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Abstract 23 

Analysis of otolith strontium isotope ratios 
87

Sr/
86

Sr is an increasingly utilised approach for 24 

studying fish migration. We analysed surface and groundwater from the Daly River 25 

catchment in the wet-dry tropics of Northern Australia over two years. Analyses of otolith 26 

87
Sr/

86
Sr ratios were also conducted for freshwater Sooty grunter (Hephaestus fuliginosus) 27 

and the putatively diadromous Ord River mullet (Liza ordensis). Spatial variation in 28 

freshwater 
87

Sr/
86

Sr was high (range: 0.71612-0.78059) and there was strong seasonality in 29 

water 
87

Sr/
86

Sr, with highest values in the wet season. Temporal variation in water 
87

Sr/
86

Sr 30 

ratios is attributed to seasonal patterns in surface run-off from geological formations with 31 

radiogenic compositions versus input from groundwater aquifers interacting with less 32 

radiogenic formations. Temporal variation in water 
87

Sr/
86

Sr ratios precluded robust inference 33 

on movement within freshwater for both species, although movement across salinity 34 

gradients by Ord River mullet was clearly identified. We conclude that temporally and 35 

spatially replicated water Sr data should be a general requisite for studies that analyse otolith 36 

Sr (
87

Sr/
86

Sr, Sr/Ca, Sr/Ba) to make inferences about fish movement and migration. 37 

 38 

 39 

 40 

  41 
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Introduction 42 

Movement and migration by fishes is an important process in many riverine ecosystems, 43 

creating ecological connections between spatially distant habitats and functioning as a 44 

conduit for the transport of assimilated energy and nutrients across catchments and among 45 

terrestrial, freshwater, estuarine and marine ecosystems (Flecker et al. 2010). Although the 46 

migrations of riverine fishes are commonly classified into a few broad categories (e.g. 47 

anadromy, catadromy, amphidromy, potamodromy), riverine fishes exhibit a wide variety of 48 

migration strategies, often with high levels of individual behavioural flexibility (McDowall 49 

1988). Understanding the intricacies of fish migration - and how they influence ecosystem 50 

function and productivity - is a key challenge for riverine ecologists, and is fundamental to 51 

the effective management and conservation of riverine fish populations (Koehn and Crook 52 

2013). 53 

An increasingly utilised technique for improving our knowledge of fish movement and 54 

migration is otolith chemistry analysis. As layers of calcium carbonate accrete on the outer 55 

surface of otoliths, dissolved ions from the ambient water are incorporated into the chemical 56 

structure, forming a stable chronological record that, at least in part, reflects the ambient 57 

water chemistry (Campana 1999). Sr and Ba are the two most commonly used ions for otolith 58 

chemistry studies because they are relatively abundant in aquatic environments, are 59 

permanently embedded within the otolith crystalline structure via replacement of Ca
2+

, and 60 

their concentrations and bioavailability vary among catchments and across salinity gradients 61 

(Walther and Limburg 2012; Doubleday et al. 2014). The most common approach in fish 62 

migration studies is to measure variations in the concentrations of otolith Sr and/or Ba 63 

relative to Ca to identify movements between chemically distinct water bodies (Gillanders 64 

2005). For example, regions of an otolith with relatively low Sr/Ca and high Ba/Ca usually 65 
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represent periods of freshwater residence, whilst the reverse pattern occurs during marine 66 

residence (McMahon et al. 2013). 67 

Analysis of otolith isotope ratios, particularly 
87

Sr/
86

Sr, has also become a common approach 68 

in fish migration studies over recent years. Variations in 
87

Sr/
86

Sr are largely due to 69 

accumulation of radiogenic 
87

Sr from the slow beta-decay of 
87

Rb (half-life 49.6 x 10
9
 years), 70 

and therefore correlate broadly with the Rb/Sr ratio and/or geological age of the Sr source 71 

(Faure and Mensing 2005). One of the main advantages of 
87

Sr/
86

Sr ratios over Sr/Ca and 72 

Ba/Ca is that the 
87

Sr/
86

Sr ratios of otoliths directly reflect the source materials, and it is 73 

therefore possible to directly relate water and otolith 
87

Sr/
86

Sr (Phillis et al. 2011; Brennan et 74 

al. 2015 a). There are two main approaches for using otolith 
87

Sr/
86

Sr to study fish migration. 75 

The first is to trace the movements of fish among locations within freshwater river networks. 76 

This is possible because catchments with different underlying geologies tend to have 77 

distinctive water 
87

Sr/
86

Sr ratios, allowing movement between locations to be detected as 78 

variations in otolith 
87

Sr/
86

Sr (see Barnett-Johnson et al. 2008; Brennan et al. 2015b). The 79 

second main use of 
87

Sr/
86

Sr ratios is to trace the movements of fish across salinity gradients. 80 

Contemporary seawater has a uniform global 
87

Sr/
86

Sr ratio of 0.70918 +/- 0.00006 81 

(McArthur and Howarth, 2004), whereas 
87

Sr/
86

Sr ratios in fresh water are highly variable 82 

and dependent upon catchment geology. Provided the freshwater system under consideration 83 

has 
87

Sr/
86

Sr ratios that are dissimilar to the global marine value, it is possible to use 84 

variations in otolith 
87

Sr/
86

Sr ratios to trace movements across salinity gradients (Kennedy et 85 

al. 2002; Hughes et al. 2014). 86 

A key premise of both of these approaches is that freshwater 
87

Sr/
86

Sr ratios are temporally 87 

stable within a location, thus allowing variation in otolith 
87

Sr/
86

Sr ratios to be interpreted as 88 

movement by fish among locations (Elsdon et al. 2008). A small number of studies conducted 89 

in temperate streams have reported stable and predictable water 
87

Sr/
86

Sr ratios over seasonal 90 
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and annual time scales (e.g., Ingram and Weber 1999; Kennedy et al. 2000; Brennan et al. 91 

2015a). However, significant temporal variation in 
87

Sr/
86

Sr ratios within rivers and streams 92 

has also been reported in some instances (Bastin and Faure 1970; Crook et al. 2013; Douglas 93 

et al. 2013). To date, few otolith chemistry studies have explicitly examined temporal 94 

variation in water 
87

Sr/
86

Sr ratios, despite its potential to confound the interpretation of otolith 95 

87
Sr/

86
Sr ratio data (Elsdon et al. 2008; but see Brennan et al. 2015a). There is a clear need for 96 

better understanding of the processes that drive temporal and spatial variation in freshwater 97 

87
Sr/

86
Sr ratios and to assess the consequences of such variation for inferring fish movement 98 

based on otolith 
87

Sr/
86

Sr ratio analyses (Elsdon et al. 2008; Walther and Thorrold 2009; 99 

Brennan et al. 2014). 100 

In this study, we examine temporal and spatial variation in water 
87

Sr/
86

Sr ratios in the Daly 101 

River system in the wet-dry tropical region of Northern Australia. We use this information to 102 

explore potential implications for the interpretation of otolith 
87

Sr/
86

Sr ratio data using the 103 

freshwater Sooty grunter (Hephaestus fuliginosus) and the putatively diadromous Ord River 104 

mullet (Liza ordensis) as case studies. The broader consequences of our findings for the 105 

interpretation of otolith chemistry data are discussed with regards to the drivers of temporal 106 

variation in surface water 
87

Sr/
86

Sr ratios, particularly catchment geochemistry and seasonal 107 

patterns of surface run-off and groundwater discharge. 108 

Materials and methods 109 

Study site 110 

The study was conducted in the Daly River catchment in the wet-dry tropical region of the 111 

Northern Territory, Australia (Fig. 1). The Daly River is one of the largest rivers in northern 112 

Australia, draining an area of 52,500 km
2
 and extending 500 km from the headwaters to the 113 

estuary mouth, where it discharges into the Timor Sea (mean annual discharge 6900 GL; 114 

Jolly 2002). Tidal influence on water levels and flows extends upstream as far as Daly River 115 
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Crossing ~105 km upstream of the estuary mouth, whilst salinity may be affected as far 116 

upstream as Woolianna (~90 km upstream of estuary mouth) during the dry season. Rainfall 117 

in the region comes primarily from the north-west monsoon, as well as from intense rain 118 

depressions that form from decaying tropical cyclones. Rainfall is extremely seasonal, with 119 

95% falling in the wet season between November and May. 120 

Surface water flow in the Daly River main channel (known as the Katherine River upstream 121 

of the Flora River junction [Fig.1]) is strongly dominated by wet season events, with dry 122 

season flows contributing only a small fraction of total annual flows (King et al. 2015). As 123 

water levels fall in the dry season, the river progressively breaks into a series of long pools 124 

separated by runs and riffles. Dry season flows are dominated by groundwater discharge and 125 

progressively increase downstream as baseflows are added from different sources (Lawrie 126 

