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Abstract 1 

1. Tropical rivers and estuaries are highly dynamic environments, where environmental 2 

conditions change dramatically over spatial and temporal scales. This creates both 3 

physiological and ecological challenges for euryhaline elasmobranchs, where 4 

fluctuations in salinity can impact not only osmoregulatory function, but also the 5 

ability to find and acquire prey. 6 

2. We investigated how spatial and temporal variation in environmental salinity 7 

influences physiological homeostasis, habitat utilisation, and migration timing in two 8 

euryhaline carcharhinid sharks within a tropical river in northern Australia. Juvenile 9 

bull sharks Carcharhinus leucas and juvenile speartooth sharks Glyphis glyphis were 10 

tracked over a four-year period using implanted acoustic tags and an array of 11 

hydrophone receivers. Tissue samples were also collected from captured sharks and 12 

analysed for intraspecific differences in plasma osmolarity, urea and electrolyte (Na+ 13 

and K+) concentrations, and the stable isotopes δ13C and δ15N. 14 

3. We discovered that juvenile C. leucas and G. glyphis segregate spatially along a 15 

salinity gradient between September and December, where the mean volume of 16 

intersection between species dropped as low as 0.01 (s.d. = 0.05). While G. glyphis 17 

used higher salinity environments (mean salinity = 19.22, s.d. = 2.85) located between 18 

30 and 70 km from the mouth of the estuary, C. leucas occupied freshwater reaches 19 

(mean salinity = 1.98, s.d. = 5.64) between 60 and 110 km upstream. However, at the 20 

onset of the wet season, both species undertook a coordinated downstream migration 21 

to the lower estuary where they co-occurred.  22 

4. Juvenile C. leucas blood tissues were more enriched in δ15N and δ13C than samples 23 

collected from juvenile G. glyphis, suggesting juveniles of this species not only 24 
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spatially segregate but also prey on different dietary resources. While neonate and 25 

juvenile C. leucas exhibited higher plasma osmolarity levels than G. glyphis, plasma 26 

osmolarities of both species were always hyperosmotic to the capture environment 27 

with Na+ and K+ ions maintained within a narrow range independent of local 28 

environmental osmolarities. Our results show the importance of long-term, integrative 29 

studies into resource competition and animal migration, and the significance of 30 

discrete brackish habitats for threatened euryhaline elasmobranchs.   31 

 32 
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 36 

Introduction 37 

Aquatic nearshore habitats such as rivers and estuaries are known to support exceptional 38 

levels of biodiversity (Franca et al. 2009; Knip et al. 2010). Much of this diversity is due to a 39 

broad spatial salinity gradient, produced by the mixing of continental freshwater runoff with 40 

marine waters. In these regions, the activity and distribution of aquatic fauna is largely driven 41 

by physiological tolerances associated with osmoregulation, and the capacity to cope with 42 

environmental fluctuations on both short- and long-term scales (Ballantyne & Robinson 43 

2010; Douglas et al., 2005). Environmental gradients are well documented to influence fish 44 

behaviour through physiological mechanisms (Sims et al., 2006; Whitlock et al., 2015; 45 

Roberts et al., 2019), and salinity-related physiological constraints may cause species 46 

occupying tidal rivers and estuaries to move up- or down-stream to ameliorate ionic and 47 

osmoregulatory stress (Ballantyne and Robinson 2010; Sakabe & Lyle 2010). Moving in 48 
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response to tidal and seasonal fluctuations may also enable individuals to avoid potential 49 

predators, or exploit a broader suite of potential prey to circumvent inter- and intra-specific 50 

resource competition (Ross et al. 1986; Douglas et al., 2005; Whitty et al., 2009). With 51 

unprecedented levels of human population growth and development taking place adjacent to 52 

aquatic nearshore habitats (Vörösmarty et al., 2010; Grant et al., 2019), understanding 53 

physiological mechanisms driving species movements, habitat choice, and community 54 

structure is critical to elucidate species responses to environmental change and establish 55 

appropriate protections (Douglas et al., 2005; Horodysky et al., 2015).  56 

Of the ~1250 known extant chondrichthyan species, only 5.8% use a non-marine 57 

environment at some point within their life history (Grant et al., 2019). These obligate 58 

freshwater or euryhaline elasmobranchs (i.e. sharks, rays, and sawfish) are amongst the most 59 

poorly understood and threatened groups of vertebrates (Compagno & Cook, 1995; Grant et 60 

al., 2019), with the majority of species listed classified as Data Deficient by the International 61 

Union for the Conservation of Nature (IUCN) Red List of Threatened Species, or threatened 62 

with extinction (IUCN Red List categories CR, EN, VU; IUCN 2018). The greatest diversity 63 

of euryhaline elasmobranchs is found in tropical regions (Grant et al., 2019), where neonate 64 

and juvenile life stages typically segregate from adults into low salinity nursery habitats that 65 

are thought to promote the survivorship of young through the exclusion of large conspecifics 66 

and other predators (Matich et al., 2010; Heupel & Simpfendorfer, 2011). However, tropical 67 

rivers and estuaries are highly dynamic environments where species must continually adjust 68 

to daily and seasonal fluctuations in salinity, flow, temperature, and turbidity that can not 69 

only impact the maintenance of physiological homeostasis, but also higher-order processes 70 

such as patterns of animal behaviour and space-use. For example, euryhaline elasmobranchs 71 

entering lower salinity environments typically reduce their plasma osmolarities through 72 

decreases in plasma osmolyte concentrations (e.g. Na+, Cl-, urea, and tri-methyl amine oxide 73 
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[TMAO]) but must also maintain ionic homeostasis against a concentration gradient 74 

favouring the diffusional loss of ions (Pillans & Franklin, 2004; Pillans et al., 2005; Reilly et 75 

al., 2011; Cramp et al., 2015). Transitioning from marine to freshwater can not only pose 76 

physiological challenges associated with osmoregulation, but can also increase costs 77 

associated with buoyancy control and swimming performance due to local differences in 78 

solute concentrations and water density (Gleiss et al., 2015). Reductions in salinity can also 79 

reduce the efficiency of the ampullae of Lorenzini, a sensory organ found in elasmobranchs 80 

that detect bioelectric currents given off by prey (Rigg et al., 2009). Morphological and/or 81 

behavioural differences between species could permit sympatric elasmobranchs to specialise 82 

on different prey items (Kinney et al., 2011; Yick et al., 2011), while moving in response to 83 

environmental change and/or separating along environmental gradients may allow sympatric 84 

species to partition resources on both temporal and spatial scales thereby negating 85 

competitive interactions associated with resource-use overlap (Ross et al., 1980; Matich & 86 

