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Abstract 

 Collectively known as the box jellyfishes, cubomedusae have been documented 

around the world up to latitudes of 42° but are primarily found within the tropics. 

Cubozoans are unique among the Cnidaria for their complex sensory systems including 

camera type lens eyes, their strong directional swimming ability and orientation 

behaviour, yet perhaps best known for their powerful venom with envenomation from 

some species fatal to man. Two distinct syndromes including the delayed symptomatic 

Irukandji syndrome from some carybdeids, and the immediately painful and potentially 

fatal envenomation from large chirodropids, are well known from Australian tropical 

waters and have gained increasing global interest over recent times. Due to the 

gelatinous nature and rarity of most species identification has been difficult, and as not 

all cubozoans are uniformly venomous to humans reliable identification is critical for 

informed risk management. The population structure of cubozoans is poorly understood 

at spatial scales that range from hundreds of metres to thousands of kilometres. Further, 

despite their recognised mobility there are few descriptions of how far they move over 

days. A greater knowledge of the ecology of these elusive creatures would also provide 

invaluable information for risk management in areas where cubozoan envenomations 

are of concern. The objective of this thesis was to utilise the shape and elemental 

chemistry of cubozoan statoliths to gain knowledge on identification, population 

structure and sources and dispersal of cubomedusae. Morphometric analysis of hard 

structures and elemental chemistry assays of calcified structures have been used for 

identification and population assessment investigations in other marine phyla. The 

approach taken in this thesis was to use the only hard, calcified structure in 

cubomedusae (the statolith) to address the following issues: can statolith shape be used 

to discriminate among species of cubozoans (Chapter 2); can statolith shape 
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discriminate among populations of medusae within a metapopulation (Chapter 3); can 

elemental chemistry of statoliths be used to discriminate among populations (Chapter 

4); and can within statolith variation in elemental chemistry be used to determine the 

movement of cubozoans between water masses of different salinity (Chapter 5). 

 Statoliths provided a hard structure for robust morphometric analysis. In Chapter 

2 traditional morphometric Length to Width ratios (L: W) and modern morphometric 

Elliptical Fourier Analysis (EFA) were applied to proximal, oral and lateral statolith 

faces of 13 cubozoan species to determine if statolith shape could discriminate among 

taxa. Both L: W and EFA were successful in quantitatively discriminating among 

species with EFA outperforming L: W as L: W gave no account of the curvature of the 

statolith. Best discrimination was achieved when analysing all three statolith faces in 

combination, with Canonical Discriminant Analysis (CDA) of Normalised Elliptical 

Fourier (NEF) coefficients classifying 99% of samples to their correct species group. 

The species that showed greatest differentiation in shape from other species were 

Chironex fleckeri and Copula sivickisi with more elongated shaped statoliths. Statolith 

shape was not dependent on statolith size in all species except for Malo genus, yet this 

had little effect on the successful classification of samples to Malo species. Similarities 

were seen in statolith shape within families and statolith shape agreed with currently 

accepted Cubozoa taxonomy.  

 Little is known on cubomedusae population structure and what is known for 

many species is mostly from a metapopulation perspective, corresponding to the 

documented range of species. Chapter 3 tested whether statolith shape analysis could be 

used to distinguish among cubomedusae populations. Twenty medusae of Carukia 

barnesi, Copula sivickisi (Carybdeida) and Chironex fleckeri (Chirodropida) were each 

collected from three distinct populations, separated by kilometres to hundreds of 
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kilometres, around northern Queensland, Australia coastline and nearshore islands. 

CDA was performed on NEF coefficients for statolith proximal, oral and lateral faces 

and combinations of statolith faces for each species to determine the morphometrics that 

were best for discriminating populations of cubozoans. Significant discrimination of 

sampling populations was achieved in two of 21 CDAs (C. sivickisi statolith proximal 

face and C. fleckeri oral + lateral faces). As such statolith shape analysis was capable of 

successful discrimination among sampling locations but was not a robust technique 

among all species. 

 The use of natural geochemical signatures based on elemental composition of 

calcified structures is a common tool for investigating population structure or 

connectivity in marine systems. Chapter 4 used Laser Ablation Inductively Coupled 

Plasma Mass Spectrometry (LA-ICPMS) to extract elemental composition of statolith 

zones of core, edge and whole statoliths at varying spatial and temporal scales to 

investigate C. fleckeri medusae population structure; univariate (element/Ca ratios) and 

multivariate (multi-element/Ca signature) comparisons were used. Best discrimination 

among statoliths was found with whole statoliths. A nested ANOVA found significant 

differences among regions (separated by hundreds of kilometres) and sites (separated by 

kilometres) within those regions in some elemental ratios. Sr/Ca and Fe/Ca were found 

to significantly differ between sites within regions for all statolith zones. CDA of multi-

element/Ca signatures successfully distinguished among regions for all statolith zones 

and sites within regions for whole statoliths. Differences in statolith elemental 

chemistry over four seasons, or within a season, were generally small, however Sr/Ca 

significantly differed at both temporal scales. A positive relationship was found 

between statolith Sr/Ca and temperature. 
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 Very little is known on the sources and movements of potentially fatal 

C. fleckeri medusae which are found around estuary mouths and beaches along tropical 

coastlines of Australia, yet largely anecdotal evidence suggests an alternating season of 

polyps in protected estuaries during the dry season and medusae emerging from 

estuaries to feed along beaches with the onset of the monsoonal season. It has been 

hypothesised that elemental signatures in statoliths could provide a Sr – based measure 

of movements in statoliths. In Chapter 5 an experiment was conducted on young wild 

caught C. fleckeri medusae to establish how elemental incorporation into statoliths was 

affected by salinity. A critical salinity test revealed medusae inhabit salinities > 20, as 

they die in lower salinities. Medusae were held in salinities of 22, 26, 30 and 34 for a 

duration of four days. LA-ICPMS was used to analyse experimental areas of statoliths 

and solution based-ICPMS (SO-ICPMS) used for analysing water samples taken from 

each treatment. Mg/Ca and multi-element/Ca signatures significantly differed among 

treatments but Sr/Ca or other elements/Ca did not. Partition coefficients were element 

dependent with DSr, DMg and DLi 2.62 x 10
-6

 – 0.81 and DBa, DMn, and DZn 1.87 - 431. An 

a posteriori comparison of statolith Sr/Ca and water temperature exposure suggested 

that strong significant patterns seen in statolith Sr/Ca (Mooney & Kingsford 2012; 

Appendix B) were the result of changes in temperature exposure and not salinity; 

statolith Sr/Ca may reveal patterns of movement based on temperature profiles. 

 The studies in this thesis have shown that the cubozoan statoliths are an 

invaluable tool for identifying medusae and investigating population structuring. 

Statolith shape was species specific and can quickly assign specimens to at least family 

by basic L: W of statolith faces which has great potential to assist in studies on 

phylogeny and risk management in areas where box jellyfish envenomations are a 

concern as the severity of envenomation is family dependent. Although only 13 of the 
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41 currently accepted cubomedusae were studied here statolith shape is likely to be a 

useful taxonomic tool for the Class and statolith proximal, oral and lateral faces should 

be included in descriptions of all species. Statolith shape also successfully discriminated 

among sampling locations for two of three species: C. sivickisi at ~ 250 km; C. fleckeri 

at ~ 15 km. The ecological niche, and associated ecological pressures, of some 

cubozoan species (e.g. C. barnesi) may not change enough for differences in statolith 

shape among locations to occur within a species. Statolith shape and elemental 

chemistry in combination with other stock identification techniques may assist 

investigations into population structure of cubomedusae. My study concurs with 

evidence based on patterns of abundance that C. fleckeri medusae populations are most 

likely highly localised at spatial scales of kilometres and mixing between local 

populations appears minimal. C. fleckeri statolith Sr/Ca was not significantly affected 

by salinity changes over the salinity range in which they inhabit but Mg/Ca and multi-

element/Ca signatures were. Statolith microchemistry shows promise for determining 

the environmental conditions that jellyfish experience if local salinity and thermal 

gradients are known. The techniques applied here could assist in identification and 

population studies of cubomedusae worldwide. 