2014). Three tributaries of the Daly River (Edith River, Fergusson River, Cullen River) were 127 

also sampled in the study (Fig. 1a). The Fergusson River flows in a south-westerly direction 128 

and enters the Daly River ~380 km by river upstream of the estuary mouth. The Edith and 129 

Cullen rivers enter the Fergusson River 35 km and 60 km upstream of the Fergusson-Daly 130 

junction respectively. 131 

For much of its course, the Daly River is underlain by sedimentary carbonate-shale-sandstone 132 

sequences of the Cambro-Ordovician Daly Basin (Kruse and Munson, 2013). The 133 

stratigraphy of this basin comprises, from oldest to youngest, the Tindall Limestone, the 134 

Jinduckin Formation, the Oolloo Dolostone and the Florina Formation (Fig. 1b), with a total 135 

thickness of ~1 km. These sequences have been folded into a broad basin structure, elongated 136 

in a south-east to north-west direction (Fig. 1b) and are locally overlain by Cretaceous 137 

sandstone remnants of the Carpentaria Basin. The Tindall and Oolloo are dominantly 138 

limestone and dolomite and host major karstic aquifers which are responsible for the bulk of 139 

the baseflow in the Katherine and Daly Rivers (Lawrie 2014). Groundwater discharges into 140 
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the rivers where they intersect the aquifers. The Jinduckin and Florina formations are 141 

composed of siltstone and sandstone with minor limestone layers and only host minor 142 

aquifers. Downstream and upstream of the Daly Basin, the Daly/Katherine River system is 143 

underlain by ancient crustal basement of the Neoarchean-Proterozoic Pine Creek Orogen 144 

(Ahmad and Hollis, 2013). The Pine Creek Orogen is the oldest exposed part of the North 145 

Australian Craton and - in the study area - consists of ca. 1860 Ma clastic, carbonate and 146 

carbonaceous metasedimentary and volcanic sequences, intruded by ca.1830 Ma granitic 147 

plutons. The largest of these, the >2800 km
2
 Cullen and ~1000 km

2
 Grace Creek Granites, are 148 

major components in the headwaters of the Cullen and Fergusson River, and the 149 

Katherine/Daly River, respectively. Aquifers in some of these rocks provide minor discharge 150 

to the rivers. Baseflow to the Edith, Fergusson and Cullen rivers is derived from Cretaceous 151 

sandstone higher in the catchments. The rivers flow over a variety of Proterozoic rocks with 152 

potentially highly diverse present-day 
87

Sr/
86

Sr ratios before reaching the sample sites. The 153 

largest and most consistent differences, however, are expected between the (i) highly 154 

radiogenic but variable run-off from exposed basement and the (ii) much less radiogenic 155 

(buffered by marine Sr in limestone and dolostones) and isotopically less variable run-off and 156 

groundwater recharge from the Daly Basin. 157 

Study species 158 

The Sooty grunter is a non-diadromous freshwater grunter (Family Terapontidae) distributed 159 

across tropical northern Australia from the Daly River eastwards to the Burdekin River in 160 

Queensland, as well as southern New Guinea (Pusey et al. 2004). Growing to an adult size of 161 

up to 5 kg (more commonly 1 kg), they are a popular angling species and an important food 162 

and cultural resource for Indigenous people (Jackson et al. 2012; 2014). Previous studies 163 

based on direct observation (Bishop et al. 1995) and mark-recapture (Hogan 1994) have 164 

suggested that Sooty grunter may undertake spawning migrations within freshwater. 165 
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However, the extent and direction of such movements appears variable among locations and 166 

dependent on the availability of inundated floodplains and other habitat features (Pusey et al. 167 

2004). The Ord River mullet (Family Mugilidae) reaches ~2 kg and is a euryhaline species 168 

that inhabits marine, estuarine and freshwater habitats across northern Australia. They are not 169 

commonly targeted by recreational or commercial fishers, but are utilised as a food resource 170 

by Indigenous people (Jackson et al. 2012). There is little empirical information on the 171 

movements of Ord River mullet, although it has been suggested that they may be diadromous 172 

(Linke et al. 2012). 173 

Water collection and analysis 174 

Surface water samples for 
87

Sr/
86

Sr ratio analysis were collected between July 2012 and 175 

November 2014 from the Daly River, tributaries (Edith River, Cullen River, Fergusson 176 

River) and across the salinity gradient of the estuary during the ‘dry’ and ‘wet’ seasons 177 

(defined over the study years as June - November and December - April respectively) 178 

(Fig. 1). In the freshwater reaches of the main channel and tributaries, up to six temporal 179 

replicate samples were collected per site (Table 1). Sampling of surface water across the 180 

estuarine salinity gradient was conducted in November 2013 (dry season) and March 2013 181 

(wet season). Groundwater samples from the Oolloo aquifer were obtained in November 182 

2014 from four locations by pumping water from established boreholes maintained by the 183 

Northern Territory Department of Land Resource Management. 184 

The salinity of each water sample was measured in the field using a Quanta
®

 water quality 185 

meter (Hydrolab Corporation, Loveland, Colorado). This unit has a reported accuracy of +/- 186 

1% and precision of 0.01‰. Most samples were filtered in the field (a few were filtered in the 187 

laboratory in Melbourne) using 0.2µm Acrodisc
®

 syringe filters (Pall Corporation. Ann 188 

Arbour, USA), stored in acid-washed 50 ml polyethylene bottles, refrigerated at 4ºC and 189 

transferred to the University of Melbourne for analysis. Based on preliminary estimates of Sr 190 
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concentrations (from electrical conductivity data), volumes of 1-40 ml of water were weighed 191 

into clean polystyrene beakers, equilibrated with an appropriate amount of high-purity 
84

Sr 192 

isotopic ‘spike’ (
84

Sr/
86

Sr in the spike is 1530) and dried in a HEPA-filtered fume cupboard. 193 

Spiked Sr was extracted using a single pass over 0.15 ml (4 x 12 mm) beds of Eichrom
®

 Sr 194 

resin (50-100 µm). Following Pin et al. (1994), matrix elements were washed off the resin 195 

with 2M and 7M nitric acid, allowing collection of a clean Sr fraction in 0.05M nitric acid. Sr 196 

yields through the column exceed 90% and column blanks are <50 pg Sr. The Sr blank 197 

contributed by filtering was simulated in the laboratory using distilled water and found to be 198 

100 pg Sr or less. Based on the signals obtained in the ICP-MS, at least 110 ng of Sr were 199 

present in each sample split (usually >400 ng), implying sample to blank ratios of 1100 or 200 

higher; blank corrections were therefore insignificant.  201 

Sr isotope analyses were carried out on a Nu Plasma multi-collector ICPMS (Nu 202 

Instruments
®

, Wrexham, UK), with sample introduction in 2% nitric acid via a Glass 203 

Expansion
®

 PFA nebuliser (0.05 ml/min uptake) and a first generation Cetac
®

 ARIDUS 204 

desolvator (see Maas et al. 2005). Instrumental mass bias was corrected by normalizing to 205 

88
Sr/

86
Sr = 8.37521 and results are reported relative to a value of 0.71023 for the SRM987 Sr 206 

isotope standard. Within-run, or internal, precision (2 standard error [SE]) based on at least 207 

30 ten-second integrations is typically better than ±0.00003. The reproducibility, or external 208 

precision (2 standard deviation [SD]), of the results is ± 0.00004.  This is supported by a 209 

triplicate analysis of sample DR-W-071112 which yielded 0.71826, 0.71826 and 0.71825. 210 

87
Sr/

86
Sr ratios in seven analyses of modern seawater Sr (extracted from a live Enewetak 211 

Atoll coral, EN-1) ranged from 0.70913 to 0.70917 (average 0.70916±0.00003, 2sd, n=7), 212 

consistent with the accepted ratio of 0.70916 (adjusted to SRM987 = 0.71023, McArthur and 213 

Howarth 2004). 214 
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Sr concentrations obtained by isotope dilution have a high inherent precision (1%) but may 215 

only be minimum estimates if Sr contents in the non-acidified water were unstable between 216 

collection and analysis. This effect was minimised by low-temperature storage and rapid 217 

transfer to the Sr isotope laboratory. A repeat analysis of one sample after mild acidification 218 

in the laboratory (to 0.03M nitric acid) did not increase the actual dissolved Sr concentration. 219 

The listed concentrations are thus considered to be very close to, or identical with, actual Sr 220 

concentrations. 221 

Mixing models of 
87

Sr/
86

Sr ratios (see Phillis et al. 2011) over the salinity gradient were 222 

calculated for the Daly River in the 2012 dry season and 2013 wet season. End-members used 223 

in the models were the least saline freshwater sample from the Daly River main channel in 224 

each season (Table 1) and a coastal marine water sample (salinity: 35.8‰, 
87

Sr/
86

Sr ratio: 225 

0.71918, Sr: 3.6 mg/L) collected on 11
th

 August 2010 at the Adelaide River mouth, approx. 226 

130 km to the east of the Daly River mouth. 227 

Sampling of river water for total Sr (mg/L), denoted [Sr] hereafter, was also conducted at a 228 

single site (Banyan Farm; Fig. 1) at approximately weekly intervals (n=43) between 7 229 