Heithaus, 2014; Every et al., 2019). By linking physiological approaches with observations of 87 

how animal movements and local environmental parameters change in space and time, it may 88 

be possible to reveal mechanistic insights into how environmental variation drives patterns of 89 

habitat use, river connectivity, and community structure in elasmobranch nursery habitats. 90 

Furthermore, having a species-specific understanding of habitat preferences and 91 

physiological tolerances can help resource managers identify critical habitat, develop 92 

effective bycatch reduction schemes, and forecast population effects caused by natural and 93 

anthropogenic changes to the local environment (Horodysky et al., 2015; Whitlock, 2015; 94 

Dwyer et al., 2019).    95 

 In northern Australia and Papua New Guinea, neonate, juvenile, and sub-adult bull 96 

sharks Carcharhinus leucas and speartooth sharks Glyphis glyphis can be found occupying 97 

the same river systems (Peverell et al., 2006; Field et al., 2013; White et al., 2015; Lyon et 98 
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al., 2017). While C. leucas has a worldwide distribution extending throughout tropical and 99 

subtropical habitats (Reilly et al., 2011; Matich & Heithaus, 2014; Pillans et al., 2020), G. 100 

glyphis is found only in a few remote river systems in the Australian states of Queensland and 101 

the Northern Territory, as well as southern Papua New Guinea (Pillans et al., 2009; White et 102 

al., 2015). Much of our understanding of the ecology and physiology of euryhaline 103 

elasmobranchs is based on studies of C. leucas (e.g. Pillans & Franklin, 2004; Heupel & 104 

Simpfendorfer, 2011; Reilly et al., 2011; Matich & Heithaus, 2014; Gleiss et al., 2015), 105 

however most aspects of the biology of sharks in the genus Glyphis are virtually unknown 106 

(Stevens et al., 2005; Grant et al. 2019). While several authors have suggested that both 107 

juvenile C. leucas and G. glyphis are euryhaline piscivores (Snelson et al.,1984; Thorburn & 108 

Morgan, 2004, Martin, 2005), comparative studies utilising fatty acids and stable isotopes 109 

have revealed low dietary overlap between juveniles of these species (Every et al., 2017; 110 

2019). Furthermore, studies conducted in Queensland (Lyon et al., 2017) and the Northern 111 

Territory (Field et al., 2013) observed that while the two species occurred in the same river 112 

systems, G. glyphis were rarely captured where C. leucas were captured. Taken together, this 113 

suggests that rather than sharing communal nurseries (i.e. where juveniles of both species co-114 

occur but adults are largely absent; Heupel et al., 2018), C. leucas and G. glyphis instead 115 

partition riverine habitats into single species nursery areas, thereby potentially targeting 116 

different prey items and reducing competitive interactions associated with resource-use 117 

overlap (Yick et al., 2011). However, it is not known if this pattern is stable through time (i.e. 118 

throughout the tide, across seasons, and between years), and what the proximate and ultimate 119 

mechanisms are that drive these spatial patterns. This understanding is important given that 120 

tropical rivers and estuaries are increasingly under threat from land clearing, pollution, and 121 

flow modification (Vörösmarty et al., 2010; Grant et al., 2019), and by occupying nearshore 122 

and inshore habitats euryhaline elasmobranchs are confined by physical boundaries that limit 123 
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their ability to evade human-induced threats (Compagno & Cook 1995; Stevens et al., 2005). 124 

Given the high susceptibility of euryhaline elasmobranchs and their nursery areas to habitat 125 

degradation and modification (Grant et al., 2019), combined with low fecundity, late sexual 126 

maturation, naturally low population densities, and highly threatened status of all sharks of 127 

the genus Glyphis (Martin 2005; Ballantyne & Robinson, 2010), there is an urgent need to 128 

understand the environmental and physiological factors influencing the occurrence of 129 

juvenile C. leucas and G. glyphis to predict how these species will respond to environmental 130 

change. 131 

 Using a combination of biotelemetry, instream environmental monitoring, blood 132 

chemistry, and multi-tissue stable isotope analysis (SIA), we investigated the mechanisms 133 

underpinning resource use amongst juvenile G. glyphis and C. leucas within a tropical 134 

Australian river system. We used passive acoustic telemetry and salinity loggers attached to 135 

fixed moorings to provide insight into where in the river each species was predominant, to 136 

examine the environmental characteristics of these regions, and to determine if tagged 137 

individuals remained in these habitats across seasons and in subsequent years. To examine 138 

how species differed in their resource use, we complimented our telemetry study with multi-139 

tissue SIA. SIA allows us to discern the ecological traits of an organism, as the isotopic 140 

composition of consumer tissues reflects the composition of both consumed prey items and of 141 

the external environment the organism was inhabiting at the time the tissue was formed 142 

(MacNeil et al., 2006; Kinney et al., 2011; Caut et al., 2013). Predator tissues are typically 143 

enriched in the N15 isotope when compared to their prey, and so exhibit greater δ15N values 144 

with increasing position in a given food web. Isotopic composition of carbon within aquatic 145 

consumers is strongly driven by the relative contribution of C3 and C4 sources of primary 146 

production at the base of an occupied food web, which shows strong patterns along spatial 147 

gradients particularly with respect to distance from shore. Offshore environments are 148 
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typically C13 depleted and so consumer tissues exhibiting low δ13C values indicate increased 149 

use of offshore habitat. Furthermore, the residence time of these elements within tissues 150 

depends on tissue-specific metabolic turnover rates, and comparing δ15N and δ13C values 151 

across tissues with different turnover rates can identify snapshots of resource use across 152 

different time scales. For example, complete isotopic turnover in shark plasma has been 153 

reported to occur in 32-135 d, whole blood has an intermediate turnover rate of 61-300 d, and 154 

muscle and fin have the longest turnover rates with complete isotope turnover varying 155 

between 390-576 d (MacNeil et al., 2006; Logan & Lutcavage 2010, Matich et al., 2010; 156 

Caut et al., 2013; Matich & Heithaus 2014). Multi-tissue SIA, when combined with telemetry 157 

applications, has proven particularly valuable in gaining natural insights into interspecies 158 

differences when direct observation of foraging behaviour is logistically difficult and when 159 

ethical constraints preclude stomach content analysis (Caut et al., 2013; Matich & Heithaus, 160 