  



ix 
 

Table of contents 

 

Statement of contribution of others.......................................................................... ii 

Acknowledgements.................................................................................................. iii 

Abstract................................................................................................................... iv 

Table of contents...................................................................................................... ix       

List of tables............................................................................................................. xiv 

List of figures........................................................................................................... xviii 

Chapter 1: General introduction.......................................................................... 1 

1.1 Stock assessment techniques.................................................................. 2 

1.2 Cubomedusae......................................................................................... 8 

1.3 Statoliths as a tool.................................................................................. 11  

Chapter 2: Using statolith morphometrics to discriminate among Cubozoa taxa   

 ...................................................................................................................... 14 

2.1 Abstract.................................................................................................. 14 

2.2 Introduction............................................................................................ 15 

2.3 Materials and methods........................................................................... 18 

 2.3.1 Samples................................................................................... 18 

 2.3.2 Obtaining statolith images....................................................... 19 

 2.3.3 Length: Width ratios................................................................ 20 

 2.3.4 Elliptical Fourier Analysis....................................................... 23 

 2.3.5 Statistical analyses.................................................................... 24 

  2.3.5.1 Length: Width ratios................................................. 24 

  2.3.5.2 Elliptical Fourier Analysis........................................ 24 



x 
 

2.4 Results..................................................................................................... 25 

 2.4.1 Length: Width ratios................................................................ 25 

 2.4.2 Elliptical Fourier Analysis....................................................... 32 

2.5 Discussion............................................................................................... 38 

2.6 Conclusion.............................................................................................. 44 

Chapter 3: Statolith morphometrics as a tool to distinguish among populations of 

three Cubozoan species........................................................................................... 45 

 3.1 Abstract................................................................................................... 45 

 3.2 Introduction............................................................................................. 46 

 3.3 Materials and methods............................................................................ 48 

  3.3.1 Sampling.................................................................................. 48 

  3.3.2 Obtaining statolith images....................................................... 51 

  3.3.3 Elliptical Fourier Analysis....................................................... 52 

  3.3.4 Statistical analyses.................................................................... 53 

 3.4 Results..................................................................................................... 54 

  3.4.1 Carukia barnesi........................................................................ 54 

  3.4.2 Copula sivickisi........................................................................ 57 

  3.4.3 Chironex fleckeri...................................................................... 59 

 3.5 Discussion............................................................................................... 62 

 3.6 Conclusion.............................................................................................. 66 

  



xi 
 

Chapter 4: Discriminating populations of medusae (Chironex fleckeri, Cubozoa) 

using statolith microchemistry............................................................................... 68 

 4.1 Abstract................................................................................................... 68 

 4.2 Introduction............................................................................................. 69 

 4.3 Materials and methods............................................................................ 72 

  4.3.1 Sampling.................................................................................. 72 

  4.3.2 Statolith preparation................................................................ 74 

  4.3.3 LA-ICPMS operation and data processing.............................. 75 

  4.3.4 Spatial and temporal variation in statolith elemental signatures 

  ........................................................................................................... 77 

 4.4 Results..................................................................................................... 78 

  4.4.1 Spatial variation....................................................................... 78 

  4.4.2 Temporal variation................................................................... 86 

 4.5 Discussion................................................................................................ 97 

 4.6 Conclusion............................................................................................... 105 

Chapter 5: The influence of salinity on Chironex fleckeri statolith elemental 

chemistry.................................................................................................................. 107 

 5.1 Abstract................................................................................................... 107 

 5.2 Introduction............................................................................................. 108 

 5.3 Materials and methods............................................................................. 111 

  5.3.1 Sampling................................................................................... 111 

  5.3.2 Choice of salinity range............................................................ 111 

  5.3.3 Experimental design................................................................. 112 

  5.3.4 SO-ICPMS analysis.................................................................. 113 

  5.3.5 Statolith preparation.................................................................. 113 



xii 
 

  5.3.6 LA-ICPMS operation and data processing............................... 114 

  5.3.7 Statistical analyses.................................................................... 116 

  5.3.8 Statolith Sr/Ca vs. water temperature....................................... 117 

 5.4 Results...................................................................................................... 118 

  5.4.1 Critical salinity test................................................................... 118 

  5.4.2 Water chemistry........................................................................ 118 

   5.4.2.1 When ratioed to Ca.................................................... 119 

  5.4.3 Statolith chemistry.................................................................... 119 

   5.4.3.1 Sr/Ca.......................................................................... 119 

   5.4.3.2 Other elements/Ca..................................................... 120 

  5.4.4 Partition coefficients................................................................. 121 

  5.4.5 Multivariate salinity signature.................................................. 121 

  5.4.6 Statolith Sr/Ca vs. water temperature....................................... 126 

 5.5 Discussion................................................................................................ 127 

  5.5.1 Sr/Ca......................................................................................... 128 

  5.5.2 Other elements/Ca.................................................................... 130 

 5.6 Conclusion............................................................................................... 135 

Chapter 6: General discussion................................................................................ 136 

 6.1 Statoliths as a tool.................................................................................... 136 

  6.1.1 Statolith morphometrics........................................................... 137 

  6.1.2 Image analysis.......................................................................... 139 

  6.1.3 Statolith elemental chemistry................................................... 140 

  6.1.4 LA-ICPMS............................................................................... 142 

 6.2 Cubomedusae population ecology.......................................................... 142 

  6.2.1 Medusae population genetics................................................... 144 



xiii 
 

  6.2.2 A multi-technique approach.................................................... 145 

 6.3 Conclusions............................................................................................. 146 

Literature cited....................................................................................................... 149 

Appendix A: The ecology of box jellyfishes (Cubozoa).......................................... 173 

Appendix B: Sources and movements of Chironex fleckeri medusae using statolith 

elemental chemistry........................................................................................ 210 

Appendix C: R scripts for statolith shape analysis.................................................. 220 

   

  



xiv 
 

List of tables 

 

Table 1.1: Some benefits and limitations of popular stock assessment techniques.. 3 

Table 2.1: Summary of the specimens used in the study. IPD; Interpedalial distance, 

ND; no data – archived samples....................................................................... 19 

Table 2.2: ANOVA results of statolith Length: Width among 13 species for proximal, 

oral and lateral faces. 4 ≤ n ≤ 20, *** = p < 0.001........................................... 25 

Table 2.3: Tukey HSD Multiple Comparisons for ANOVA of statolith Length: Width 

among species for (a) proximal, (b) oral and (c) lateral faces. NS = No significant 

difference, * = p < 0.05, ** = p < 0.01, *** = p < 0.001................................. 27 

Table 2.4: Canonical Discriminant Analysis (CDA) classifications for statolith Length: 

Width ratios for proximal + oral + lateral faces (correct in bold). Grey = CDA 

classification; white = classification following jackknife cross validation.... 31 

Table 2.5: Number of harmonics required to gain > 99% shape power from Elliptical 

Fourier Analysis for statolith proximal, oral and lateral faces of 13 cubozoan 

species.............................................................................................................. 33 

Table 2.6: Important Normalised Elliptical Fourier (NEF) coefficients (eigenvalue > 1) 

for explaining statolith shape variation among species for proximal, oral and 

lateral faces....................................................................................................... 33 

Table 2.7: Summary of Normalised Elliptical Fourier coefficient (eigenvalue > 1) 

Canonical Discriminant Analysis (CDA) classifications among species for 

different statolith faces: P = proximal face, O = oral face, L = lateral face. 

Percentages = samples correctly classified to their species group for CDA (grey) 

and following jackknife cross validation (white)............................................ 36 



xv 
 

Table 2.8: Canonical Discriminant Analysis (CDA) classifications for Normalised 

Elliptical Fourier coefficients (eigenvalue > 1) for statolith proximal + oral + 

lateral faces among species (correct in bold). Grey = CDA classification; white 

= classification following jackknifing............................................................ 37 

Table 2.9: Regression results for dependence of statolith shape on statolith size. 

* = p < 0.05, ** = p < 0.01............................................................................. 38 

Table 3.1: Details of medusae collection locations; code corresponds to Fig. 3.1, and 

summary of specimens used in the study. IPD; Interpedalial distance, ND; no data 

– archived samples, n = 20 per species per location....................................... 50 

Table 3.2: Important Normalised Elliptical Fourier (NEF) coefficients (eigenvalue > 1) 

for explaining statolith shape variation among locations for proximal, oral and 

lateral faces for each species............................................................................ 55 

Table 3.3: Summary of Canonical Discriminant Analysis (CDA) classifications among 

locations for (a) Carukia barnesi, (b) Copula sivickisi, and (c) Chironex fleckeri 

different statolith faces: P = proximal face, O = oral face, L = lateral face. 