November 2013 and 25 November 2014. Samples were kept frozen prior to [Sr] analysis. The 230 

samples for analysis were acidified with concentrated HNO3 and then placed in an oven 231 

overnight at 60°C. A scan of elemental composition (APHA 2005, method 3125 B), 232 

including [Sr], was conducted on an Agilent 7500 series ICPMS operated by Charles Darwin 233 

University. The level of detection for [Sr] was 0.1 µg/L (ppb) and results are accurate to 234 

within 10%. 235 

Fish collection 236 

Sooty grunter were collected by hook and line fishing between July 2013 and April 2014 237 

from the Daly River (n=5; 204-270 mm standard length [SL], 338-511 g), Edith River (n = 238 

10; 265-385 mm SL, 327-1146 g) and Fergusson River (n = 21; 160-328 mm SL, 138-760 g). 239 

Page 10 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

11 

 

Ord River mullet (n=36; 175-395 mm SL, 106-1768 g) were collected by boat electrofishing 240 

from the main channel of the Daly River in June and July 2012. Upon capture, fish were 241 

immediately euthanised by overdose in Aqui-S (175 mg L
-1

) and measured (SL, +/- 1 mm) 242 

and weighed (+/- 1 g). The sagittal otoliths were removed in the field and placed into labelled 243 

paper envelopes for storage prior to preparation for analysis. 244 

Otolith preparation and Sr isotope analysis 245 

Otoliths were embedded in two-part epoxy resin (EpoFix
®

, Struers, Denmark) and 246 

transversely sectioned to a thickness of ~300 µm through the primordium using a slow speed 247 

saw. The sections were polished using lapping film (9 µm), rinsed with deionised water, air 248 

dried and mounted on glass slides using epoxy resin. Laser ablation-ICPMS was used to 249 

measure Sr isotope ratios (
87

Sr/
86

Sr) in the otoliths, following the methods outlined in 250 

Woodhead et al. (2005). The analytical system consisted of the MC-ICPMS system described 251 

above, coupled to a HelEx laser ablation system (Laurin Technic, Canberra, Australia, and 252 

the Australian National University) constructed around a Compex 110 excimer laser (Lambda 253 

Physik, Gottingen, Germany) operating at a wavelength of 193 nm. 254 

Otolith mounts were placed in the sample cell and the ablation path for each sample was 255 

digitally plotted using GeoStar v6.14 software (Resonetics, USA) and a 400× objective 256 

coupled to a video imaging system. Ablation transects were run from the otolith core to the 257 

proximal edge using a 70 µm laser spot and fluence of ~3 J/cm
2
. A pre-ablation was 258 

conducted prior to the analysis run to remove any surface contaminants with the laser pulsed 259 

at 10 Hz and scanned at 20 µm/sec. The analysis run was then conducted with the laser 260 

pulsed at 6 Hz and scanned at 5 µm/sec. Ablation was performed under pure He atmosphere 261 

to minimise the re-deposition of ablated material, and the sample was then rapidly entrained 262 

into the Ar carrier gas flow. Corrections for Kr and 
87

Rb interferences were made following 263 

Woodhead et al. (2005) and mass bias was corrected by reference to an 
86

Sr/
88

Sr ratio of 264 
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0.11940. The data were processed using Iolite Version 2.13 (see Paton et al. 2011) that 265 

operates within IGOR Pro Version 6.2.2.2 (WaveMetrics, Inc., Oregon) with corrections for 266 

potential Ca argide/dimer and Rb interferences and instrumental mass bias. All results were 267 

normalised to an 
87

Sr/
86

Sr isotope ratio of 0.70916 for a modern marine carbonate standard 268 

run concurrently and known from solution ICPMS analyses to have a modern seawater 269 

composition (MacArthur and Howarth 2004). Individual integrations on the mass 270 

spectrometer represent 0.2 second time slices.  During data processing a one-second moving 271 

average was employed to smooth the data. The ranges of water 
86

Sr/
86

Sr ratios recorded for 272 

each river (Daly main channel, Edith, Cullen and Fergusson) were overlaid upon the otolith 273 

86
Sr/

86
Sr ratio transects of each fish to allow visual assessment of otolith 

86
Sr/

86
Sr ratio 274 

variation in the context of the surrounding environment. A representative selection of the 275 

transect data is presented in the Results and the entire dataset is attached as supplementary 276 

material (S1, S2). Annual growth increment formation in the otoliths of Sooty grunter and 277 

Ord River mullet has not been validated, so it was not possible to directly relate otolith 278 

86
Sr/

86
Sr ratios to the age of the fish in the current study. 279 

Results 280 

Water chemistry - freshwater 281 

All water samples collected from freshwater had higher 
87

Sr/
86

Sr ratios than seawater (Table 282 

1), reflecting the old (Proterozoic-Cambrian) bedrock underlying the catchment. 
87

Sr/
86

Sr 283 

ratios in the Edith, Fergusson and Cullen rivers (range:  0.72904-0.78059), in particular, were 284 

very high compared to the 
87

Sr/
86

Sr ratio global average runoff value of 0.7119 (Palmer and 285 

Edmond 1989). Sites on the main channel of the Daly-Katherine River (range:  0.71612-286 

0.74390) had generally lower 
87

Sr/
86

Sr ratios than the three tributaries (Fig. 2). Both the 287 

maximum and minimum 
87

Sr/
86

Sr ratio surface water values for all main channel samples 288 

(i.e., 0.71612 and 0.74390) were recorded at the same site (Galloping Jacks). 
87

Sr/
86

Sr ratios 289 
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in groundwater from the Oolloo aquifer (bore samples) were lower (range: 0.71514-0.72090) 290 

than surface water in the tributaries, but similar to 
87

Sr/
86

Sr ratios in main channel water 291 

during the dry season (Table 1). 292 

Strong seasonal variation in surface water 
87

Sr/
86

Sr ratios was observed in the main channel, 293 

with no overlap between dry season (range 0.71612-0.72065) and wet season (range: 294 

0.72489-0.74390) values across sites and seasons (Fig. 2; Fig. 3). Isotopic variation among 295 

sites within the main channel was relatively low in the 2012 dry season (mean: 0.71887, 296 

standard deviation [SD]:  ± 0.0011), 2012/13 wet season (0.73078 ± 0.0008) and the 2013 dry 297 

season (0.71853 ± 0.0011), but there was more variability among main channel sites in the 298 

2013/14 wet season (0.73256 ± 0.0082). 299 

The Edith River showed extreme seasonal variation, from dry season ratios of 0.72904-300 

0.74855 to much higher wet season ratios of 0.7668-0.7805. By contrast, no consistent inter-301 

seasonal variations were observed in the Cullen River (dry: 0.74968-0.75022, wet: 0.74888-302 

0.75133) and at Fergusson River site FR1 (dry: 0.77297-0.77793, wet: 0.77090-0.77618, Fig. 303 

2). However, a single sample taken in July 2013 from location FR2 on the Fergusson River 304 

had a much lower 
87

Sr/
86

Sr ratio (0.7554) than water samples from FR1, indicating strong 305 

spatial variation within this tributary. 306 

Weekly water sampling at Banyan Farm revealed strong temporal variation in [Sr], with Sr 307 

concentrations decreasing during high flows in the wet season and increasing during low flow 308 

periods (Fig. 4). There is a strong negative correlation between natural log-transformed river 309 

discharge (cumecs) and [Sr] (Pearson product-moment correlation coefficient = -0.926, 310 

P<0.01). [Sr] also varied strongly between sampling occasions at the other sites (Table 1), but 311 

relationships between 
87

Sr/
86

Sr ratios and [Sr] differed among sites. There was a negative 312 

correlation in the main channel sites (Pearson coefficient = -0.852, P<0.01), whereas 
87

Sr/
86

Sr 313 

ratios and [Sr] were positively correlated in the Edith River (Pearson coefficient = 0.934, 314 
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P<0.01). There were no significant correlations between 
87

Sr/
86

Sr ratios and [Sr] in the 315 

Fergusson River (Pearson coefficient = 0.587, P>0.05) or the Cullen River (Pearson 316 

coefficient = -0.226, P>0.05), although sample sizes were low at these sites. 317 

Water chemistry - estuarine 318 

As expected, 
87

Sr/
86

Sr ratios decreased substantially, and [Sr] increased, in the estuarine 319 

section of the Daly River, due to mixing between seawater and fresh water with contrasting 320 