2014; Micheli-Campbell et al., 2017). Analysis of blood chemistry from juvenile G. glyphis 161 

and C. leucas captured across a salinity gradient would also provide useful insight into how 162 

the osmoregulatory physiology of these two euryhaline shark species correlates with 163 

environmental conditions (Hazon et al., 2003). We hypothesised that (1) spatial habitat 164 

partitioning would be evident in tagged shark movements, both between seasons and across 165 

years; (2) this habitat partitioning would be apparent through species differences in salinities 166 

experienced by sharks, and species differences in δ13C and δ15N values across multiple 167 

tissues; and (3) G. glyphis would not exploit the range of environmental salinities utilised by 168 

C. leucas, but both species would upregulate plasma osmolytes at higher environmental 169 

salinities to maintain a hyperosmotic (plasma to environmental salinity) regulatory strategy. 170 

Materials and Methods 171 

Study area 172 
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The study area was located on the Wenlock and Ducie River systems in Cape York, 173 

Queensland, Australia (12.350°S, 142.107°E; Fig. 1). The region exhibits a distinct wet 174 

season, with monsoonal rains followed by a dry season with little to no rainfall. Both the 175 

Ducie and Wenlock Rivers flow into Port Musgrave, a large coastal embayment in the eastern 176 

Gulf of Carpentaria. Being tropical tidal rivers, they are subject to daily fluctuations in 177 

salinity and to large increases in freshwater inflow at the onset of the wet season (Lyon et al., 178 

2017).  179 

Animal capture and tissue sampling 180 

All fishing was conducted within the Wenlock River (including Tentpole and Hudson Creek) 181 

between 15 km and 110 km adopted middle thread distance (AMTD) upstream from where 182 

Port Musgrave flows into the Gulf of Carpentaria (i.e. AMTD 0; 141.91° E 11.96° S; Fig. 183 

1a). Fieldwork took place between the months of May and December, when sharks were 184 

captured via rod and reel conducted from a small dingy using 40 lb line, stainless trace, 4/0 - 185 

6/0 de-barbed circle hooks, teleost bait, and a large landing net. This ensured animals could 186 

be landed promptly (fight time = 30 - 90 s) and processed immediately (< 3 min) on board the 187 

vessel to minimise capture stress. Upon capture, sharks were secured ventral side up to 188 

induce tonic immobility, and gills were irrigated continually with fresh river water. Shark 189 

total body length (TL) was measured and gender was assessed by the presence or absence of 190 

external claspers.  191 

Blood was sampled by caudal puncture from a subset of captured sharks within 3 min 192 

of capture and centrifuged immediately for 1 min using a manually powered field centrifuge 193 

(Hettich, MA, U.S.A.) to obtain separate samples of plasma and red blood cells. Tissue 194 

samples (1 cm2) were also taken from the inside of the left pectoral fin using sharp scissors. 195 

Environmental water samples were collected at the time and location of capture to determine 196 
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environmental osmolarity. All samples were kept on ice following capture, and then stored at 197 

-20oC until analysis.  198 

Animal tracking and environmental monitoring 199 

To investigate long-term broad scale movements, 22 G. glyphis and 22 C. leucas were fitted 200 

with acoustic transmitters. Once sharks were secured and tonic immobility induced, an 201 

incision was made into the peritoneal cavity and a 69 kHz coded acoustic transmitter (V9T or 202 

V13T; VEMCO AMIRIX, NS, Canada) was inserted and the incision closed using 2 - 3 203 

monofilament sutures (Monosyn 3/0 CC). Sharks were released back into the river within 6 204 

min of capture. 205 

 Shark movements were tracked passively via an array of underwater acoustic 206 

hydrophones. These were deployed throughout fresh, brackish, and coastal waters in the main 207 

trunk of the Wenlock and Ducie Rivers, Tentpole Creek, Hudson Creek, and the Port 208 

Musgrave coastal embayment (Fig. 1b). In the rivers and their tributaries, we used VR2-W 209 

hydrophones (VEMCO AMIRIX, NS, Canada) moored to trees by plastic-coated stainless-210 

steel cable (6 mm diam.) and secured to a concrete anchor. In the Port Musgrave embayment, 211 

we either used a VR2-W secured to the sea floor using a sand screw, or VEMCO VR2-AR 212 

acoustic release receivers moored to a steel weight. The detection radius of hydrophones was 213 

approximated at 200 - 400 m following range testing. Movement events between acoustic 214 

hydrophones were extracted using the VTrack package (Campbell et al., 2012a) in R (R Core 215 

Team 2018). 216 

 To assess individual shark movements in response to increases in freshwater inflow, 217 

total daily river discharge (recorded between 0900 – 0859 AEST) were obtained from the 218 

Moreton Telegraph Station stream gauging station (Queensland Department of Natural 219 

Resources and Mines Station number 925001A). Environmental loggers (3x In-Situ Aqua 220 

TROLL 200; 2x SeaBird SBE37; 1x Solinst Levelogger Edge; 1x Schlumberger Water 221 



  

10 

 

Services CTD-Diver) were deployed on/or adjacent to hydrophone moorings positioned at 222 

101, 80, 69, 60, 50, 28, and 33 km from AMTD 0 (Fig. 1b). These loggers recorded 223 

environmental water conductivity in the local vicinity. To investigate species differences in 224 

experienced salinities, we identified and extracted those detections of tagged sharks that 225 

occurred at hydrophones with CTDs within 30 min of a conductivity reading. These 226 

conductivity values (in mS/cm) were converted to salinity values (in practical salinity units) 227 

based on local temperature and hydrostatic pressure, and plotted through time according to 228 

the month in which the detection occurred. Species differences in experienced salinities were 229 

examined using a general linear mixed effects model (GLMM) implemented in R, where 230 

salinity (log-transformed) was the dependent variable, species was the independent variable, 231 

and shark tag code was included as random term in the model to account for the repeated 232 

measures.  233 

To provide a quantitative measure of shared space usage, monthly activity space 234 

estimates were generated for each of our 44 tracked sharks. Rather than using raw detections 235 

to formulate activity spaces, we first converted our raw detections into 6 h short-term centre 236 

of activity location estimates to reduce spatial biases obtained from fixed receivers and 237 

account for usage of areas between fixed receiver stations (Udyawer et al., 2019). From these 238 

location estimates, we then generated monthly utilisation distributions for each tagged shark 239 

using a Brownian Bridge movement model. The area within the 90% contour of these 240 