Percentages = samples correctly classified to their sampling location for CDA 

(grey) and following jackknife cross validation (white). Bold = CDA significant at 

p < 0.05............................................................................................................ 61 

Table 3.4: Jackknifed classifications for Canonical Discriminant Analyses for (a) 

Copula sivickisi statolith proximal face and (b) Chironex fleckeri statolith oral + 

lateral faces among locations, n = 20 per location, correctly classified in bold

 ...................................................................................................................... 62 

Table 4.1: Details of Chironex fleckeri medusae collection sites. Code corresponds to 

Fig. 4.1. Season: 1(2008/2009), 2(2009/2010), 3(2010/2011), 4(2011/2012), 

AIMS: Australian Institute of Marine Science................................................ 74 



xvi 
 

Table 4.2: Results of nested ANOVA for element/Ca ratios in statolith core, statolith 

edge and whole statolith for region (random; a = 3) and site within region 

(random; b = 3), n = 5. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.............. 80 

Table 4.3: Canonical Discriminant Analysis (CDA) classifications based on multi 

element/Ca ratios for statolith core, statolith edge and whole statolith grouped by 

region (n = 15 per region; Bold = correctly classified). Grey = CDA classification; 

white = classification following jackknife cross validation............................. 83 

Table 4.4: Canonical Discriminant Analysis (CDA) classifications based on multi 

element/Ca ratios for statolith core, statolith edge and whole statolith grouped by 

site within region (n = 5 per site; Bold = CDA significant at p < 0.05); PR = Pine 

River, AP = Andoom Point, HP = Hey Point, HS = Horseshoe Bay, AIMS = 

Australian Institute of Marine Science, S = Strand, EB = Eimeo Beach, HB = 

Harbour Beach, BB = Blacks Beach. Grey = CDA classification; white = 

classification following jackknifing............................................................... 85 

Table 4.5: Jackknifed classification for site within region Canonical Discriminant 

Analyses for (a) Weipa whole statolith, (b) Townsville whole statolith, (c) 

Mackay statolith edge, (d) Mackay whole statolith (Bold = correctly classified); 

PR = Pine River, AP = Andoom Point, HP = Hey Point, HS = Horseshoe Bay, 

AIMS = Australian Institute of Marine Science, S = Strand, EB = Eimeo Beach, 

HB = Harbour Beach, BB = Blacks Beach..................................................... 85 

Table 4.6: Results of two factor mixed model ANOVA for element/Ca ratios in statolith 

core, statolith edge and whole statolith for site (random; a = 5) and season (fixed; 

b = 2), n = 5, * = p < 0.05, ** = p < 0.01, *** = p < 0.001............................ 88 

Table 4.7: Results of ANOVA for element/Ca ratios in statolith core, statolith edge and 

whole statolith among seasons (fixed; a = 4), n = 5, ** = p < 0.01................ 92 



xvii 
 

Table 4.8: Canonical Discriminant Analysis (CDA) classifications based on multi 

element/Ca ratios for statolith core, statolith edge and whole statolith for Chironex 

fleckeri collected from the Strand over four seasons (n = 5 per season). Grey = 

CDA classification; white = classification following jackknifing.................. 93 

Table 4.9: Results of ANOVA for element/Ca ratios in statolith core, statolith edge and 

whole statolith for month within a season (random; a = 3), n = 5, * = p < 0.05 

 .......................................................................................................................... 94 

Table 4.10: Canonical Discriminant Analysis (CDA) classifications based on multi 

element/Ca ratios for statolith core, statolith edge and whole statolith for Chironex 

fleckeri collected on three trips to Napranum over the 2011/2012 season (n = 5 per 

month). Grey = CDA classification; white = classification following jackknifing 

 ......................................................................................................................... 97 

Table 5.1: Observed response of 20 Chironex fleckeri medusae resulting from 

sequential drops in salinity.............................................................................. 118 

Table 5.2: ANOVA results of log (Sr/Ca) ratios for (a) water chemistry (a = 4, n = 4, 

F-crit.0.05 = 3.49), (b) statolith chemistry (a = 4, n = 5, F-crit.0.05 = 3.24), and (c) 

partition coefficient DSr (a = 4, n = 5, F-crit.0.05 = 3.24)................................. 122 

Table 5.3: ANOVA results of log (element/Ca) ratios for (a) water chemistry (a = 4, 

n = 4, F-crit.0.05 = 3.49), (b) statolith chemistry (a = 4, n = 5, F-crit.0.05 = 3.24; 

Mg/Ca = 3.29), and (c) partition coefficient DMe (a = 4, n = 5, F-crit.0.05 = 3.24; 

Mg/Ca = 3.29). S = Salinity, R = Residual, *** = p < 0.001........................ 124 

Table 5.4: Canonical Discriminant Analysis (CDA) classifications based on log 

(Ba/Ca), log (Mg/Ca), and log (Zn/Ca) of Chironex fleckeri statolith experimental 

zone for four salinity treatments. (n = 5 per treatment; Bold = correctly classified). 

Grey = CDA classification; white = classification following jackknifing.... 125 



xviii 
 

List of figures 

 

Fig. 1.1: Examples of cubomedusae: (a) Copula sivickisi (Carybdeida), note only single 

tentacle per pedalium and presence of nematocysts on bell; (b) Chironex fleckeri 

(Chirodropida), note the multiple tentacles per pedalium and lack of nematocysts 

on exumbrella of bell....................................................................................... 9 

Fig. 1.2: (a) Chironex fleckeri rhopalium displaying pit eyes (PE), upper lens eye 

(ULE), slit eyes (SE), statolith (ST) and lower lens eye (LLE); (b) polished 

C. fleckeri statolith showing concentric growth increments, note core 

region............................................................................................................... 12 

Fig. 2.1: Proximal view of Chironex fleckeri rhopalium showing location and 

orientation of statolith (inset) and example silhouettes for statolith proximal, oral 

and lateral faces of 13 cubozoan species......................................................... 21 

Fig. 2.2: Locator landmark positions for proximal, oral and lateral statolith faces of 13 

cubozoan species.............................................................................................. 22 

Fig. 2.3: Mean Length: Width ratios for statolith proximal face (white), oral face (grey) 

and lateral face (black) for 13 cubozoan species............................................. 26  

Fig. 2.4: Canonical Discriminant Analysis of statolith Length: Width ratios for proximal 

+ oral + lateral faces among species [Canonical Variate (CV) 1 = 84.3%, CV 2 = 

8.2%]. Ellipses = confidence around group data. Individual statolith face loadings 

are indicated for each CV................................................................................. 30 

Fig. 2.5: Canonical Discriminant Analyses of Normalised Elliptical Fourier coefficients 

(eigenvalue > 1) for (a) proximal [Canonical Variate (CV) 1 = 66.1%, CV 2 = 

10.7%], (b) oral (CV 1 = 81.2%, CV 2 = 4.9%), (c) lateral (CV 1 = 43.6%, CV 2 

= 16.4%), (d) proximal + oral (CV 1 = 59.9%, CV 2 = 13.3%), (e) proximal + 



xix 
 

lateral (CV 1 = 53.6%, CV 2 = 14.9%), (f) oral + lateral (CV 1 = 63.7%, CV 2 = 

12.8%), and (g) proximal + oral + lateral (CV 1 = 52.7%, CV 2 = 13.6%)  statolith 

faces among species. Ellipses = confidence around group data...................... 35 

Fig. 2.6: Fig. 2.5g [Canonical Variate (CV) 1 = 52.7%, CV 2 = 13.6%] with samples 

grouped by family instead of species.............................................................. 41 

Fig. 3.1: Map showing sampling locations around northern Queensland (Australia) 

coastline where medusae were collected. See Table 3.1 for location details 

 ......................................................................................................................... 49 

Fig. 3.2: (a) Chironex fleckeri rhopalium showing orientation of statolith, ULE: upper 

lens eye, LLE: lower lens eye, ST: statolith, PE: pit eye, SE: slit eye, (b) example 

statolith silhouettes of study species............................................................... 52 