87
Sr/

86
Sr ratios and [Sr] characteristics (Table 1, Fig. 5). Modelled 

87
Sr/

86
Sr ratios showed 321 

very little change between salinity 36‰ (0.70918) and 5‰ (0.71066), but rose sharply below 322 

5‰ (Fig. 5). Empirical 
87

Sr/
86

Sr ratio values measured at intermediate salinities within the 323 

estuary generally aligned closely with predicted values, although a single sample of salinity 324 

0.3‰ collected during the wet season in March 2013 had considerably lower 
87

Sr/
86

Sr ratio 325 

than predicted. Linear regression analysis including all of the estuarine samples demonstrated 326 

a strong positive relationship between 
87

Sr/
86

Sr ratios and the reciprocal of [Sr] (
87

Sr/
86

Sr 327 

ratio = 0.0003[1/Sr] + 0.7091, r² = 0.93). The variance explained by the regression model was 328 

even higher when the outlying March 2013 (wet season) sample was removed (
87

Sr/
86

Sr  = 329 

0.0003[1/Sr] + 0.7093, r² = 0.99). These results support the mixing models’ inherent 330 

assumption of conservative mixing between seawater and Daly River freshwater 331 

endmembers, although the existence of an outlying value may indicate inputs of freshwater 332 

from additional sources into the estuary (i.e., downstream tributaries, run-off from inundated 333 

floodplains, groundwater inflow) at particular times and/or locations. Longitudinal patterns of 334 

87
Sr/

86
Sr in the estuary differed markedly between seasons, with higher 

87
Sr/

86
Sr ratios 335 

recorded closer to the estuary mouth in the wet season than the dry season. This reflects the 336 

greater input of freshwater into the estuary during the wet season. 337 

Otolith chemistry 338 

Within freshwater - Sooty grunter 339 
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The otolith 
87

Sr/
86

Sr ratio transects for Sooty grunter were highly variable both among sites 340 

and individuals within sites (Fig. 6; S1). Most transects showed evidence of semi-regular 341 

variation of 
87

Sr/
86

Sr ratios, suggesting that seasonal variation in water chemistry may have 342 

contributed to the observed variation in otolith 
87

Sr/
86

Sr. However, the amplitude of these 343 

variations was variable even among individuals within the same site (e.g., Fig. 7b versus 7d). 344 

The otolith 
87

Sr/
86

Sr ratio transects of five fish were fully contained within the range of water 345 

87
Sr/

86
Sr ratios measured at their collection site (Fig.7a, b, d, f, h). However, regions of the 346 

otolith 
87

Sr/
86

Sr ratio transects of the remaining fish were outside the range of water 
87

Sr/
86

Sr 347 

ratios at their collection site, suggesting that movement to other regions may have occurred. 348 

In several cases, otolith 
87

Sr/
86

Sr ratios from fish collected in the Fergusson River (site F2) 349 

greatly exceeded any water 
87

Sr/
86

Sr ratios recorded during the study (Fig. 7i; S1). 350 

Presumably, these fish had travelled to more radiogenic regions of the Fergusson River 351 

catchment than the collection site during their lives. The strong differences in water 
87

Sr/
86

Sr 352 

ratios between the two water sampling sites on the Fergusson River demonstrate the potential 353 

for high spatial variability in water 
87

Sr/
86

Sr ratios within tributaries of the Daly River, and 354 

this variability appears to be reflected in the otoliths of Sooty grunter. 355 

Across the salinity gradient - Ord River mullet 356 

Transect analyses of otolith 
87

Sr/
86

Sr ratios confirmed the suggested diadromous life history 357 

of Ord River mullet. All 40 individuals analysed had near-core otolith 
87

Sr/
86

Sr ratios close to 358 

the marine value of 0.70916, reflecting residence in estuarine or marine water during the 359 

early life history, followed by a transition into freshwater (see examples in Fig.7, S2). The 360 

subtle response of water 
87

Sr/
86

Sr ratios to estuarine mixing above 5‰ salinity (Fig. 6) does 361 

not allow a definitive discrimination between a predominant residence in seawater or within 362 

the estuary during the early life history. After transition to freshwater, otolith 
87

Sr/
86

Sr ratios 363 

varied considerably in a similar manner to Sooty grunter. Semi-regular cycling in 
87

Sr/
86

Sr 364 
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ratios was apparent in most individuals and appears likely to be driven by annual variation in 365 

water 
87

Sr/
86

Sr ratios within the main channel of the Daly River (where the fish were 366 

collected). However, three fish had 
87

Sr/
86

Sr ratios marginally outside the range of water 367 

87
Sr/

86
Sr ratios recorded in the main channel, possibly suggesting that they may have 368 

undertaken forays into tributaries (Fig. 8b, e) or the estuary (Fig. 8f). Alternatively, this may 369 

suggest that our water sampling did not capture the full range of 
87

Sr/
86

Sr ratios that occurred 370 

within the main channel over the lifetimes of these fish. 371 

Discussion 372 

The results of this study demonstrate substantial temporal variation in 
87

Sr/
86

Sr ratios within 373 

sites on the Daly-Katherine River and associated tributaries. This finding has important 374 

implications for the interpretation of otolith chemistry data, as it demonstrates that variation 375 

in otolith core-to-edge 
87

Sr/
86

Sr ratio profiles may be concurrently influenced by within-site 376 

variation in water chemistry and fish movement among chemically distinct habitats. 377 

Variability of water 
87
Sr/

86
Sr ratios 378 

There was strong spatial variation in water 
87

Sr/
86

Sr ratios among the surface water sampling 379 

sites on each sampling occasion. However, considerable overlap among sites occurred across 380 

seasons, which was primarily due to the high temporal variability in 
87

Sr/
86

Sr ratios within the 381 

Edith River and the main channel of the Daly-Katherine River (particularly at the Galloping 382 

Jacks site). Water 
87

Sr/
86

Sr ratios in the Cullen and Fergusson rivers were relatively stable 383 

over time and did not overlap. With the exception of a single dry season sample from the 384 

Edith River, there was no overlap between the tributaries and the main channel of the Daly-385 

Katherine River. 386 

Changes in the relative inputs of surface run-off versus groundwater inflow across seasons 387 

(wet versus dry) appear to be the primary driver of the observed temporal variation in riverine 388 
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87
Sr/

86
Sr ratios. Groundwater and surface runoff Sr concentrations and isotopic ratios are 389 

determined by the age and composition of rock and soil with which they have had contact 390 

(Clark and Fritz, 1997). Since 
87

Sr is the product of radioactive decay of its parent isotope 391 

87
Rb, old rocks with high Rb content will tend to have more radiogenic (i.e. higher 

87
Sr/

86
Sr) 392 

Sr isotope ratios. The geology of the headwater regions of the Daly River (i.e., outside the 393 

Daly Basin) consists of Proterozoic sedimentary rocks, granite and volcanics, with areas of 394 

Cretaceous sandstone (Fig 1b; Tickell 2011). These rocks impart a highly radiogenic 395 

signature on surface runoff and groundwater in the region, which accounts for the relative 396 

high 
87

Sr/
86

Sr ratios in the tributaries. During the wet season, the radiogenic surface runoff 397 

enters the Daly River main channel via tributaries, resulting in elevated riverine 
87

Sr/
86

Sr 398 

ratios. In the dry season, surface runoff into the main channel is negligible and discharge into 399 

the river becomes dominated by groundwater, primarily from the Tindall and Oolloo aquifers 400 

(Lawrie 2015). As the Tindall and Oolloo formations are mainly comprised of limestones and 401 

other marine calcareous rocks, with low Rb content, they impart a less radiogenic signature 402 

on the groundwater, resulting in lowered riverine 
87

Sr/
86

Sr ratios during the dry season. This 403 

seasonal variation in the relative proportion of discharge into the main channel from 404 

groundwater and surface runoff thereby creates an oscillating pattern in riverine 
87

Sr/
86

Sr 405 

ratios with annual periodicity. 406 

A further source of complexity in 
87

Sr/
86

Sr dynamics in the Daly River catchment is spatial 407 

variation in groundwater 
87

Sr/
86

Sr ratios. Although strong variation in 
87

Sr/
86

Sr ratios among 408 

aquifers with different geochemical characteristics is common (Frost and Toner 2004), 409 

considerable variation in 
87

Sr/
86

Sr ratios has also been shown to occur within aquifers. 410 

Indeed, analysis of small-scale spatial variation in 
87

Sr/
86

Sr ratios of groundwater is an 411 

increasingly utilised approach for tracing sub-surface flow pathways within aquifers (e.g., 412 

Brenot et al. 2008). In a study of the Oolloo aquifer, Tickell (2011) described three distinct 413 
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regions based on sampling of groundwater 
87

Sr/
86

Sr ratios and other chemical properties. The 414 

first region, located close to the Daly River in the lower catchment, had groundwater 
87