Brownian bridge kernel utilisation distributions (90% BB-KUD) were plotted on a map of the 241 

study area, and the extent of home range overlap between pairs of tagged sharks estimated 242 

following the volume of intersection (VOI) method (Seidel, 1992). This provided a single 243 

quantitative measure of spatial overlap between the monthly activity spaces of two 244 

individuals, where the VOI ranges from 0 (when two activity spaces have no overlap) to 1 245 

(when two individuals have identical utilization distributions). All analyses were conducted 246 
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using the Animal Tracking Toolbox extension in the VTrack R package (Udyawer et al., 247 

2019). 248 

Stable isotope analysis 249 

Tissue samples from 29 C. leucas and 11 G. glyphis were placed in a freeze dryer for at least 250 

48 h, before being ground to a fine powder using an electric ball-mill grinder (Retsch 251 

MM200, Haan, Germany). The resultant mixture was weighed (0.8 – 1.0 mg), transferred into 252 

small tin capsules, and analysed for δ13C and δ15N by the Stable Isotope Core Laboratory at 253 

Washington State University, WA, USA. Stable isotope values of samples were calculated as 254 

parts per thousand (‰) relative to international standards (Pee Dee Belemnite carbonate and 255 

atmospheric nitrogen). Because previous studies have found elasmobranch blood and fin 256 

tissue to have a low lipid content (Logan & Lutcavage 2010; Matich & Heithaus, 2014; 257 

Shipley et al., 2017; Every et al., 2019), we did not remove lipids from tissue samples prior to 258 

SIA or mathematically correct δ13C values in these tissues for the effects of lipids. We did not 259 

attempt to remove excess urea from our samples prior to SIA. 260 

 Variation in δ13C and δ15N concentrations were compared across species using a 261 

general linear model (GLM), with species (factor), shark total length (continuous covariate), 262 

capture month (continuous covariate), and the interaction term between species and total 263 

length as the independent variables. All potential combinations of these independent variables 264 

were fit with the package MUMIn (Barton, 2013). Model selection was done by ranking the 265 

models by Akaike’s Information Criterion corrected for sample size (AICc) and the AICc 266 

weight (wAICc) which varies from 0 (no support) to 1 (complete support). In cases where 267 

multiple models were ranked equally (models within 2 AICc units), the most parsimonious 268 

model was selected (the model containing the lowest number of explanatory variables). The 269 

stable isotope values (δ13C and δ15N) for each individual were also plotted on an isotope 270 

biplot to compare trophic interactions among predators. Niche widths and overlap for C. 271 
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leucas and G. glyphis were calculated using SIBER (Stable Isotope Bayesian Ellipses in R) 272 

metrics in R (Jackson et al., 2011). To compare niche-widths and investigate dietary overlap 273 

between species, we calculated Bayesian ellipses from the δ13C and δ15N values for each 274 

species. We defined the degree of inter-species niche overlap as the probability that the 275 

isotopic niche from an individual C. leucas would be located within the isotopic niche of G. 276 

glyphis, and vice-versa. The proportion of Bayesian ellipses (initially calculated using the 277 

model in the SIBER package) that were larger or smaller relative to the compared species 278 

group were calculated and represented as a probability value between 0 and 1, where < 0.05 279 

was significant (Jackson et al., 2011).  280 

Blood chemistry analysis 281 

Plasma samples collected from 18 captured C. leucas and 10 G. glyphis were analysed in 282 

duplicate for osmolarity, urea, and electrolyte (Na+ and K+) concentrations. Water from the 283 

site of shark capture was also analysed in duplicate to determine environmental osmolarity. 284 

Plasma Na+ and K+ concentrations were determined by flame photometry (BWB 285 

Technologies Ltd, U.K.) and osmolarity was measured using a vapour pressure osmometer 286 

(VAPRO®, ELITechGroup). Plasma urea concentrations were measured via a DetectX urea 287 

nitrogen (BUN) colorimetric detection kit (Arbor Assays ®; MI, U.S.A.) following the 288 

manufacturer’s protocols. Plasma samples were diluted 10 to 400-fold in distilled water to 289 

ensure that values fell within the kits standard curve. Absorbance was measured using a 290 

multi-well spectrophotometer (DTX880, Beckman Coulter, IN, U.S.A.). Variation in plasma 291 

osmolarity, Na+, K+, and urea concentrations were compared across species using a general 292 

linear model (GLM), with species (factor) and environmental osmolarity (continuous 293 

covariate) as the independent variables.  294 
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Results 295 

Shark capture 296 

Between 28 November 2012 and 09 August 2017, neonate and juvenile C. leucas (n = 65) 297 

and G. glyphis (n = 69) were captured via angling (Fig. 1a). C. leucas were captured between 298 

55 km and 103 km from AMTD0 within the Wenlock River, in areas bordered by riparian 299 

vegetation. G. glyphis were captured between 43 km and 73 km on the Wenlock River system 300 

(including its tributaries Hudson and Tentpole Creeks), and at 33 km upstream on the Ducie 301 

River in areas fringed by Avicennia marina, Xylocarpus spp., and Nypa fruticans. Both 302 

species were captured at the same locations at 73 km upstream within the Wenlock River and 303 

at 55 km from AMTD0 within Hudson Creek (Fig. 1a). Captured G. glyphis ranged between 304 

53 cm total length and 143 cm total length (mean ± s.d. = 85 ± 20 cm), and C. leucas ranged 305 

between 70 and 144 cm total length (mean ± s.d. = 90 ± 15 cm).  306 

Movement and space use 307 

Between 01 September 2014 to 31 August 2018, 434,645 detections were collected from 22 308 

acoustic-tagged G. glyphis and 427,528 detections were obtained for 22 C. leucas (Table 1; 309 

Fig. S1). At the time of capture, the mean total length of tagged G. glyphis was 93 cm (s.d. = 310 

19 cm) and the mean total length of tagged C. leucas was 94 cm (s.d. = 15 cm). From 311 

September - December (i.e. during the late dry season), tagged C. leucas occupied areas 312 

between 60 to 110 km AMTD upstream from the mouth of the Wenlock River (Fig. 2a, Fig. 313 

S2), whereas G. glyphis inhabited an estuarine zone between 30 and 70 km AMTD (Fig. 2b, 314 

Fig. S3). During this time, G. glyphis were observed in more saline waters (mean salinity ± 315 

s.d. = 19.22 ± 2.85) compared to C. leucas (mean salinity ± s.d. = 1.98 ± 5.64; GLMM, X2 = 316 