Fig. 3.3: Canonical Discriminant Analyses of Normalised Elliptical Fourier coefficients 

(eigenvalue > 1) for Carukia barnesi (a) proximal [Canonical Variate (CV) 1 = 

61.9%, CV 2 = 38.1%], (b) oral (CV 1 = 66.4%, CV 2 = 33.6%), (c) lateral 

statolith faces (CV 1 = 63%, CV 2 = 37%), and top 10 coefficients per face for 

(d) proximal + oral (CV 1 = 62%, CV 2 = 38%), (e) proximal + lateral (CV 1 = 

60.71%, CV 2 = 39.3%), (f) oral + lateral (CV 1 = 69.1%, CV 2 = 30.9%), and 

(g) proximal + oral + lateral  statolith faces (CV 1 = 63.3%, CV 2 = 36.7%) 

among locations............................................................................................. 56 

Fig. 3.4: Canonical Discriminant Analyses of Normalised Elliptical Fourier coefficients 

(eigenvalue > 1) for Copula sivickisi (a) proximal [Canonical Variate (CV) 1 = 

64.9%, CV 2 = 35.1%], (b) oral (CV 1 = 67.9%, CV 2 = 32.1%), (c) lateral 

statolith faces (CV 1 = 65.3%, CV 2 = 34.7%), and top 10 coefficients per face for 

(d) proximal + oral (CV 1 = 62.9%, CV 2 = 37.1%), (e) proximal + lateral (CV 1 

= 60.1%, CV 2 = 39.9%), (f) oral + lateral (CV 1 = 73.5%, CV 2 = 26.5%), and 



xx 
 

(g) proximal + oral + lateral  statolith faces (CV 1 = 64.1%, CV 2 = 35.9%) 

among locations.............................................................................................. 58 

Fig. 3.5: Canonical Discriminant Analyses of Normalised Elliptical Fourier coefficients 

(eigenvalue > 1) for Chironex fleckeri (a) proximal [Canonical Variate (CV) 1 = 

66.7%, CV 2 = 33.3%], (b) oral (CV 1 = 66%, CV 2 = 34%), (c) lateral statolith 

faces (CV 1 = 76.9%, CV 2 = 23.1%), and top 10 coefficients per face for (d) 

proximal + oral (CV 1 = 56.6%, CV 2 = 43.4%), (e) proximal + lateral (CV 1 = 

72.1%, CV 2 = 27.9%), (f) oral + lateral (CV 1 = 75.7%, CV 2 = 24.3%), and 

(g) proximal + oral + lateral  statolith faces (CV 1 = 71.6%, CV 2 = 28.4%) 

among locations............................................................................................. 60 

Fig. 4.1: Map showing sampling sites around northern Queensland (Australia) coastline 

where Chironex fleckeri medusae were collected. See Table 4.1 for site details 

 .......................................................................................................................... 73 

Fig. 4.2: Polished Chironex fleckeri statolith post laser ablation with 16 µm mask 

showing step-repeat path from statolith core to edge across concentric increments 

and section around edge. Statolith zones of core, edge and whole used for 

analyses are indicated...................................................................................... 76 

Fig. 4.3: Mean element/Ca ratios (± SE) for Chironex fleckeri statolith core, statolith 

edge and whole statolith for sites nested within regions. n = 5 per site.......... 79 

Fig. 4.4: Canonical Discriminant Analyses of multi-element/Ca ratios for (a) statolith 

core (Canonical Variate; CV 1 = 72.1%, CV 2 = 27.9%), (b) statolith edge 

(CV 1 = 92.7%, CV 2 = 7.3%) and (c) whole statolith (CV 1 = 90.4%, CV 2 = 

9.6%) grouped by the regions of Weipa (W), Townsville (T) and Mackay (M). 

n = 15 per region. Ellipses = confidence around group data. Individual element/Ca 

loadings are indicated for each CV.................................................................. 83   



xxi 
 

Fig. 4.5: Canonical Discriminant Analyses of multi-element/Ca ratios for statolith core 

[a (Canonical Variate; CV 1 = 78.5%, CV 2 = 21.5%), d (CV 1 = 76.5%, CV 2 = 

23.5%), g (CV 1 = 54.5%, CV 2 = 45.5%)], statolith edge [b (CV 1 = 89.9%, CV 

2 = 10.1%), e (CV 1 = 88.6%, CV 2 = 11.4%), h (CV 1 = 71.9%, CV 2 = 28.1%)] 

and whole statolith [c (CV 1 = 73.7%, CV 2 = 26.3%), f (CV 1 = 97.3%, CV 2 = 

2.7%), i (CV 1 = 87%, CV 2 = 13%)] grouped by sites within Weipa [a – c; Pine 

River (PR), Andoom Point (AP), Hey Point (HP)], Townsville [d – f; Horseshoe 

Bay (HS), Australian Institute of Marine Science (AIMS), Strand (S)] and 

Mackay [g – i; Eimeo Beach (EB), Harbour Beach (HB), Blacks Beach (BB)]. 

n = 5 per site. Ellipses = confidence around group data. Individual element/Ca 

loadings are indicated for each CV.................................................................. 84   

Fig. 4.6: Mean element/Ca ratios (± SE) for Chironex fleckeri statolith core, statolith 

edge and whole statolith for sites at Weipa over two seasons: 2010/2011 (white 

bars) and 2011/2012 (grey bars). n = 5 per site............................................... 87 

Fig. 4.7: Mean element/Ca ratios (± SE) for statolith core, statolith edge and whole 

statolith from Chironex fleckeri collected from the Strand over four seasons. n = 5 

per season. % = magnitude and direction of change from mean values from one 

season to next................................................................................................... 91 

Fig. 4.8: Canonical Discriminant Analyses of multi-element/Ca ratios for (a) statolith 

core (Canonical Variate; CV 1 = 77.4%, CV 2 = 22%), (b) statolith edge (CV 1 

= 71%, CV 2 = 22.8%) and (c) whole statolith (CV 1 = 74.8%, CV 2 = 21.1%) 

from Chironex fleckeri collected from the Strand over four seasons: 2008/2009 

(1), 2009/2010 (2), 2010/2011 (3), and 2011/2012 (4). n = 5 per season. Ellipses 

= confidence around group data. Individual element/Ca loadings are indicated for 

each CV........................................................................................................... 93   



xxii 
 

Fig. 4.9: Mean element/Ca ratios (± SE) for statolith core, statolith edge and whole 

statolith from Chironex fleckeri collected on three trips to Napranum over 

2011/2012 season. n = 5 per month. % = magnitude and direction of change from 

mean values from one trip to next................................................................... 95 

Fig. 4.10: Canonical Discriminant Analyses of multi-element/Ca ratios for (a) statolith 

core (Canonical Variate; CV 1 = 87.6%, CV 2 = 12.4%), (b) statolith edge (CV 1 

= 66.9%, CV 2 = 33.1%) and (c) whole statolith (CV 1 = 80.1%, CV 2 = 19.9%) 

from Chironex fleckeri collected on three trips to Napranum over 2011/2012 

season: November (Nov), December (Dec) and January (Jan). n = 5 per trip. 

Ellipses = confidence around group data. Individual element/Ca loadings are 

indicated for each CV...................................................................................... 96 

Fig. 4.11: Mean Sr/Ca (± SE) in Chironex fleckeri whole statoliths of medusae collected 

from the Strand, Townsville for four stinger seasons vs. mean water temperature 

(± SE) of two months prior to medusae collection recorded at Middle Reef, 

Cleveland Bay, Townsville (based on Australian Institute of Marine Science data). 