Sr/
86

Sr 415 

ratios of ~0.706. In the second groundwater domain, located more distal to the Daly River 416 

channel, water 
87

Sr/
86

Sr was higher (~0.715), indicating water-rock interactions with more 417 

siliceous sediments, such as the overlying Cretaceous aquifer. Groundwater in the third 418 

region near Oolloo Crossing was more radiogenic (~0.718-0.725) than the first two groups, 419 

reflecting upward leakage from the underlying Jinduckin Formation. This was the region 420 

from which groundwater samples were taken in the current study. These observations, along 421 

with those of the current study, demonstrate the spatial complexity of surface and 422 

groundwater 
87

Sr/
86

Sr ratios within the Daly River catchment. Whilst our water sampling was 423 

conducted over a very large spatial extent, representation of the catchment remained 424 

incomplete and otolith 
87

Sr/
86

Sr ratios outside of the range of sampled water 
87

Sr/
86

Sr ratios 425 

were recorded. This emphasises the need for temporally replicated sampling across all 426 

potential habitats utilised by the fish under investigation to characterise catchment-scale 427 

87
Sr/

86
Sr dynamics. 428 

Interpretation of otolith chemistry data 429 

Strong seasonal and spatial variation in fresh water 
87

Sr/
86

Sr ratios and [Sr] has the potential 430 

to affect the utility of otolith chemistry data for making inferences about fish movement and 431 

migration (see Elsdon et al. 2008). In the current study, overlap in water 
87

Sr/
86

Sr ratios 432 

between the Edith and Fergusson rivers over space and time made it impossible to 433 

confidently distinguish between fish movement among tributaries and temporal variation in 434 

water chemistry based on otolith 
87

Sr/
86

Sr ratio transects. In a minority of cases, the 435 

magnitude of otolith 
87

Sr/
86

Sr ratio variation was strongly suggestive of large-scale 436 

movement between tributaries and the main channel. For example, significant portions of the 437 

transects of two fish collected from the Fergusson River (Fig 7e, g) reflected the chemistry of 438 
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the main channel of the Daly River, with values resembling the Fergusson River occurring 439 

only immediately prior to capture (i.e. near the otolith margin). However, the relative 440 

influences of temporal and spatial variation in water 
87

Sr/
86

Sr ratios could not be 441 

differentiated in most cases, even where large (>0.010) variations in otolith 
87

Sr/
86

Sr ratios 442 

were observed, thus limiting our ability to make detailed inferences on fish movement within 443 

fresh water based on the otolith chemistry data. 444 

This finding raises significant issues for the interpretation of otolith chemistry data generally, 445 

as many previous otolith chemistry studies do not report on water chemistry or contain only 446 

very limited spatial and temporal replication (see Elsdon et al. 2008). For example, Walther 447 

et al. (2011) used otolith 
87

Sr/
86

Sr ratios and Sr/Ba ratio transect data without supporting 448 

water chemistry data to make inferences about the movements of barramundi Lates calcarifer 449 

in northern Australia (coincidentally including the Oolloo Crossing site on the Daly River). 450 

Walther et al. (2011) observed strong variation in otolith 
87

Sr/
86

Sr ratios and Sr/Ba along 451 

core-to-edge profiles of barramundi and applied a global zoning algorithm to divide otolith 452 

profiles into relatively homogenous zones separated by distinct ‘zone breaks’. These were 453 

then used to infer movement by barramundi among chemically distinct ‘habitats’ over the life 454 

history. 455 

Re-examination of the data of Walther et al. (2011) in the context of the water 
87

Sr/
86

Sr ratio 456 

data presented here provides an informative perspective on this approach to interpreting 457 

otolith 
87

Sr/
86

Sr ratio data (Fig. 8). Similar to our results for the diadromous Ord River mullet, 458 

Walther et al. (2011) effectively identified the transition from saline to fresh water in 459 

barramundi from the Daly River, with a zone break corresponding to the transition from 460 

estuarine/marine to fresh water 
87

Sr/
86

Sr ratios occurring for all fish during the early life 461 

history (Fig. 8). This finding agrees well with current understanding of barramundi life 462 

history (Russell and Garrett 1985; McCulloch et al. 2005). Walther et al. (2011) also 463 
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identified at least one zone break in the freshwater phase of all six Daly River barramundi 464 

examined, with 
87

Sr/
86

Sr ratios among most ‘habitats’ differing by ~0.003-0.010 (Fig. 8). 465 

Only one of the seven zone breaks identified in the fresh water phases of the otolith profiles 466 

exceeded 0.010 (~0.045, Fig. 8f). 467 

There appears little doubt that fish movement explains at least some of the observed variation 468 

in otolith 
87

Sr/
86

Sr ratios of fish in the Daly River in the current study and the study of 469 

Walther et al. (2011). This is particularly the case for the very large shifts observed in otolith 470 

87
Sr/

86
Sr profiles of some fish. However, our analysis shows that variations in otolith 

87
Sr/

86
Sr 471 

ratios of the magnitude used by Walther et al. (2011) to statistically derive zone breaks in the 472 

freshwater phase of barramundi would be expected to occur as a result of seasonal variation 473 

in water chemistry, even if the fish had remained entirely stationary. Water 
87

Sr/
86

Sr ratios 474 

were >0.010 higher in the wet season than the dry season along the length of the Daly-475 

Katherine River (Fig. 3) and individual sampling sites varied by up to 0.028 among seasons 476 

(Table 1). Based on these observations, we conclude that the application of global zoning 477 

algorithms and similar statistical techniques to derive estimates of fish movement should be 478 

treated cautiously unless there is complimentary information on the temporal variability of 479 

water 
87

Sr/
86

Sr ratios to support their validity. The strong seasonal variation in [Sr] (Fig. 4) 480 

suggests that similar concerns may also apply for the interpretation of trace element ratios 481 

(e.g. Sr/Ca, Sr/Ba). 482 

Unless the potentially confounding effects of temporal variability in water chemistry can be 483 

discounted based on empirical evidence, our findings suggest that robust inference regarding 484 

fish movement requires an understanding of the association between sampled otolith material 485 

and the water chemistry of the study system at the time the material was deposited. In 486 

systems with seasonally oscillating water chemistry, this could potentially be achieved by 487 

careful alignment of otolith chemistry profiles against validated annual increments with 488 
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known deposition times (not available in the current study). Seasonal otolith chemistry data 489 

derived this way could then be examined with regards to spatial patterns of water 
87

Sr/
86

Sr 490 

ratios across the study system within seasons. Bataille et al. (2014) provide an example of the 491 

approaches available for modelling riverine 
87

Sr/
86

Sr ratios at the catchment scale. However, 492 

even in situations with highly predictable seasonality in water chemistry, disentangling the 493 

influence of temporal water chemistry variation versus fish movement is a complex task 494 

requiring detailed consideration of the spatio-temporal dynamics of the study system, as well 495 

as otolith crystallisation rates and the otolith sampling methodology itself (e.g., laser spot 496 

sizes and the growth period integrated within each measurement). To date, such detailed 497 

linking of otolith chemistry to ambient environmental conditions has seldom been attempted 498 

at large spatial scales (but see Brennan et al. 2015b). 499 

When considering the generality of our findings, it should be recognised that fresh water 500 

87
Sr/

86
Sr ratios in the Daly River catchment are high (up to 0.7806) compared with the global 501 

mean of 0.7119 (Palmer and Edmund 1989). The seasonality of rainfall in northern 502 

Australia’s wet-dry tropics is also much more extreme than temperate areas. Nonetheless, the 503 

Daly River example serves to amplify the effects of an issue that is likely to apply to the 504 

majority of rivers, lakes, wetlands and estuaries that experience temporal variation in the 505 

relative importance of surface run-off versus groundwater input (Sophocleous 2002). Thus, 506 

while temporal variation may be more subtle in systems with lower water 
87

Sr/
86

Sr ratios and 507 

less extreme seasonal variability in rainfall, the implications of our findings have broad 508 

significance for the interpretation of otolith chemistry data. Based on our observations, we 509 

conclude that presentation of temporally and spatially replicated water Sr data should be a 510 

general requisite for studies that use analyses of otolith Sr (
87

Sr/
86

Sr, Sr/Ca, Sr/Ba ratios) to 511 

make inferences about fish movement and migration. 512 

Acknowledgments 513 

Page 21 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

22 

 

We gratefully acknowledge the traditional custodians of the lands upon which this study was 514 

conducted, the Wagiman, Jawoyn and Malak Malak people, and thank them for providing 515 

access to their land. We thank Lizzie Sullivan (Wagiman traditional owner) and Troy 516 

Baruwei, Janet Ellis, Ryan Barrowei, Traven Shields, Mike Alengale, Lee Jambalily (Jawoyn 517 

Ranger Program) for their assistance with fish and water collection. We thank Ben Lewis and 518 

the Jawoyn Association for organising the consultation with traditional owners.  Quentin 519 