43.0, p < 0.001). However, C. leucas were detected occasionally entering brackish waters, 317 

where local salinity ranged between 5 – 27 (Figs S4-S5). Spatial overlap between tagged G. 318 

glyphis and C. leucas was at its lowest in December (VOI = 0.01), when tagged G. glyphis 319 
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aggregated within the brackish Tentpole Creek and Hudson Creek region of the Wenlock 320 

River (Fig. 3; Fig. S3) while all but one tagged C. leucas occupied upstream freshwater 321 

regions (Fig. S2).  322 

At the onset of the monsoonal rains (January - March), a decrease in salinity in 323 

upstream areas (Fig. 2c; Fig. S4) corresponded with both G. glyphis and C. leucas 324 

undertaking a migration downstream towards the Port Musgrave embayment (Figs 2- 3). The 325 

timing of these downstream movements coincided with increases in freshwater inflow and a 326 

corresponding drop in salinity, with tagged G. glyphis and C. leucas moving into the lower 327 

estuary (<37 km AMTD 0) when the maximum daily discharge recorded at Moreton 328 

Telegraph Station was 97.7 ± 23.0 m3s−1 (mean ± s.e.) and 150.0 ± 60.9 m3s−1 (mean ± s.e.), 329 

respectively. All sharks tracked during flow events were detected on lower estuary 330 

hydrophones (i.e. any hydrophones positioned in Port Musgrave, or in the Wenlock or Ducie 331 

Rivers located below 37 km AMTD 0) for periods ranging between 3 to 135 detection days 332 

for G. glyphis and 1 to 158 detection days for tagged C. leucas, before sharks returned 333 

upstream. Here, “detection days” represented the number of unique days that a tagged shark 334 

was detected on any lower estuary hydrophone, and negative values of distances relative to 335 

AMTD 0 represent movements outside Port Musgrave into the Gulf of Carpentaria (Fig. 2). 336 

Spatial overlap between species was greatest during March when the mean VOI increased to 337 

0.29 (s.d. = 0.26; Fig. 3). 338 

Species differences in δ13C and δ15N 339 

In both blood plasma and RBC tissue, the model including species only had majority support 340 

(plasma wAICc = 0.53, RBC wAICc = 0.37) and explained between 21% - 30% of the 341 

deviance when predicting δ15N values (Table 2). The model predictions showed that juvenile 342 

and neonate G. glyphis had lower δ15N values than C. leucas in both plasma (Fig. 4a) and 343 

RBC (Fig. 4b). The same pattern was observed for RBC δ13C values (Fig. 4e), where G. 344 
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glyphis had lower δ13C values than C. leucas (wAICc = 0.18; deviance explained = 20.7%). 345 

There was no significant effect of species, shark length, or month sampled on plasma δ13C.  346 

In fin tissue, the top-ranked model for δ15N included total length only (Table 2), where larger 347 

sharks had lower values of δ15N than smaller sharks (Fig. 4c). Likewise, shark fin tissue also 348 

had lower δ13C with increasing body length, with G. glyphis having lower fin δ13C values 349 

than C. leucas (Fig. 4f). Assessment of the isotopic niche across the two dimensions of δ13C 350 

and δ15N showed that ellipse area was greater in C. leucas than in G. glyphis in fin tissue only 351 

(Fig. 4i; p = 0.011), with the highest overlap in ellipse area found within the fin tissue 352 

(33.1%) and less overlap in RBC (8.3%) and plasma tissue (10.1%).  353 

Species differences in blood chemistry 354 

When predicting osmotic pressures of shark plasma, the model that included species only had 355 

majority support (wAICc = 0.71) and explained 55% of the deviance (Table 3). Plasma 356 

osmolarities for both species were always hyperosmotic to the capture environment, with C. 357 

leucas having a significantly higher plasma osmolarity than G. glyphis (Fig. 5a). For urea 358 

concentrations, the two top-ranked models (i.e. the null model and the species-only model) 359 

were within two AICc points with the less parsimonious but higher-ranking species-only 360 

model explaining only 13% of the deviance. Although species had similar plasma urea 361 

concentrations, there was a higher degree of variation in plasma urea content among C. 362 

leucas (min = 125.5 mmol.l-1 , max = 410.2 mmol.l-1) which could not be explained by 363 

environmental osmolarity at the site of capture (Fig. 5b). There was no evidence to suggest 364 

that Na+ and K+ concentrations differed between species, with Na+ and K+ ions maintained 365 

within a relatively narrow range independent of environmental salinity (Figs 5c-d).  366 



  

16 

 

Discussion 367 

Using long-term telemetry, instream salinity loggers, multi-tissue SIA, and blood chemistry, 368 

we revealed temporal variation in resource use among sympatric euryhaline elasmobranchs 369 

within a tropical river habitat. Juvenile G. glyphis used higher salinity environments than 370 

similar-sized C. leucas during the austral dry season, with spatial overlap between species 371 

lowest throughout September to December. These findings support observations from rivers 372 

in the Northern Territory (Field et al., 2013) and the Wenlock River in Queensland (Lyon et 373 

al., 2017), where G. glyphis were not captured in areas when C. leucas were also present. 374 

However, at the onset of the tropical monsoon individuals from both species migrated from 375 

upstream habitats towards the lower estuary where spatial overlap was greatest during 376 

February - April. Large-scale seasonal migrations are common among euryhaline 377 

elasmobranchs, where these highly mobile predators provide broad and important cross-378 

biome trophic linkages between tropical freshwater and coastal ecosystems (Matich & 379 

Heithaus, 2014; Every et al., 2017). However, moving downstream can also bring potential 380 

costs for juvenile and neonate sharks, such as an elevated predation risk (Heupel & 381 

Simpfendorfer, 2011), increased resource competition from other marine species (Kinney et 382 

al., 2011; Yick et al., 2011), and potential negative interactions with commercial fisheries 383 

(Field et al., 2013; Dwyer et al., 2019). We demonstrated that individuals of both species 384 

limited their time in downstream estuarine habitats to only those months when salinities in 385 

upstream regions were substantially reduced as a consequence of seasonal increases in 386 

freshwater inflow. At this time, juvenile G. glyphis experienced greater spatial overlap with 387 

similar-sized tagged C. leucas, while spatial overlap with conspecifics remained constant 388 

throughout the year. These findings provide new insights into the mechanisms underpinning 389 

resource partitioning and seasonal migration, and the importance of natural environmental 390 

flows for euryhaline elasmobranchs. 391 
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Our finding that juveniles of two euryhaline shark species partitioned habitat along a 392 

salinity gradient and moved in response to freshwater inflow reaffirms that salinity is a 393 

controlling factor for elasmobranch communities in tropical rivers and estuaries. Previous 394 

tracking studies have shown that euryhaline elasmobranchs move according to tidal and 395 

seasonal fluctuations (e.g. Simpfendorfer et al., 2005; Campbell et al., 2012b; Matich & 396 