Regression: Sr/Ca dependent on water temperature (y = 0.210x – 3.133, 

R
2
 = 0.994; F1, 2 = 356.89, p = 0.003)............................................................ 104 

Fig. 5.1: Section of polished Chironex fleckeri statolith displaying concentric growth 

increments and 16 µm step-repeat laser ablation path around statolith edge 

 ........................................................................................................................ 115 

Fig. 5.2: Mean Sr/Ca ratios (± SE) for (a) experimental water, and (b) experimental 

zone of Chironex fleckeri statolith, and (c) ratio partition coefficient (DSr) across 

salinity treatments............................................................................................ 122 



xxiii 
 

Fig. 5.3: Mean element/Ca ratios (± SE) for experimental water, experimental zone of 

Chironex fleckeri statolith, and ratio partition coefficient (DMe) across salinity 

treatments....................................................................................................... 123 

Fig. 5.4: Canonical Discriminant Analysis of Chironex fleckeri statolith log (Ba/Ca), 

log (Mg/Ca), and log (Zn/Ca) for four salinity treatments. Canonical Variate (CV) 

1 = 87.9%, CV 2 = 12.2%. Ellipses = confidence around group data. Individual 

elemental ratio loadings are indicated for each CV........................................ 125 

Fig. 5.5: Sr/Ca in Chironex fleckeri statolith vs. water temperature. Sr/Ca = whole 

statolith for four seasons from the Strand (from Chapter 4); statolith edge for 2012 

Experiment and 2010 Field calibration. Water temperature = mean of two months 

prior to medusae collection for four seasons from the Strand; mean over four days 

for 2012 Experiment; mean over three days for 2010 Field calibration 

(Regression: Sr/Ca dependent on water temperature, y = 0.215x – 3.320, 

R
2
 = 0.543; F1, 28 = 33.28, p < 0.001).............................................................. 126 

 

 

 

   

  



 
 

  



   

1 
 

Chapter 1: General introduction 

The nature of ecology is the study of distribution and abundance. Sympatric 

assemblages of organisms are made up of multiple populations of species. The structure 

of populations and factors influencing variation in numbers is the essence of population 

dynamics. 

The box jellyfishes (Cubomedusae) are perhaps most commonly known for their 

harmful and sometimes fatal stings to humans, envenomations which have become of 

more global interest in recent years (Gershwin et al. 2010, Carrette et al. 2012, 

Thaikruea et al. 2012). Cubomedusae are also known for several characteristics unique 

to medusae such as complex eyes (Garm et al. 2007), strong directional swimming 

(Colin et al. 2013) and orientation behaviour (Garm et al. 2011). However due to their 

gelatinous nature and rarity of most species, identification can be difficult with the 

taxonomy of Cubozoa regularly updated (Gershwin 2006, Bentlage et al. 2010, 

Bentlage and Lewis 2012, Bentlage 2013). As not all cubomedusae are equally 

venomous to humans, reliable identification of box jellyfish is an important issue for 

informed risk management (Bentlage and Lewis 2012). Very little is known about 

cubozoan population structures.  A recent study on jellyfish populations found 62% of 

investigated large marine ecosystems showed increasing trends in jellyfish occurrences 

(Brotz et al. 2012), with another indicating that jellyfish populations undergo large, 

worldwide oscillations approximately every 20 years (Condon et al. 2013), making the 

need for better knowledge on cubozoan population ecology critical.  

 In order to elucidate temporal and spatial variation in cubozoans one must first 

establish how populations are structured. The ‘stock’ concept is one that essentially 

describes characteristics of a population unit which is assumed homogeneous for 
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particular management purposes (Begg and Waldman 1999); ideally where reproductive 

output, recruitment and growth determine the population size in number and biomass 

(Sinclair 1988). These reproductively self-replenishing groups may also be genetically 

distinct (Fairclough et al. 2013). Stocks of box jellyfish may include one or multiple 

‘local populations’ found within bays along a beach or in estuaries, and there may be 

considerable exchange between (see Fig 12.1; Appendix A). Several stocks could make 

up the ‘metapopulation’, a unit which often equates to the biogeographic range of a 

species. Fisheries science has seen several techniques applied to stock assessment and it 

is generally accepted that multiple approaches increase the accuracy of stock 

identification. 

1.1 STOCK ASSESSMENT TECHNIQUES 

 Investigations into population parameters of many taxa have developed a large 

range of stock assessment techniques. The majority of techniques fall into several 

categories: tagging (artificial and natural), meristics and morphometrics, genetics, and 

elemental chemistry of calcified structures, all with their own benefits and limitations 

(Table 1.1).  

 Mark and recapture tagging techniques are among the most historically favoured 

approaches for stock identification and migration studies (Pawson and Jennings 1996). 

Fish and invertebrates have been tagged with a variety of methods ranging from low-

tech coloured thread to high-tech satellite transponders (Hastein et al. 2001). Coded 

wire tags were found useful for red snapper (Lutjanus campechanus; Brennan et al. 

2007). Brennan et al. (2007) also found visual implant elastomer (VIE) useful, a 

technique perhaps found at most use in invertebrates where external tags can be 

problematic. VIE proved viable for long-term tracking of giant octopus (Enteroctopus 
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dofleini; Brewer and Norcross 2012), and the method was found to have no significant 

effect on growth and mortality of Caribbean reef squid (Sepioteuthis sepioidea; Zeeh 

and Wood 2009). More complex tags and sophisticated devices can record 

environmental variables while attached to animals. Satellite tagging has been used 

extensively in large, strong megafauna (Palumbi 2004) including white sharks 

(Carcharadon carcharias; Boustany et al. 2002). Some tags archive data and release 

themselves from the animals to transmit geographic data via a satellite as used on 

bluefin tuna (Thunnus thynnus; Block et al. 2001) and black marlin (Makaira indica; 

Gunn et al. 2003). Natural tags have also been used. 

 Parasites can be used as natural tags. When a fish moves, it carries a legacy 

which reflects a previously occupied habitat (Pawson and Jennings 1996). An animal 

can become infected with a parasite only when they come within a geographic region in 

which conditions are suitable for transmission of the parasite. The greater the number of 

parasites with different endemic areas, the more information that can be obtained about 

the host’s past movements (MacKenzie and Abaunza 1998). Due to benefits and 

limitations of different tagging techniques (see Table 1.1), it is said that different 

tagging techniques should be seen as complimenting each other (MacKenzie and 

Abaunza 1998). 

 Phenotypic variation in meristic and morphological characters has long been 

used for stock identification as persistent differences between stocks (whether 

environmental or genetic in origin) could be sufficient cause for population separation 

(Begg et al. 1999). Meristics, countable morphological structures such as gill rakers, 

scales or fin rays, are the historic basis of stock identification (Begg and Waldman 

1999) and are often determined in a distinct ontogenetic stage where environmental 
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influences effect development (Cadrin 2010). ‘Landmarks’ are often used for general 

body form (e.g. fin placement or body depth) and outline features of whole body, or 

mostly parts of body (e.g. fish otolith) are also commonly used characters (Cadrin 

2010). Studies that have used otolith shape have generally analysed the outer contour of 

the whole otolith, often using Fourier descriptors to model shape (Bird et al. 1986, 

Cardinale et al. 2004). Internal morphological features of otoliths have also been 

utilised and include relative shape and distances between regions within otoliths (Begg 

and Brown 2000, Begg et al. 2001, Berg et al. 2005). Morphometric analyses of 

analogous calcified structures of other phyla have also been successful (e.g. cephalopod 

statoliths; Lombarte et al. 2006). Morphometric patterns are generally the result of 

geographic differences in growth, maturity and mortality; all factors critical to 

population dynamics (Cadrin 2010).  

 Genetic assays are a powerful tool for stock investigation. Techniques that use 

molecular markers can identify individuals, parents, other taxa levels and differences 

among populations and stocks (Schwartz et al. 2007), providing a direct basis for stock 

structure (Begg et al. 1999). Non-invasive genetic sampling such as fin clips, or other 

parts of an animal, can be relatively inexpensive to collect and reveal a unique genetic 

code (revealed by microsatellites). Coupled with more traditional catch-mark-recapture 

techniques non-invasive investigations are usually used on species that are rare, 

dangerous, difficult or expensive to capture (Schwartz et al. 2007). Molecular 

techniques can also be applied to animal parts to trace them to their stock of origin; for 

example shark fins from Hong Kong markets were used to determine where scalloped 

hammerhead sharks (Sphyrna lewini) were fished from (Chapman et al. 2009). 

Although a powerful technique, genetic analyses can prove inadequate in situations 

where even the slightest mixing of larvae or adults of a target species occurs (Begg et al. 
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1999; Table 1.1). Some genetic methods provide information at an evolutionary time 

scale, where other techniques such as elemental analyses can provide information at an 

ecological time scale at which management can operate (Fairclough et al. 2013).  

