- -- 

Grab 1 1 Jul 2011   

M
e

to
la

ch
lo

r 
 

TV 0.02 

ED 44 54 
Jul 2011-Jan 2012; Jun 2012-Feb 3013; 

May-Jun 2013 
All 

Grab 35 43 
Aug 2011-Jan 2012; Mar, May-Dec 2012; 

Jun-Jul 2013 
All 

S
im

a
zi

n
e

  PC99 0.20 
ED 1 1 Aug-11 West 

Grab 0 0 -- -- 

PC95 3.20 
ED 0 0 -- -- 

Grab 0 0 -- -- 
a
 Proposed guideline values established for Great Barrier Reef and its adjacent catchments40.  
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Table 5: Established Australian pesticide guideline values (µg.L-1) for marine/estuarine waters and the rate (%) at 

which guidelines were exceeded in samples collected during this study (Note: data is shown only for pesticides where 

concentrations exceeded any established guidelines)  

 
Guideline 

Values Sampling 

method 

Guideline exceedance frequency: 
 Marine  Estuarine No. % Months detected 

A
m

e
tr

y
n

  

PC99 0.50 NIL 
ED 0 0 -- 

Grab 0 0 -- 

PC95 1.00 NIL 
ED 0 0 -- 

Grab 0 0 -- 

PC99
 a

 0.02 NIL 

ED 14 52 
Jul, Aug, Nov 2011; Jan, May-Jun, Sep-

Dec 2012; May-Jun 2013 

Grab 18 67 
July 2011-Mar 2012; May, Jul-Sep 2012; 

Jan-Feb, Apr-May 2013 

PC95
 a

 0.10 NIL 
ED 1 1 Aug 2011 

Grab 0 0 -- 

A
tr

a
zi

n
e

 

PC99 0.60 NIL 

ED 10 37 
Aug, Oct-Nov 2011; Jan 2012; Sep, Nov-

Dec 2012 

Grab 10 37 
Sep 2011-Jan 2012; Mar, July 2012; Jan-

Feb 2013 

PC95 1.40 NIL 
ED 4 15 Aug 2011; Jan, Dec 2012; Jan 2013 

Grab 1 4 Jan 2012 

PC99
 a

 2.80 2.20 
ED 0

 b
 0

 b
 -- 

Grab 1
 b 

4
 b

 Jan 2012 

PC95
 a

 3.80 3.40 
ED 0

 b
 0

 b
 -- 

Grab 1
 b

 4
 b

 Jan 2012 

D
iu

ro
n

  

TV 0.20 NIL 
ED 11 41 Oct 2011-Jan 2012; Oct 2012-Feb 2013 

Grab 0 0 -- 

PC99 0.90 NIL 
ED 3 11 Nov 2011 Jan 2012 

Grab 1 4 Jan 2012 

PC95 1.60 NIL 
ED 0 0 -- 

Grab 1 4 Jan 2012 

PC99
 a

 0.08 NIL 

ED 14 52 
Oct 2011-Feb 2012; Sep 2012-March 

2013 

Grab 12 44 
Oct 2011-March 2012; Jul 2012; Jan, Feb, 

Apr 2013 

PC95
 a

 0.30 NIL 
ED 10 37 

Oct 2011-Jan 2012; Oct, Dec 2012; Feb 

2013 

Grab 6 22 Nov 2011-Jan 2012; Feb 2013 

M
e

to
la

ch
lo

r 
 

TV NIL NIL 

ED 10 37 
Jul, Oct, Nov 2011; May-Jul, Oct-Dec 

2012; Jun 2013 

Grab 11 41 Sep-Nov 2011, Jan, May-Sep, Nov 2012 

a
 Proposed guideline values established for Great Barrier Reef and its adjacent catchments

40
. 

b 
calculated using the estuarine guideline.  
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Table 6: 95th percentile pesticide concentrations (µg/L) calculated per sampling year across all sites sampled. Values 

were compared to ANZECC and ARMCANZ (2000) water quality guidelines21 and proposed by Smith et al. 40. 