Heithaus, 2014; Lyon et al., 2017; Pillans et al., 2020), where these movements are often 397 

attributed to spatiotemporal variation in prey resources (Matich & Heithaus, 2014), or 398 

salinity-related physiological constraints where individuals aim to minimise energy 399 

expenditure associated with osmoregulation (Simpfendorfer et al., 2005) and buoyancy 400 

control (Gleiss et al., 2015). Our finding that tagged sharks occupied salinities ranging 401 

between 0.4 - 25.3 (G. glyphis) and 0.0 - 26.1 (C. leucas), and that plasma osmolarities of 402 

blood-sampled sharks were consistently hyperosmotic to the surrounding environment (with 403 

Na+ and K+ concentrations maintained at a constant level independent of environmental 404 

salinity), suggests that some factor other than the ability to maintain ionic homeostasis is 405 

likely driving interspecific habitat partitioning within this tidal river habitat. Throughout C. 406 

leucas’ distribution there is considerable variability in the local salinities and the distance 407 

upstream of their nursery habitats, where in some populations immature C. leucas actively 408 

avoid freshwater habitats (e.g. Simpfendorfer et al. 2005; Pillans et al. 2020), whereas in 409 

other estuaries they exhibit a preference for salinities < 5 (e.g. Pillans & Franklin 2004). If 410 

neonate and juvenile C. leucas in geographically isolated environments across the world are 411 

frequently encountered across a broad range of salinities, why do we observe such 412 

pronounced interspecific partitioning of space among immature sharks within this tidal river? 413 

In elasmobranchs, the three sensory systems of vision, electroreception, and 414 

mechanoreception are all of importance during the final stages of prey capture (Hueter et al., 415 

2004). Although the axial eye diameter of both G. glyphis and C. leucas is small when 416 
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compared to other elasmobranchs (Peverell et al., 2006; Lisney & Collin, 2007), G. glyphis 417 

has a “substantially smaller eye” compared to C. leucas (Peverell et al., 2006) where species 418 

eye-size is positively related to visual resolution and sensitivity (Lisney & Collin, 2007). 419 

Comparison of ampullae of Lorenzini pore counts by Peverell et al. (2006) also showed G. 420 

glyphis possess more than twice the number of electrosensory ampullae than C. leucas; where 421 

the authors argued that it could provide G. glyphis with a competitive advantage when 422 

searching for prey in highly turbid brackish waters. At lower salinities, however, the 423 

effectiveness of these sensory ampullae is reduced (Rigg et al., 2009), potentially limiting 424 

juvenile G. glyphis’ capacity to compete with juvenile C. leucas in clearer fresher waters and 425 

constraining G. glyphis to oligohaline estuarine habitats.  426 

The range of plasma osmotic pressures and urea concentrations observed in juvenile 427 

C. leucas and G. glyphis were within the range of those previously recorded for C. leucas in 428 

tidal river systems (e.g. Pillans & Franklin 2004; Reilly et al., 2011). However, many of the 429 

sampled C. leucas had higher plasma osmolarities and urea levels than expected if they had 430 

been resident in this low salinity environment for an extended period prior to sampling. 431 

While we were able to continuously monitor the horizontal movements of sharks following 432 

transmitter implantation, as individuals were encountered only once during the study it was 433 

not possible to assess what areas of river these sharks had occupied in the period immediately 434 

prior to blood sampling. As such, it is possible that these elevated values were due to sharks 435 

having recently returned from more saline waters downstream, or they were exploiting a salt 436 

‘wedge’ located in deeper water from where our environmental water samples were collected. 437 

Juvenile C. leucas are well known to use their high mobility to move quickly from low 438 

salinity habitats into more saline waters (Simpfendorfer et al., 2005; Pillans et al., 2020), and 439 

within a 24-h period our tagged C. leucas were frequently observed moving large distances 440 

up to 43 km along the river, and between areas of low and high salinity. For example, Tag 441 
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code 1550 moved between salinities of 0.1 and 15.9 on 19 August 2017, and Tag code 12715 442 

moved between salinities of 7.4 and 22.7 on 19 October 2017. In addition, tissues sampled 443 

from juvenile C. leucas in our study and from individuals captured in low salinity 444 

environments in Florida, U.S.A (Matich & Heithaus, 2014) and the Northern Territory, 445 

Australia (Every et al., 2019) were observed having δ13C signatures that were indicative of 446 

sharks foraging in marine food webs. While this discrepancy in δ13C signatures versus 447 

capture location could also be influenced by high levels of prey movement from the lower 448 

estuary (Every et al., 2019), our movement and blood chemistry data supports the theory that 449 

juvenile C. leucas resident in freshwater will make occasional higher-risk trips into estuarine 450 

waters; possibly to access food resources (Matich et al., 2010) or to reduce physiological 451 

stress associated with living in a low salinity environment (Pillans & Franklin, 2004; 452 

Simpfendorfer et al., 2005; Gleiss et al., 2015).  453 

By collecting tissue samples from captured sharks, we discovered that not only do G. 454 

glyphis and C. leucas exhibit spatial segregation, but G. glyphis also had lower δ15N in blood 455 

plasma and RBC tissue suggesting that they may have been consuming lower order prey than 456 

C. leucas. As we did not attempt to remove urea or TMAO prior to SIA, it cannot be 457 

discounted that potential interspecific differences in circulating TMAO levels or TMAO 458 

production capacity and variable urea may contribute to observed differences in δ15N levels 459 

(Carlisle et al. 2017; Shipley et al. 2017). However, our findings are in line with a study 460 

conducted on the South Alligator River (Northern Territory, Australia), which used δ15N and 461 