A common tool for investigating population structure and connectivity in marine 

systems is the use of natural geochemical signatures based on the elemental or isotopic 

composition of calcified structures (Thorrold et al. 2002). Geology, upwelling, 

freshwater runoff and anthropogenic inputs combine to create a complex and diverse 

trace element seascape (Miller et al. 2013). The basis of geochemical signatures in 

calcified structures as a useful stock assessment tool is that trace elements from 

surrounding waters substitute for calcium (Ca) in the structure’s calcium-carbonate 

(CaCO3) matrix (Zacherl et al. 2003). Calcified structures which are metabolically inert 

and have continuous growth such as fish otoliths (e.g. Campana et al. 2000) and mollusc 

statoliths (e.g. Arkhipkin et al. 2004) have been used as natural loggers of the animal’s 

exposure to different water masses, and are popular for differentiating among 

populations since otolith, or statolith, elemental composition can be a natural tag even 

without knowledge of the original source of component elements (Edmonds et al. 1995, 

Campana 1999). Three main techniques exist for analysing elemental chemistry of 

calcified structures. Firstly Solution based Inductively Coupled Plasma Mass 

Spectrometry (SO-ICPMS) involves dissolving an entire calcified structure (otolith, 

statolith or the like) to obtain an elemental signature over an organism’s entire life 

(Campana 1999, Miller et al. 2013). Secondly Laser Ablation – ICPMS allows 

elemental signatures from designated regions within a calcified structure, or profile 

across chronological increments to be analysed (Ikeda et al. 2003, Fowler et al. 2005). 

Both these techniques typically result in elemental/Ca ratios. Thirdly, stable isotope 
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analysis can come from Isotope Ratio Mass Spectrometry (IRMS; Fairclough et al. 

2013, Tanner et al. 2013).    

The choice of stock assessment technique applied to a certain species will be 

dependent upon characteristics of that target species and the type of information sought 

by investigators. Weighing up benefits and limitations of each technique (Table 1.1) and 

the availability of material will help these decisions. Indeed, studies which incorporate a 

multi-technique approach, using two or more separate techniques obtain the best stock 

differentiation (Begg and Waldman 1999, Hamer et al. 2012). Uncertainty in 

determining population structure is usually great if the target species: is short lived, is 

highly fecund, displays great temporal variation in abundance and/or a large proportion 

of the stock can become aggregated (Kingsford et al. 2000). Medusae populations 

satisfy all these criteria, so which techniques are appropriate for rare, gelatinous and 

fragile organisms and can be reliable in the search for knowledge on cubomedusae 

population ecology? 

1.2 CUBOMEDUSAE 

 Cubozoans are a class within the Phylum Cnidaria and are known from fossil 

records dating back 300 Ma to the Carboniferous age (Young and Hagadorn 2010). Yet 

surprisingly little is known of their population ecology. Largely cryptic species, 

cubomedusae are almost pantropical in distribution with some taxa recorded to latitudes 

of 42°N (e.g. Carybdea marsupialis in the Mediterranean; Bordehore et al. 2011) and 

42°S (e.g. Carybdea rastonii off Tasmania, Australia; Edgar 2008; see Table 12.1; 

Appendix A). Due to their gelatinous nature and a Bell Height (BH) of less than 10cm 

for most species (e.g. Copula sivickisi BH = 1cm; Hartwick 1991a), the identification of 

species can be problematic. All have a distinctive cuboidal bell, four rhopalia (one on 
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each side of bell; each possessing up to six eyes; Fig 1.2a) connected via the nerve ring, 

and pedalia at each corner of the bell from which contractile tentacles hang (see 

Fig. 12.2; Appendix A). All species fall within the two Orders, Carybdeida and 

Chirodropida, based largely on their gross morphology (Fig 1.1). Currently 41 cubozoan 

species are accepted worldwide, 30 carybdeids and 11 chirodropids (Collins 2014), but 

rarity of some species and confusion of identity results in regularly updated taxonomy 

(Gershwin 2006, Bentlage et al. 2010, Bentlage and Lewis 2012, Bentlage 2013). 

  

Fig. 1.1: Examples of cubomedusae: (a) Copula sivickisi (Carybdeida), note only single 

tentacle per pedalium and presence of nematocysts on bell; (b) Chironex fleckeri 

(Chirodropida), note the multiple tentacles per pedalium and lack of nematocysts on 

exumbrella of bell 

 

 Cubozoans have a bipartite lifecycle encompassing an asexual benthic polyp 

phase and sexual, mostly neritic medusoid phase (see Fig. 12.4; Appendix A). Strong 

seasonalities seen in many species (Hartwick 1991b, Stewart 1996, Gordon et al. 2004) 

are believed to be the result of these alternate life phases. Coastlines of northern 

Australia experience such seasonalities in cubozoan occurrences that there is a defined 

‘stinger season’ (Hartwick 1991b, Currie and Jacups 2005), the duration of which 
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appears to depend on proximity to the equator (Jacups 2010). As Chironex fleckeri is 

the largest of the cubozoa (Kinsey 1986) and considered one of the most venomous of 

all animals (Hamner et al. 2005) the species is the major cause of concern during the 

season when medusae are present. Hartwick (1991b) proposed that the strong 

seasonality of C. fleckeri medusae resulted from a shift in preferred habitats. It was 

proposed that polyps were in protected estuaries during the dry season and emerged as 

medusa to open coastline to feed on prawns and bait fish in the monsoon season. This 

evolved into the paradigm that C. fleckeri medusae are flushed out of creeks come the 

wet season. However, polyps assumed to be those of C. fleckeri were only found once 

in the wild, under granite rocks in the tidal Bluewater Creek, north Queensland, 

Australia (Hartwick 1991b). In fact, wild populations of cubozoan polyps have only 

been recorded to have been found twice, C. fleckeri in north Queensland and Carybdea 

marsupialis on dead shells in mangrove channels in Puerto Rico (Cutress and 

Studebaker 1973). Our understanding therefore of polyp sources, and consequent 

movements, of medusae is rudimentary. 

 Several of the aforementioned stock assessment techniques have been applied in 

some way to medusae. Stock assessment of jellyfish has historically focused on 

Scyphozoa (Cnidaria) of which some species have targeted fisheries (Kingsford et al. 

2000, Pitt and Kingsford 2000). Acoustic tags have been used for both scypho – and 

cubomedusae in behavioural studies but have not yet been applied to population 

assessments. Moriarty et al. (2012) used acoustic telemetry to obtain detailed behaviour 

on the two scyphozoans Cyanea capillata and Phacellophora camtschatica, concluding 

that medusae clearly exhibited active swimming behaviours and were not passively 

planktonic. Gordon and Seymour (2009) applied acoustic telemetry to 12 large 

C. fleckeri medusae and found one large medusa capable of swimming ~ 10 km over 
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26 h up and down a beach front and in and out of an estuary, yet 11 remained in their 

respective coastal or estuarine habitats. These studies provide great insight into medusae 

behaviour yet are limited by potential impacts of the tag on behaviour and short time 

periods of tracking (maximum duration of 38 h reported for C. fleckeri acoustic 

tracking; Gordon and Seymour 2009) and give little insight into population structuring. 

Morphology is the basis of all taxonomy and genetics has played a major role in recent 

advancements of cubozoan taxonomy (Bentlage et al. 2010) but neither have been 

applied to stock assessment. Characterisation of microsatellite loci has been 

accomplished in C. fleckeri (Coughlan et al. 2006) and Carukia barnesi (Peplow et al. 

2009), however as yet, these also have not been applied to population studies. 

Gelatinous bodies, rarity and the relative fragility of cubomedusae make many normal 

stock assessment techniques difficult for this group.  

1.3 STATOLITHS AS A TOOL 

 Calcified structures have long been the focus of identification and population 

assessment studies in marine organisms. Structures such as fish otoliths and mollusc 

statoliths have been favoured for their abilities to act as natural recorders of life history 

exposure, based largely on the two key properties of metabolic inertness and continuous 

growth (Campana 1999, Arkhipkin 2005). Shape has been found to be species specific 

in both fish otoliths (e.g. Hecht and Appelbaum 1982) and mollusc statoliths (e.g. 