Allsop, Wayne Baldwin and Jonathon Taylor of the Department of Primary Industries and 520 

Fisheries are also thanked for assistance with fish collection and otolith preparation. Roger 521 

Farrow conducted the pumping of bore water samples and Julia Schult and Matt Majid took 522 

Sr water samples at Banyan Farm for the Department of Land Resource Management. 523 

Damien McMaster assisted with production of the map. Funding for this work was provided 524 

by the Australian Government’s National Environmental Research Program (Northern 525 

Australia Hub). This research was conducted under Charles Darwin University Animal Ethics 526 

Committee permit A12023. 527 

References 528 

Ahmad, M., and Hollis, J.A. 2013. Pine Creek Orogen. In Geology and Mineral Resources of 529 

the Northern Territory. Compiled by M. Ahmad and T.J Munson. Northern Territory 530 

Geological Survey, Special Publication 5. NT Department of Mines and Energy, 531 

Darwin. pp. 5:1-5:133. 532 

Barnett-Johnson, R., Pearson, T.E., Ramos, F.C., Grimes, C.B., and MacFarlane, R.B. 2008. 533 

Tracking natal origins of salmon using isotopes, otoliths, and landscape geology. 534 

Limnol. Oceanogr. 53: 1633. 535 

Page 22 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

23 

 

Bataille, C.P., Brennan, S.R., Hartmann, J., Moosdorf, N., Wooller, M.J., and Bowen, G.J. 536 

2014. A geostatistical framework for predicting variations in strontium concentrations 537 

and isotope ratios in Alaskan rivers. Chem. Geol. 389: 1-15. 538 

Bastin, R., and Faure, G. 1970. Seasonal variation of the solute content and the 
87

Sr/
86

Sr ratio 539 

of the Olentangy and Scioto Rivers at Columbus, Ohio. Ohio J. Sci. 70: 170-179. 540 

Bishop, K.A., Pidgeon, R.W.J., and Walden, D.J. 1995. Studies on fish movement dynamics 541 

in a tropical floodplain river: Prerequisites for a procedure to monitor the impacts of 542 

mining. Aust. J. Ecol. 20: 81-107. 543 

Brennan, S.R., Fernandez, D.P., Mackey, G., Cerling, T.E., Bataille, C.P., Bowen, G.J., and 544 

Wooller M.J. 2014. Strontium isotope variation and carbonate versus silicate 545 

weathering in rivers from across Alaska: implications for provenance studies. Chem. 546 

Geol. 389: 167-181. 547 

Brennan, S.R., Zimmerman, C.E., Fernandez, D.P., Cerling, T.E., McPhee, M.V., and 548 

Wooller, M.J. 2015a. Strontium isotopes delineate fine-scale natal origins and 549 

migration histories of Pacific salmon. Science Advances 1, p.e1400124. 550 

Brennan, S.R., Fernandez, D.P., Zimmerman, C.E., Cerling, T.E., Brown, R.J., and Wooller, 551 

M.J. 2015b. Strontium isotopes in otoliths of a non-migratory fish (slimy sculpin): 552 

Implications for provenance studies. Geochim. Cosmochim. Acta 149: 32-45. 553 

Brenot, A., Baran, N., Petelet-Giraud, E., and Négrel, P. 2008. Interaction between different 554 

water bodies in a small catchment in the Paris basin (Brévilles, France): Tracing of 555 

multiple Sr sources through Sr isotopes coupled with Mg/Sr and Ca/Sr ratios. Appl. 556 

Geochem. 23: 58-75. 557 

Campana, S.E. 1999. Chemistry and composition of fish otoliths: pathways, mechanisms and 558 

applications. Mar. Ecol. Prog. Ser. 188: 263-297. 559 

Page 23 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

24 

 

Clark, I.D., and Fritz, P.. 1997. Environmental Isotopes in Hydrogeology. CRC Press; Boca 560 

Raton, 328 pp. 561 

Crook, D.A., Macdonald, J.I., McNeil, D.G., Gilligan, D.M., Asmus, M., Maas, R., and 562 

Woodhead J.D. 2013. Recruitment sources and dispersal of an invasive fish in a large 563 

river system as revealed by otolith chemistry analysis. Can. J. Fish. Aquat. Sci. 70: 564 

953-963. 565 

Crook, D.A., Wedd, D., and Berra, T.M. 2015. Analysis of otolith 
87

Sr/
86

Sr to elucidate 566 

salinity histories of Nurseryfish Kurtus gulliveri (Perciformes: Kurtidae) in a tropical 567 

lowland river in northern Australia. Freshw. Sci. 34: 609-619. 568 

CSIRO (2009) Water in the Daly region. In Water in the Timor Sea Drainage Division. A 569 

report to the Australian Government from the CSIRO Northern Australia Sustainable 570 

Yields Project. CSIRO Water for a Healthy Country Flagship, Australia. pp. 273-361. 571 

Doubleday, Z.A., Harris, H.H., Izzo, C., and Gillanders, B.M. 2014. Strontium randomly 572 

substituting for calcium in fish otolith aragonite. Anal. Chem. 86: 865-869. 573 

Douglas, T.A., Blum, J.D., Guo, L., Keller, K. and Gleason J.D. 2013. Hydrogeochemistry of 574 

seasonal flow regimes in the Chena River, a subarctic watershed draining 575 

discontinuous permafrost in interior Alaska (USA). Chem. Geol. 335: 48-62. 576 

Elsdon, T.S., Wells, B.K., Campana, S.E., Gillanders, B.M., Jones, C.M., Limburg, K.E., 577 

Secor, D.H., Thorrold, S.R., and Walther, B.D. 2008. Otolith chemistry to describe 578 

movements and life-history parameters of fishes: hypotheses, assumptions, limitations 579 

and inferences. Oceanogr. Mar. Biol. Ann. Rev. 46: 297-330. 580 

Faure, G., and Mensing, T. M. 2005. Isotopes: Principles and Applications. 3rd ed. Wiley, 581 

Hoboken, New Jersey. 582 

Page 24 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

25 

 

Flecker, A.S., McIntyre, P.B., Moore, J.W., Anderson, J.T., Taylor, B.W., and Hall Jr., R.O. 583 

2010. Migratory fishes as material and process subsidies in riverine ecosystems. Am. 584 

Fish. Soc. Symp. 73: 559-592. 585 

Frost, C.D., and Toner, R.N. 2004. Strontium isotopic identification of water-rock interaction 586 

and ground water mixing. Groundwater 42: 418-432. 587 

Geoscience Australia. 2004. GEODATA TOPO 5M 2004. Geoscience Australia, Canberra. 588 

Gillanders, B.M. 2005. Otolith chemistry to determine movements of diadromous and 589 

freshwater fish. Aqu. Liv. Res. 18: 291-300. 590 

Hogan, A.E. 1994. Factors affecting sooty grunter Hephaestus fuliginosus reproduction in 591 

streams and impoundments in North Eastern Queensland. M.Sc. thesis, James Cook 592 

University, Townsville, Australia. 593 

Hughes, J.M., Schmidt, D.J., Macdonald, J.I., Huey, J.A., and Crook, D.A. 2014. Low inter‐594 

basin connectivity in a facultatively diadromous fish: evidence from genetics and 595 

otolith chemistry. Mol. Ecol. 23: 1000-1013. 596 

Ingram, B.L., and DePaolo, D.J. 1993. A 4300 year strontium isotope record of estuarine 597 

paleosalinity in San Francisco Bay, California. Earth Planet Sci. Lett. 119: 103-119. 598 

Ingram, B.L., and Weber, P.K. 1999. Salmon origin in California's Sacramento–San Joaquin 599 

river system as determined by otolith strontium isotopic composition. Geology 27: 600 

851-854. 601 

Jackson, S., Finn, M., and Featherston, P. 2012. Aquatic resource use by indigenous 602 

Australians in two tropical river catchments: the Fitzroy River and Daly River. Hum. 603 

Ecol. 40: 893-908. 604 

Page 25 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

26 

 

Jackson, S.A., Douglas, M.M., Pusey, B.J.,  Kennard, M.J. Huddleston, J.,  Harney, B.,  605 

Liddy, L.,  Liddy, M.,  Liddy, R., Sullivan, L., Huddleston, B., Banderson, M., 606 

McMah, A., and Allsop, Q. (2014) ‘We like to listen to stories about fish’: improving 607 

aquatic system understanding and management with indigenous knowledge. Ecol. 608 

Soc. 19: 43. 609 

Jolly, P.J. 2002. Daly River catchment water balance. Water Resources Division, Northern 610 

Territory Department of Lands, Planning and Environment, Technical Report 611 

10/2002, Darwin, Australia. 612 

Kennedy, B.P., Blum, J.D., Folt, C.L., and Nislow, K.H. 2000. Using natural strontium 613 

isotopic signatures as fish markers: methodology and application. Can. J. Fish. Aquat. 614 