δ13C values contained in washed muscle tissue (in conjunction with fatty acid analysis) to 462 

show that C. leucas were utilizing food webs across the marine to freshwater spectrum, 463 

whereas G. glyphis were likely targeting lower order benthic prey from estuarine/coastal 464 

areas (Every et al., 2017; 2019). However, species in our study system exhibited greater 465 

overlap in the δ15N and δ13C values contained in fin, RBC, and plasma tissues, suggesting a 466 
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greater degree of interspecific competition for a shared dietary resource. While the SIA 467 

signatures in fin tissue are less likely to be influenced by urea due to its low overall organic 468 

osmolyte content (Shipley et al., 2017), the distinct loss of enriched isotopic values in fin 469 

tissue (but not plasma or RBC) with increasing shark length suggests that the interpretation of 470 

dietary resource partitioning may be further complicated by the expression of a maternal 471 

isotopic signal in our smallest and youngest sharks (Olin et al., 2011). As adults of both 472 

species typically occur in marine environments (Heupel & Simpfendorfer, 2011; White et al., 473 

2017), we see evidence that the isotopic signal within sampled fin tissue gradually diverges 474 

from that of their mothers as juvenile sharks incrementally assimilate a more δ13C‐depleted 475 

freshwater/estuarine diet from lower trophic levels (Simpfendorfer et al., 2005; Olin et al., 476 

2011; Matich & Heithaus, 2014). These findings highlight the challenges when using isotope 477 

data to characterise and compare diet and movement in shark nursery habitats, but also the 478 

power of complimentary methodologies to gain novel insights into migration and competition 479 

in aquatic systems. 480 

In tropical rivers and estuaries, anthropogenic threats such habitat degradation, 481 

pollution and fisheries continue to threaten freshwater and euryhaline elasmobranch 482 

communities (Compagno & Cook 1995; Martin 2005; Knip et al., 2010; Field et al., 2013; 483 

Dwyer et al., 2019; Grant et al., 2019). While some elasmobranch species such as C. leucas 484 

are thought to adapt to urbanized rivers and estuaries quite readily (Heupel & Simpfenforfer 485 

2011), other species have been shown to more susceptible to extensive coastal development 486 

(Jennings et al., 2008; Grant et al., 2019). Using information on movement, resource use, and 487 

physiological tolerances, we revealed that while C. leucas utilise both low salinity and higher 488 

salinity environments, juvenile G. glyphis were restricted to a narrow brackish zone where 489 

they likely had a competitive advantage over juvenile C. leucas. Given G. glyphis’ highly 490 

specialised habitat preferences, imperilled status and a restricted range where only a few 491 
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rivers serve as natal grounds, any anthropogenic activity that reduces the extent or quality of 492 

these preferred brackish habitats or disrupts movement cues has the potential to negatively 493 

impact critical nursery grounds for this species.  494 
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Figures and Tables with captions 676 

 677 

Figure 1. The study region in Northeast Australia showing (a) the capture locations of 66 bull 678 

sharks (Carcharhinus leucas) and 69 speartooth sharks (Glyphis glyphis), and (b) the 679 

locations of instream acoustic hydrophones and instream environmental loggers. 680 
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 681 

Figure 2. Movements of tagged (a) Carcharhinus leucas (n = 22) and (b) Glyphis glyphis (n 682 

= 22) from 01 September 2014 to 31 August 2018. Grey lines represent combined 683 

movements of all tagged individuals for each species; coloured lines represent the movements 684 

of a single individual of C. leucas (Tag code 12715) and G. glyphis (Tag code 13256). (c) 685 

Seasonal increases in instantaneous freshwater discharge. (d) Environmental salinity when 686 

tagged sharks were absent or present within the detection fields of hydrophones at moorings 687 

adjacent to instream environmental loggers. 688 

689 
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 690 

Figure 3. Monthly activity spaces for 22 acoustic-tagged Carcharhinus leucas and 22 691 

Glyphis glyphis. Activity space estimates were generated using fixed kernel utilisation 692 

distributions, where a darker shading represents a greater number of sharks overlapping in 693 

that region of river for that calendar month. To facilitate visualisation, the number of activity 694 

spaces overlapping have been expanded into 2-km2 hexagons and the mean volume of 695 

intersection (VOI) between the two species presented with standard deviation (s.d.).  696 
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 697 

Figure 4. Stable isotope values of plasma, red blood cells (RBC) and fin tissue sampled from 698 

captured Carcharhinus leucas and Glyphis glyphis in the Wenlock River, Australia. Panels 699 

show the relationship between tissue δ15N (a-c) and δ13C values (d-f) and shark total length, 700 

along with 95% confidence intervals. Figures g -i show an isotope biplot for each tissue type 701 

with standard ellipse areas corrected for sample size (SEAc).  702 

 703 
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 704 

Figure 5. Results of plasma analysis for 18 Carcharhinus leucas and 10 Glyphis glyphis 705 

showing (a) plasma osmotic pressures with an isosmotic line, (b) plasma urea concentration, 706 

(c) Na+ concentration, and (d) K+ concentration. Results are plotted against the water 707 

environmental osmolarity (mOsm.kg-1) from site of capture.  708 

  709 
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Table 1. Detection information for 22 acoustic-tagged bull sharks (Carcharhinus leucas) and 710 