Lombarte et al. 2006). Otolith shape has also been used to separate fish stocks (e.g. 

Campana and Casselman 1993). Elemental analyses of these structures have also been 

useful to discriminate stocks of fish (e.g. Heidemann et al. 2012) and squid (e.g. 

Arkhipkin et al. 2004), and also determine connectivity between estuarine and coastal 

habitats (Gillanders 2005, McCulloch et al. 2005). Despite being mostly gelatinous, 

cubomedusae have an analogous structure to these, the statolith. 
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Fig. 1.2: (a) Chironex fleckeri rhopalium displaying pit eyes (PE), upper lens eye 

(ULE), slit eyes (SE), statolith (ST) and lower lens eye (LLE); (b) polished C. fleckeri 

statolith showing concentric growth increments, note core region 

 

  Cubozoan statoliths are for orientation by medusae (Sötje et al. 2011). The 

statolith forms within the statocyst at the base of the rhopalium (Fig. 1.2a). It consists of 

a calcium sulphate hemihydrate matrix (CaSO40.5H2O; bassanite; Tiemann et al. 2006, 

Sötje et al. 2011) not calcium carbonate (CaCO3) as in fish otoliths and mollusc 

statoliths. Statoliths of the closely related scyphomedusae have been found to have 

species specific shape (Holst et al. 2007). Concentric growth increments (Fig 1.2b), said 

to be daily, have been found in several cubozoan species (Ueno et al. 1995, Kawamura 

et al. 2003, Gordon et al. 2004, Hopf 2011, Gordon and Seymour 2012). Recent 

advances have shown it is possible to measure the elemental composition of cubozoan 

statoliths using LA-ICPMS (Mooney and Kingsford 2012; Appendix B). Potentially 

distinct shape, concentric growth increments and the ability to measure elemental 

microchemistry suggested that cubozoan statoliths could be of high utility for 

investigating cubozoan identification and population ecology. 
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 The objective of this thesis was to utilise the shape and elemental chemistry of 

cubozoan statoliths to gain knowledge on identification, population structure and 

sources and dispersal of cubomedusae. Morphometrics were used on statoliths to 

differentiate species and populations of multiple species while statolith elemental 

chemistry was used to identify population structuring of, and experimentally calibrate 

the effect of salinity on, the potentially fatal Chironex fleckeri. The specific aims for 

this project were to: 

1. Determine the effectiveness of cubozoan statolith morphometrics to discriminate 

among taxa; 

2. Distinguish  populations of Carukia barnesi, Copula sivickisi and Chironex 

fleckeri medusae using statolith morphometrics; 

3. Use statolith microchemistry determined by LA-ICPMS to differentiate 

Chironex fleckeri medusae populations at different spatial and temporal scales; 

4. Experimentally calibrate elemental incorporation into Chironex fleckeri 

statoliths resulting from changes in salinity. 
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Chapter 2: Using statolith morphometrics to discriminate 

among Cubozoa taxa 

2.1 ABSTRACT 

Identification of potentially harmful cubomedusae is difficult due to their gelatinous 

nature and rarity of many species. As the only hard structure of medusae, the statolith 

has the potential to provide robust measurements for morphometric analysis. Traditional 

morphometric Length to Width ratios (L: W) and modern morphometric Elliptical 

Fourier Analysis (EFA) were applied to proximal, oral and lateral statolith faces of 13 

cubozoan species. Both L: W and EFA were successful in quantitatively discriminating 

among species. EFA outperformed L: W as L: W gave no account of the curvature of 

the statolith. Best discrimination was achieved when analysing proximal + oral + lateral 

statolith faces in combination, with Canonical Discriminant Analysis (CDA) of 

Normalised Elliptical Fourier (NEF) coefficients classifying 99% of samples to their 

correct species group. Regression analysis demonstrated that statolith shape was not 

dependent on statolith size in all species studied except for Malo genus, yet this had 

little effect on the successful classification of samples to Malo species. High similarities 

in statolith shape were seen within families and statolith shape agreed with currently 

accepted Cubozoa taxonomy. Statolith shape can be used to quickly assign specimens to 

at least family by basic L: W of statolith faces. This has great potential to assist in risk 

management in areas where box jellyfish envenomations are a concern as the severity of 

envenomation is family dependent. We have only studied 13 of the 41 currently 

accepted cubomedusae, but analyses demonstrated that statolith shape is a useful 

additional taxonomic discriminator for the Class. Statolith proximal, oral and lateral 

faces should be included in descriptions of all species.  
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2.2 INTRODUCTION 

 Cubozoans are a class within the phylum Cnidaria. Collectively known as the 

box jellyfishes, there are currently 41 accepted species of cubomedusae worldwide split 

into the two orders of Carybdeida (30 species) and Chirodropida (11 species; Collins 

2014). Many more species remain undescribed and this total is expected to rise. 

Taxonomy of this class is largely based on medusae morphology: carybdeids have a 

single tentacle per pedalium with most having nematocysts present on both tentacle and 

bell; chirodropids have multiple tentacles per pedalium with nematocysts usually found 

only on tentacles. Due to their gelatinous nature and rarity of many species 

identification can be difficult and taxonomy of this class is regularly updated (Gershwin 

2005, 2006, Bentlage et al. 2010, Bentlage and Lewis 2012, Bentlage 2013). 

 Cubomedusae are perhaps best known for their harmful and potentially fatal 

stings to humans. Well known in Australia, envenomations from cubozoans have 

received more global interest in recent years (e.g. Gershwin et al. 2010, Carrette et al. 

2012, Thaikruea et al. 2012, Cegolon et al. 2013, Gershwin et al. 2013). Within 

Australia, box jellyfish envenomations of concern are due to two main syndromes: the 

immediately painful and potentially fatal envenomation from Chironex fleckeri 

(responsible for approximately 70 fatalities in Australia; Currie and Jacups 2005, 

Coughlan et al. 2006) or the delayed onset of debilitating symptoms associated with 

Irukandji syndrome (attributed to two deaths in Australia; Fenner and Hadok 2002, at 

least one of which was confirmed as Carukia barnesi; Pereira et al. 2010). On the Great 

Barrier Reef cubozoans are considered one of the greatest threats to tourism (Kingsford 

and Mooney 2014; Appendix A) with Irukandji syndrome attributed to over $65 million 

loss to the industry due to negative publicity in 2002 (Williams 2004). Stings from 

Irukandji jellyfishes have been named as the number one occupational health and safety 
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issue for Australia’s pearling industry, and beche de mer and tropical lobster fisheries 

(Gershwin et al. 2010). As not all cubozoans are equally venomous to humans, reliable 

identification of box jellyfishes is a critical issue for risk management (Bentlage and 

Lewis 2012). 

 Identification of cubomedusae has been achieved using distinctive structural 

characters. For Carybdeida, phacellae arrangements, rhopalial niche, or tentacle form 

have been listed as the most useful characters for distinguishing species (Gershwin 

2005). For Chirodropida, the form of gastric saccules (Kramp 1959), pedalial canal and 

branching, lateral gonads, and body and tentacle size and shape have been the most 

useful for taxa discrimination (Gershwin 2006). However, all of these structures are 

soft, pliable, and fragile gelatinous construct of the medusa form. Identification using 

soft tissue characters can be problematic as bell and tentacle tissue can easily be 

damaged depending on method of collection; specimens found washed up on a beach 

may be partially decomposed or even fragmentary following a predation event; and they 

can be difficult to recognise if animals are preserved in ethanol for genetic assays. 

Cubomedusae do however have a hard structure – the statolith. 

 Cubomedusae possess statoliths to orientate their sensory organs. The statolith, a 

hard, crystal-like structure, resilient to easy deformation, forms within the statocyst 

membrane in the distal part of the rhopalium which holds the eyes (inset Fig. 2.1). As 

the only hard structure of cubomedusae the statolith provides an opportunity for robust 

morphometric analysis. Otolith and statolith shapes have been found to be distinctly 

species specific in fishes (e.g. Hecht and Appelbaum 1982, Gaemers 1984) and 

cephalopods (e.g. Lombarte et al. 1997, 2006) respectively, providing a valuable tool 

for taxonomy. Ontogenetic changes in shape of fish otoliths and cephalopod statoliths 

mean shape comparisons may only be applicable to adults in some species as structures 
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can be of similar shape during developmental stages (Clarke 1978, Hecht and 

Appelbaum 1982); thus there can be potential to confound differences in shape among 

taxa with differences in size of individuals. Statoliths of the closely related 

scyphomedusae have also been found to have species specific shape (Holst et al. 2007). 