Sci. 57: 2280-2292. 615 

Kennedy, B.P., Klaue, A., Blum, J.D., Folt, C.L., and Nislow, K.H. 2002. Reconstructing the 616 

lives of fish using Sr isotopes in otoliths. Can. J. Fish. Aquat. Sci. 59: 925-929. 617 

King, A.J., Townsend, S.A., Douglas, M.M., and Kennard M.J. 2015. Implications of water 618 

extraction on the low-flow hydrology and ecology of tropical savannah rivers: an 619 

appraisal for northern Australia. Freshw. Sci. 34: 741-758. 620 

Koehn, J.D., and Crook, D.A. 2013. Movements and Migration. In Ecology of Australian 621 

Freshwater Fishes. Edited by P. Humphries and K.F. Walker. CSIRO Publishing, 622 

Melbourne. pp. 105-129. 623 

Kruse, P.D., and Munson, T. J. 2013. Daly Basin. In Geology and Mineral Resources of the 624 

Northern Territory. Compiled by M. Ahmad and T.J. Munson. Northern Territory 625 

Geological Survey, Special Publication 5. NT Department of Mines and Energy, 626 

Darwin. pp. 31:1-31:13. 627 

Page 26 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

27 

 

Lawrie, S. 2014. End of dry season stream flow measurements, Katherine and Daly Rivers, 628 

October 2014. Water Resources Division, Northern Territory Department of Land 629 

Resource Management, Technical Report 1/2015, Darwin, Australia. 630 

Linke, S., Kennard, M.J., Hermoso, V., Olden, J.D., Stein, J., and Pusey, B.J. 2012. Merging 631 

connectivity rules and large-scale condition assessment improves conservation 632 

adequacy in river systems. J. Appl. Ecol. 49: 1036-1045. 633 

McDowall, R.M. 1988. Diadromy in Fishes. Croom Helm, London. 634 

Maas R., Kamenetsky, M.B., Sobolev, A.V., Kamenetsky, V.S., and Sobolev N.V. 2005. Sr, 635 

Nd, and Pb isotope evidence for a mantle origin of alkali chlorides and carbonates in 636 

the Udachnaya kimberlite, Siberia. Geology 33: 549–552. 637 

McArthur, J.M., and Howarth, R.J. 2004. Sr-isotope stratigraphy: the Phanerozoic 
87

Sr/
86

Sr-638 

curve and explanatory notes. In A geological timescale 2004. Edited by F. Gradstein, 639 

J. Ogg and A.G Smith. Cambridge University Press, Cambridge. pp. 96–105. 640 

McCulloch, M., Cappo, M., Aumend, J., and Müller, W. 2005. Tracing the life history of 641 

individual barramundi using laser ablation MC-ICP-MS Sr-isotopic and Sr/Ba ratios 642 

in otoliths. Mar. Freshw. Res. 56: 637-644. 643 

McMahon, K.W., Hamady, L.L., and Thorrold, S.R. 2013. A review of ecogeochemistry 644 

approaches to estimating movements of marine animals. Limnol. Oceanogr. 58: 697-645 

714. 646 

Page, R.W., Compston, W. and Needham, R.S. 1980. Geochronology and evolution of the 647 

late-Archaean basement and Proterozoic rocks in the Alligator Rivers uranium field, 648 

Northern Territory, Australia. In Uranium in the Pine Creek Geosyncline. Edited by J. 649 

Ferguson and A.B. Goleby. International Atomic Energy Agency, Vienna. pp. 39-68. 650 

Page, R.W., Bower, M J., and Guy, D.B. 1985. An isotopic study of granitoids in the 651 

Page 27 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

28 

 

Litchfield Block, Northern Territory. BMR J Aust. Geol. Geop. 9: 219-223. 652 

Palmer, M.R., and Edmond, J.M. 1989. The strontium isotope budget of the modern ocean. 653 

Earth Planet Sci. Lett. 92: 11-26. 654 

Phillis, C.C., Ostrach, D.J., Ingram, B.L., and Weber, P.K. 2011. Evaluating otolith Sr/Ca as 655 

a tool for reconstructing estuarine habitat use. Can. J Fish. Aquat. Sci. 68: 360-373. 656 

Pin, C., Briot, D., Bassin, C., and Poitrasson, F. 1994. Concomitant separation of strontium 657 

and samarium-neodymium for isotopic analysis in silicate samples, based on specific 658 

extraction chromatography. Analytica Chimica Acta 298: 209–217. 659 

Pusey, B.J., Kennard, M.J., and Arthington, A.H. 2004. Freshwater Fishes of North-eastern 660 

Australia. CSIRO Publishing, Melbourne. 661 

Riley, G.H. 1980. Granite ages in the Pine Creek Geoscyncline. In Uranium in the Pine Creek 662 

Geosyncline. Edited by J. Ferguson and A. B. Goleby. International Atomic Energy 663 

Agency, Vienna. pp. 69-72. 664 

Russell, D.J., and Garrett, R.N. 1985. Early life history of barramundi, Lates calcarifer 665 

(Bloch), in north-eastern Queensland. Mar. Freshw. Res. 36: 191-201. 666 

Sophocleous, M. 2002. Interactions between groundwater and surface water: the state of the 667 

science. Hydrogeology Journal 10: 52-67. 668 

Tickell, S.J. (Editor). 2011. Assessment of major spring systems in the Oolloo Dolostone, 669 

Daly River. Northern Territory Department of Land Resource Management, Technical 670 

Report No. 22/2011D, Darwin, Australia. 671 

Townsend, S.A., and Padovan, A.V. 2005. The seasonal accrual and loss of benthic algae 672 

(Spirogyra) in the Daly River, an oligotrophic river in tropical Australia. Mar. Freshw. 673 

Res. 56: 317-327. 674 

Page 28 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

29 

 

Tripathy, G.R., Singh, S.G., and Krishnaswami, S. 2012. Sr and Nd isotopes as tracers of 675 

chemical and physical erosion. In Handbook of Environmental Isotope Geochemistry, 676 

Advances in Isotope Geochemistry. Edited by M. Baskaran. Springer-Verlag, Berlin 677 

Heidelberg. pp. 521-552. 678 

Wadleigh, M.A., and Veizer, J. 1985. Strontium and its isotopes in Canadian rivers: Fluxes 679 

and global implications Geochim. Cosmochim. Acta 49: 1727-1736. 680 

Walther, B.D., and Thorrold, S.R. 2009. Inter-annual variability in isotope and elemental 681 

ratios recorded in otoliths of an anadromous fish. J. Geochem. Explor. 102: 181-186. 682 

Walther, B.D., Dempster, T., Letnic, M. and McCulloch, M.T. 2011. Movements of 683 

diadromous fish in large unregulated tropical rivers inferred from geochemical tracers. 684 

PLoS One 6, p.e18351. 685 

Walther, B.D., and Limburg, K.E. 2012. The use of otolith chemistry to characterize 686 

diadromous migrations. J. Fish Biol. 81: 796-825. 687 

Woodhead, J., Hellstrom, J., Hergt, J., Greig, A., and Maas, R. 2007. Isotopic and elemental 688 

imaging of geological materials by laser ablation Inductively Coupled Plasma mass 689 

spectrometry. J. Geostand. Geoanal. Res. 31: 331-343.  690 

Page 29 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

30 

 

Table 1: Water chemistry of samples collected from the main channel of the Daly-Katherine River, 691 

tributaries of the main channel and the Oolloo aquifer during the study. Site codes for map in Fig. 1 692 

are shown in brackets. “na” = data not available. 693 

 694 

Main channel Sample date Season EC (ms/cm) Sal (‰) Sr (mg/L) 
87
Sr/

86
Sr 

Galloping Jacks (GJ) 2/07/2012 Dry 0.326 0.16 0.034 0.71908 

 

1/10/2012 Dry 0.396 0.19 0.056 0.71612 

12/03/2013 Wet 0.092 0.05 0.011 0.73187 

 

8/07/2013 Dry 0.488 0.24 0.054 0.71795 

27/09/2013 Dry 0.567 0.28 0.061 0.71684 

  12/03/2014 Wet 0.082 0.05 0.009 0.74390 

Claravale Crossing (CC) 29/09/2012 Dry 0.573 0.28 0.057 0.71853 

 

13/03/2013 Wet 0.143 0.07 0.021 0.73087 

11/03/2014 Wet 0.154 0.07 0.028 0.72830 

Oolloo Crossing (OC) 29/06/2012 Dry 0.560 0.23 0.067 0.71958 

28/09/2012 Dry 0.615 0.27 0.051 0.71844 

 

6/07/2013 Dry 0.608 0.30 0.079 0.71900 

24/09/2013 Dry 0.625 0.31 0.076 0.71833 

 