Values in bold indicate concentrations that exceed the proposed PC95 values40. Underline values are those that exceed 

the ANZECC and ARMCANZ (2000) TVs. Shaded cells indicate concentrations that exceeded proposed PC99 

values40. 

    A
m

e
tr

yn
 

A
tr

a
zi

n
e

 

D
iu

ro
n

 

H
e

xa
zi

n
o

n
e

 

Im
id

a
cl

o
p

ri
d

 

M
e

to
la

ch
lo

r 

S
im

a
zi

n
e

 

All Freshwater 

sites 

2011-2012 0.139 7.883 7.054 0.106 0.035 0.366 0.030 

2012-2013 0.348 6.871 4.093 0.109 0.027 0.818 0.013 

Upper 

Barratta 

2011-2012 0.080 10.450 12.596 0.044 0.295 0.600 0.023 

2012-2013 1.384 7.816 9.670 0.216 0.062 1.645 0.072 

West Barratta 
2011-2012 0.083 7.143 2.632 0.211 0.036 0.346 0.024 

2012-2013 0.286 5.558 3.884 0.147 0.011 0.488 0.007 

East Barratta 
2011-2012 0.788 7.502 5.539 0.104 0.034 0.796 0.312 

2012-2013 0.238 6.313 6.286 0.156 0.029 1.960 0.015 

Lower 

Barratta 

2011-2012 0.107 3.275 1.825 0.085 0.018 0.140 0.082 

2012-2013 0.084 1.524 1.091 0.037 0.005 0.508 0.003 
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Figure 3: Temporal change in atrazine, diuron and hexazinone concentrations at Upper Barratta Creek when 

measured in grab samples (dot points: point in time measurements of concentration) and the time weighted average 

concentration measured using the passive sampling devices (lines) within the catchment during the sampling period 

(data obtained from DNRM 39) and pesticide data obtained by DSITI (small dot points). Plots for concentrations 

obtained at the Lower Barratta estuarine site are available for comparison in the supplementary material. Vertical 

spikes indicate daily rainfall (mm).  
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Figure 4: Temporal change in ametryn, imidacloprid and metolachlor concentrations at Upper Barratta Creek 

when measured in grab samples (dot points: point in time measurements of concentration) and the time weighted 

average concentration measured using the passive sampling devices (lines) within the catchment during the 

sampling period (data obtained from DNRM 39) and pesticide data obtained by DSITI (small dot points). Plots for 

concentrations obtained at the Lower Barratta estuarine site are available for comparison in the supplementary 

material. Vertical spikes indicate daily rainfall (mm). 
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Figure 5: Temporal change in simazine, prometryn and tebuthiuron concentrations at Upper Barratta Creek when 

measured in grab samples (dot points: point in time measurements of concentration) and the time weighted average 

concentration measured using the passive sampling devices (lines) within the catchment during the sampling period 

(data obtained from DNRM 39) and pesticide data obtained by DSITI (small dot points). Plots for concentrations 

obtained at the Lower Barratta estuarine site are available for comparison in the supplementary material. Vertical 

spikes indicate daily rainfall (mm). 
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Figure 6: Boxplots of the concentrations of atrazine, diuron, ametryn, metolachlor, hexazinone and imidacloprid 

across the four monitoring sites measured using the Chemcatcher® passive samplers. Within the box plot, boxes 

represent the 25-75th percentile, the whiskers presents the 5-95th percentile, the median is indicated by the + and the 

outliers are presented as dot points. The lines on each graph indicate the existing trigger (t) or guideline for species 

protection (90 and 99) with respect to atrazine, diuron and metolachlor concentrations in surface waters. Revised 

guidelines have been proposed by Smith et al. 40 that provide revised guidelines for atrazine, diuron and hexazinone 

and new guidelines for ametryn and imidacloprid (these guidelines are for 80, 85, 90 and 99 species protection and 

are indicated by the prefix “r”). 
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Figure 7: Comparison of the concentrations of atrazine, diuron, ametryn, metolachlor, hexazinone, imidacloprid, prometryn and simazine detected using grab and passive sampling.  

Boxplots represent the range in the concentrations detected and are plotted against both the average and median concentrations recorded using the sampling method type. Dot 

points indicate the 95th percentile concentrations. 
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