22 tagged speartooth sharks (Glyphis glyphis). 711 

Species Tag code Tag type 

Total length 

(cm) Sex 

Tracking 

duration (d) No. stations 

C. leucas 1260 V9 78 F 129 7 

C. leucas 1550 V9 85 M 356 28 

C. leucas 11895 V13 95 F 101 12 

C. leucas 12715 V13 117 F 1380 48 

C. leucas 12719 V13 114 F 19 10 

C. leucas 15457 V13 118 F 66 12 

C. leucas 15464 V13 110 F 487 25 

C. leucas 15467 V13 99 F 87 5 

C. leucas 15468 V13 84 F 407 25 

C. leucas 15475 V13 80 F 33 17 

C. leucas 15899 V13 84 M 102 4 

C. leucas 15904 V13 80 F 234 19 

C. leucas 15917 V13 98 M 95 10 

C. leucas 18330 V13 84 M 116 9 

C. leucas 18331 V13 90 F 15 3 

C. leucas 18334 V13 89 M 539 29 

C. leucas 22179 V13 84 F 416 23 

C. leucas 22183 V13 103 F 393 28 

C. leucas 22194 V13 134 F 1032 44 

C. leucas 22202 V13 83 F 294 23 

C. leucas 22203 V13 85 F 215 12 

C. leucas 27973 V13 93 M 180 15 

G. glyphis 1259 V9 76 F 649 25 

G. glyphis 1264 V9 64 F 246 14 

G. glyphis 11898 V13 104 F 31 11 

G. glyphis 12718 V13 113 - 905 29 

G. glyphis 13256 V13 143 F 1387 33 

G. glyphis 15895 V13 90 M 372 11 
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G. glyphis 15898 V13 75 M 515 17 

G. glyphis 22191 V13 91 M 1018 26 

G. glyphis 22210 V13 - - 241 15 

G. glyphis 22213 V13 76 - 365 9 

G. glyphis 26569 V13 100 F 1315 39 

G. glyphis 27642 V13 76.5 F 641 21 

G. glyphis 27643 V13 79 F 654 18 

G. glyphis 27659 V13 83 F 470 14 

G. glyphis 27974 V13 102 F 984 27 

G. glyphis 27979 V13 83 M 706 23 

G. glyphis 27993 V13 110 F 1461 41 

G. glyphis 28351 V13 125 M 1441 30 

G. glyphis 28353 V13 99 M 936 33 

G. glyphis 29085 V13 75 F 61 10 

G. glyphis 29191 V13 106 M 250 17 

G. glyphis 29804 V13 89 F 646 8 

712 
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Table 2. Ranked generalised linear models of δ13C and δ15N for each tissue. The top six 713 

models for each response are shown; values in bold indicate the top ranked model (or the 714 

most parsimonious model). Degrees of freedom (df), sample corrected Akaike’s Information 715 

Criterion (AICc), change in AICc relative to the model with the lowest AICc value (ΔAICc), 716 

relative AICc weight (wAICc) and percent deviance explained (DE%). TL = total length. 717 

Isotope Model df logLik AICc ΔAICc wAICc %DE 

Plasma 
       

 δ13C species 3 -61.66 130.01 0.00 0.29 9.73 

 species x TL 5 -59.59 131.01 1.00 0.18 18.80 

 species + TL 4 -61.20 131.58 1.58 0.13 11.83 

 null 2 -63.66 131.65 1.64 0.11 0 

 TL 3 -62.52 131.72 1.71 0.12 5.69 

 species + month 4 -61.59 132.36 2.35 0.09 10.06 

 species x TL + month 6 -59.35 133.32 3.31 0.06 19.83 

 δ15N species 3 -36.38 79.44 0.00 0.53 29.17 

 species + month 4 -36.20 81.58 2.14 0.18 29.80 

 species + TL 4 -36.37 81.92 2.49 0.15 29.17 

 species x TL 5 -36.15 84.12 4.68 0.05 29.99 

 species + TL + month 5 -36.20 84.21 4.78 0.05 29.82 

 species x TL + month 6 -35.99 86.60 7.16 0.01 30.57 

Red blood cells 
      

 δ13C species x TL + month 6 -58.84 132.58 0.00 0.45 39.86 

 species + month 4 -62.52 134.33 1.74 0.19 26.23 

 species 3 -63.82 134.39 1.81 0.18 20.70 

 species + TL + month 5 -62.27 136.54 3.96 0.06 27.24 

 species + TL 4 -63.80 136.88 4.30 0.05 20.81 

 species x TL 5 -62.58 137.16 4.58 0.05 25.98 

 δ15N species 3 -28.72 64.19 0.00 0.37 21.77 

 species x TL 5 -26.42 64.85 0.66 0.26 31.13 

 species + TL 4 -28.63 66.55 2.36 0.11 22.15 

 species x TL + month 6 -25.89 66.67 2.49 0.11 33.16 
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 species + month 4 -28.70 66.69 2.50 0.10 21.86 

 species + TL + month 5 -28.63 69.25 5.06 0.03 22.17 

Fin 
       

 δ13C species + TL + month 5 -68.04 147.95 0.00 0.66 41.48 

 species x TL + month 6 -68.03 150.77 2.82 0.16 41.50 

 TL + month 4 -71.87 152.95 5.00 0.05 28.40 

 TL 3 -73.28 153.26 5.31 0.05 22.90 

 species + TL 4 -72.56 154.33 6.38 0.03 25.75 

  species + month 4 -72.64 154.48 6.53 0.03 25.46 

 δ15N species + TL + month 5 -32.52 76.92 0.00 0.31 36.55 

 TL 3 -35.21 77.13 0.21 0.28 26.90 

 TL + month 4 -34.52 78.26 1.34 0.16 29.51 

 species + TL 4 -34.77 78.76 1.83 0.12 28.58 

 species x TL + month 6 -32.49 79.69 2.77 0.08 36.66 

 species x TL 5 -34.61 81.10 4.18 0.04 29.18 

 718 

  719 
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Table 3. Ranked generalised linear models of blood ion content in C. leucas and G. glyphis 720 

with regards to environmental osmolarity. The top six models for each response are shown; 721 

values in bold indicate the top ranked model (or the most parsimonious model). Degrees of 722 

freedom (df), sample corrected Akaike’s Information Criterion (AICc), change in AICc 723 

relative to the model with the lowest AICc value (ΔAICc), relative AICc weight (wAICc) and 724 

percent deviance explained (DE%).  725 

Response Model df logLik AICc ΔAICc wAICc %DE 

plasma 

osmolarity 

species 3 -166.10 339.21 0.00 0.71 55.20 

environmental osmolarity + species 4 -165.83 341.41 2.20 0.24 56.06 

environmental osmolarity x species 5 -165.83 344.39 5.18 0.05 56.06 

null 2 -177.35 359.17 19.96 0.00 0 

environmental osmolarity 3 -176.43 359.87 20.66 0.00 6.31 

urea species 3 -161.65 330.29 0.00 0.51 13.69 

 
null 2 -163.71 331.89 1.60 0.23 0 

 
environmental osmolarity + species 4 -161.64 333.03 2.73 0.13 13.7 

 
environmental osmolarity 3 -163.36 333.72 3.43 0.09 2.44 

 
environmental osmolarity x species 5 -161.63 335.99 5.69 0.03 13.79 

Na+ null 2 -140.02 284.53 0.00 0.58 0 

 
environmental osmolarity 3 -139.84 286.71 2.18 0.19 1.33 

 
species 3 -140.02 287.08 2.54 0.16 0 

 
environmental osmolarity + species 4 -139.79 289.39 4.86 0.05 1.69 

 
environmental osmolarity x species 5 -139.71 292.28 7.75 0.01 2.24 

K+ null 2 -27.22 58.94 0.00 0.56 0 

 
species 3 -27.08 61.20 2.26 0.18 0.79 

 
environmental osmolarity 3 -27.11 61.27 2.33 0.18 1.05 

 
environmental osmolarity + species 4 -26.75 63.32 4.38 0.06 3.42 

  environmental osmolarity x species 5 -26.63 66.12 7.18 0.02 4.28 

 726 
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