18/03/2014 Wet 0.252 0.12 0.041 0.72489 

Mt Nancar (MN) 27/06/2012 Dry 0.552 0.27 0.049 0.72065 

Beeboom Crossing (BC) 4/07/2012 Dry 0.576 0.27 0.063 0.71968 

2/10/2012 Dry 0.594 0.25 0.063 0.71851 

Daly Crossing (DC) 26/09/2012 Dry 0.585 0.27 0.062 0.71937 

 13/03/2013 Wet 0.173 0.09 0.021 0.72992 

 

25/02/2014 Wet 0.143 0.07 0.022 0.73314 

Woolianna (WO) 28/06/2012 Dry 0.528 0.21 0.044 0.71984 

 

7/11/2012 Dry 0.610 0.30 0.067 0.71826 

5/03/2013 Wet 0.145 0.07 0.016 0.73046 

 

2/07/2013 Dry 0.563 0.27 0.073 0.72005 

30/09/2013 Dry 0.558 0.27 0.073 0.71901 

Bamboo Creek (BA) 26/09/2012 Dry 0.600 0.26 0.063 0.71928 

Estuary (E1) 7/11/2012 Dry 0.828 0.41 0.149 0.71214 

 

5/03/2013 Wet 0.193 0.09 0.044 0.71703 

Estuary (E2) 7/11/2012 Dry 6.100 3.38 0.641 0.70976 

 

5/03/2013 Wet 0.219 0.11 0.056 0.71479 

Estuary (E3) 7/11/2012 Dry 10.140 5.70 1.061 0.70962 

Estuary (E4) 7/11/2012 Dry 16.000 9.41 1.792 0.70946 

Estuary (E5) 7/11/2012 Dry 27.700 17.10 3.261 0.70932 

 

5/03/2013 Wet 0.602 0.30 0.103 0.71050 

Estuary (E6) 5/03/2013 Wet 9.8 5.65 0.995 0.70931 

Tributaries 

Cullen River (CR) 3/07/2012 Dry 0.200 0.01 0.033 0.75022 

30/09/2012 Dry 0.200 0.01 0.159 0.74968 

 

12/03/2013 Wet 0.04 0.03 0.011 0.75133 

9/07/2013 Dry 0.086 0.05 0.033 0.75002 

 

12/03/2014 Wet 0.037 0.03 0.014 0.74888 

Page 30 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

31 

 

Edith River (ER) 3/07/2012 Dry na na 0.002 0.72904 

  2/10/2012 Dry na na 0.005 0.74738 

  12/03/2013 Wet 0.063 0.04 0.007 0.78059 

 9/7/2013 Dry 0.019 0.02 0.003 0.74644 

  15/08/2013 Dry 0.024 0.02 0.004 0.74855 

  12/03/2014 Wet 0.041 0.03 0.006 0.76685 

Fergusson River (FR1) 3/07/2012 Dry 0.026 0.02 0.005 0.77297 

  30/09/2012 Dry 0.047 0.00 0.013 0.77447 

  12/03/2013 Wet 0.028 0.02 0.005 0.77618 

 9/7/2013 Dry 0.019 0.02 0.012 0.77793 

  15/08/2013 Dry 0.051 0.03 0.020 0.77736 

  12/03/2014 Wet 0.027 0.02 0.006 0.77090 

Fergusson River (FR2) 16/4/2014 Wet/dry 0.014 0.07 0.037 0.75549 

Groundwater   

 

        

Oolloo aquifer  

(RN36815) 27/11/2014 Dry 0.601 0.25 0.058 0.71516 

(RN36813) 27/11/2014 Dry 0.611 0.25 0.067 0.71514 

(RN34364) 27/11/2014 Dry 0.695 0.30 0.046 0.72090 

(RN34369) 28/11/2014 Dry 0.612 0.27 0.051 0.71798 

 695 

  696 
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Figure legends 697 

Figure 1: (a) Map of study region showing sampling sites (open circles) and bore water 698 

sampling sites (red circles). Site codes: Galloping Jacks (GJ), Cullen River (CR), Fergusson 699 

River (FR1, FR2), Edith River (ER), Claravale Crossing (CC), Oolloo Crossing (OC), Daly 700 

Crossing (DC), Woolianna (WO), Banyan Farm (BF), estuary sites 1-6 (E1, E6; sites E2-E5 701 

not labelled for clarity). (b) Block diagram showing Daly Basin and underlying structure of 702 

major aquifers. Florina Formation (green), Oolloo Dolostone (light blue), Junduckin 703 

Formation (pink), Tindall Limestone (aquamarine). Australia’s coastline data was obtained 704 

from Geoscience Australia (Geoscience Australia, 2004). Surface hydrology and catchment 705 

boundary data was supplied by the Department of Land Resource Management, Copyright - 706 

Northern Territory of Australia. 707 

Figure 2: Seasonal (dry versus wet) variation in surface freshwater 87Sr/86Sr in the main 708 

channel of the Daly/Katherine River and three major tributaries. For clarity, values within 709 

season are offset and lines are drawn between the seasonal medians or single values for each 710 

site. Details of the samples are presented in Table 1. Site “FR2” which was only sampled on 711 

one occasion is not included. 712 

Figure 3: Longitudinal profiles of 
87

Sr/
86

Sr along the main channel of the Daly-Katherine 713 

River from the most upstream site (Galloping Jacks) to the estuary mouth in the dry season 714 

2012 and the wet season 2013. 715 

Figure 4: Total Sr (black symbols) versus daily river discharge (unbroken line). Water 716 

samples were collected approximately weekly from Banyan Farm on the Daly River main 717 

channel between November 2013 and November 2014. 718 

Figure 5: Mixing models (lines) of water 
87

Sr/
86

Sr across salinity gradient in the Daly River 719 

in the dry season of 2012 (a) and the wet season of 2012/13 (b). Symbols represent empirical 720 
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samples collected from intermediate salinities within the estuary in November 2012 and 721 

March 2013 (Table 1). 722 

Figure 6: Core-to-edge transects of otolith 87Sr/86Sr in Sooty grunter collected from the 723 

Daly River (a-d), Edith River (e-g) and Fergusson River (h-l). The dashed line labelled “SW” 724 

represents seawater 87Sr/86Sr; shaded areas show the ranges of water 87Sr/86Sr recorded at 725 

each of the regular water sampling sites (Daly River main channel = “MC”, Edith River = 726 

“ER”, Cullen River = “CR”, Fergusson River = “FR1”); the unbroken straight line represents 727 

the 87Sr/86Sr value of the single sample taken from a second site within the Fergusson River 728 

(“FR2”). 729 

Figure 7: Core-to-edge transects of otolith 
87

Sr/
86

Sr in Ord River mullet collected from the 730 

Daly River main channel. The dashed line labelled “SW” represents seawater 
87

Sr/
86

Sr; 731 

shaded areas show the ranges of water 
87

Sr/
86

Sr recorded at each of the regular water 732 

sampling sites (Daly River main channel = “MC”, Edith River = “ER”, Cullen River = “CR”, 733 

Fergusson River = “FR1”); the unbroken straight line represents the 
87

Sr/
86

Sr value of the 734 

single sample taken from a second site within the Fergusson River (“FR2”). 735 

Figure 8: Core-to-edge 
87

Sr/
86

Sr otolith data from barramundi collected at Oolloo Crossing 736 

(redrawn from Walther et al. 2011, Figure S1) overlaid on water chemistry data collected in 737 

the current study. Black lines show the otolith 
87

Sr/
86

Sr transect data and grey lines show 738 

modelled habitat occupation and shifts using a global zoning algorithm (Walther et al. 2011). 739 

The dashed line labelled “SW” represents seawater 
87

Sr/
86

Sr; shaded areas show the ranges of 740 

water 
87

Sr/
86

Sr recorded at each of the regular water sampling sites (Daly River main channel 741 

= “MC”, Edith River = “ER”, Cullen River = “CR”, Fergusson River = “FR1”); the unbroken 742 

straight line represents the 
87

Sr/
86

Sr value of the single sample taken from a second site 743 

within the Fergusson River (“FR2”). 744 
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Figure S1: Core-to-edge transects of otolith 87Sr/86Sr in Sooty grunter collected from the 

Daly River, Edith River and Fergusson River .  
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Figure S1 (cont): Core-to-edge transects of otolith 87Sr/86Sr in Sooty grunter collected from 

the Daly River, Edith River and Fergusson River .  
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Figure S1 (cont): Core-to-edge transects of otolith 87Sr/86Sr in Sooty grunter collected from 

the Daly River, Edith River and Fergusson River .  
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Figure S2: Core-to-edge transects of otolith 87Sr/86Sr in Ord River Mullet collected from the 

Daly River.  
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Figure S2 (cont): Core-to-edge transects of otolith 87Sr/86Sr in Ord River Mullet collected 

from the Daly River.  
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Figure S2 (cont): Core-to-edge transects of otolith 87Sr/86Sr in Ord River Mullet collected 

from the Daly River.  
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