Cubozoan statoliths may provide a similar taxonomic tool and qualitative assessments 

have suggested cubozoan statolith shape to be genus specific (Gershwin et al. 2013). 

Qualitative descriptions are imprecise, and can have limited powers of discrimination as 

given differences in shape among taxa can be complex and subtle without 

measurements (Bonhomme et al. 2014).  

 Analyses of shape have been used widely to describe phenotypic variation 

among and within taxa. Shape can be defined as the total of all information invariant 

under translation, rotations and isotopic rescaling (Kendall 1989, Small 1996). For 

morphometric analyses there is a requirement that variation in shape be represented in 

describable and repeatable terms (Reyment 2010). A quantitative framework, providing 

a rigorous method of describing shape, was introduced by traditional morphometrics 

(Bonhomme et al. 2014). Traditional morphometrics mostly relies on the collection of 

raw linear measurements and typically applies statistical methods to distances and 

distance ratios, areas, volumes and angles (Mitteroecker and Gunz 2009, Claude 2013). 

Geometric morphometrics advanced on this and is the analysis of Cartesian geometric 

coordinates of morphological structures rather than linear, areal or volumetric variables 

(Lawing and Polley 2009). Several techniques exist in modern geometric 

morphometrics including truss networks, superimpositions, thin plate splines and 

analyses of outlines (see Claude 2008). Elliptical Fourier Analysis (EFA) of outlines has 

proved to be a reliable tool to analyse and compare subtle variations in shape for a wide 

range of applications, including terrestrial (e.g. pollen grains; Bonhomme et al. 2013b, 
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weed and crop plant species; Neto et al. 2006) and marine taxa (e.g. fish otoliths; 

Sadighzadeh et al. 2012, octocoral sclerites; Carlo et al. 2011, shells; Innes and Bates 

1999), and even cyclone clouds (Dutta and Banerjee 2013). 

 The objective of this study was to use statolith shape to discriminate among 

cubozoan taxa. My approach was to use the proximal, oral and lateral faces of statoliths 

to test for differences among taxa. My specific aims were to (1) discriminate among 

taxa using traditional morphometrics of Length: Width ratios; (2) discriminate among 

taxa using the modern approach of EFA; and (3) determine if statolith shape is 

dependent on statolith size. 

2.3 MATERIALS AND METHODS 

2.3.1 Samples 

 A combination of archived, wild caught and laboratory cultured specimens 

constituting 13 separate species were used in this study; ten Carybdeids and three 

Chirodropids (Table 2.1). Carybdeids included Alatina moseri (Alatinidae), Carukia 

barnesi, Malo maxima, Malo sp., and Morbakka fenneri (Carukiidae), Carybdea 

rastonii and Carybdea xaymacana (Carybdeidae), Copula sivickisi, Tripedalia binata 

and Tripedalia cystophora (Tripedaliidae). Chirodropids included Chironex fleckeri 

(Chirodropidae) and Chiropsella bart and Chiropsella bronzie (Chiropsalmidae). 

 All medusae were collected from Australian waters with the exception of 

T. cystophora which were raised from a cultured polyp stock in laboratory conditions. 

Wild medusae were collected by means of night-lighting with scoop nets, beach seine, 

by hand or by routine drag netting of patrolled beaches by Surf Life Saving Queensland. 

Medusae were identified using bell/ tentacle morphology and preserved in 100% 
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ethanol. Following extraction from the rhopalial niche, statoliths were separated from 

rhopalia using needles under a dissecting microscope and stored in ethanol. 

Table 2.1: Summary of the specimens used in the study. IPD; Interpedalial distance, 

ND; no data – archived samples 

   IPD (mm) Statolith length (µm) 

Family Species n Min. Max. Mean Min. Max. Mean 

Alatinidae A. moseri 12 ND ND ND 535.96 615.18 578.68 

Carukiidae C. barnesi 20 ND ND ND 130.03 322.68 223.72 

M. maxima 15 ND ND ND 310.21 416.31 375.22 

Malo sp. 20 9.50 15.00 11.64 304.62 433.59 358.38 

M. fenneri 11 40.00 90.00 58.64 501.39 647.19 551.34 

Carybdeidae C. rastonii 9 3.60 8.80 5.87 302.48 386.72 350.23 

C. xaymacana 17 2.80 16.00 6.98 250.38 436.22 326.45 

Tripedaliidae C. sivickisi 20 3.00 6.00 4.47 279.49 375.42 326.95 

T. binata 12 3.80 13.00 7.21 364.57 465.08 397.58 

T. cystophora 20 3.00 5.50 4.09 223.18 315.06 267.79 

Chirodropidae C. fleckeri 20 20.00 130.00 94.75 489.94 920.24 763.14 

Chiropsalmidae C. bart 4 ND ND ND 530.01 597.54 568.40 

C. bronzie 20 20.00 40.00 27.02 382.91 495.66 439.90 

 

 

2.3.2 Obtaining statolith images 

 One statolith per medusa was used for analyses as one statolith is representative 

of the other three in a medusa (Ueno et al. 1995). A section of black electrical tape on a 

glass slide had a minute amount of glue smeared onto it which allowed for temporary 

adhesion. The statolith was placed in this temporary adhesion orientated proximal face 

up (cleavage vertical; see Fig. 2.1). The statolith was illuminated using a cold lamp 

source then photographed and measured using Leica IM50 software coupled with a 

Leica DC300 camera fitted to a Leica DMLB microscope. The same procedure was 

then followed taking images of the statolith oral (cleavage down) and lateral (cleavage 
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horizontal) faces (Fig. 2.1). Greyscale statolith images including a 100 µm scale bar 

were then inverted and some minor editing done (removal of statocyst membrane 

fragments or local blurring) using Adobe Photoshop CS5.1 leaving a black statolith 

silhouette on white background in Tagged Image File Format (TIFF). 

2.3.3 Length: Width ratios 

 Statolith silhouette images were imported into R 3.0.2 (R Core Team 2013) and 

calibrated to scale using the locator function (see Appendix C for script). Calibration 

was achieved by clicking either end of the scale bar which then made it possible to 

obtain inter-landmark distances using the Cartesian coordinates of the scale. Then 

locator was used to mark landmarks i, ii, iii and iv on the silhouette (see Fig. 2.2). For 

the statolith proximal face length (i-ii) was the statolith’s longest axis and width (iii-iv) 

was the midpoint of cleavage (iii) to the opposite edge (iv) perpendicular to i-ii. Oral 

face length (i-ii) was the same as for proximal face length and width (iii-iv) was from 

the point of extremity (iii) to the opposite edge (iv) perpendicular to i-ii. Lateral face 

length (i-ii) was the longest axis from the point of extremity if present and width (iii-iv) 

was perpendicular at the widest point or from cleft (iii) if present to opposite edge (iv) 

perpendicular to i-ii. Length and width distances were then calculated using the ild 

function developed by Claude (2008) which computes the distance between any two 

landmarks as the square root of the sum of the squared differences between each 

coordinate. A comparison of Length: Width ratios (L: W) measured using R to values 

measured using Leica IM50 software found a mean error of -1.29 % (n = 117 images) 

which suggested that using the locator and ild functions in R resulted in acceptable 

L: W values. 
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Fig. 2.1: Proximal view of Chironex fleckeri rhopalium showing location and 

orientation of statolith (inset) and example silhouettes for statolith proximal, oral and 

lateral faces of 13 cubozoan species. 
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Fig. 2.2: Locator landmark positions for proximal, oral and lateral statolith faces of 13 

cubozoan species. 
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2.3.4 Elliptical Fourier Analysis 

 Silhouette images were converted to .jpg files so that they could be used in the 

Momocs (Bonhomme et al. 2013a) package in R. Silhouettes were then imported into R 

and statolith outlines were extracted into a ‘Coo’ class object as a list of x; y pixel 

coordinates from the black silhouette on white background by Momocs using an 

algorithm implemented in R by Claude (2008; see Appendix C for script). Elliptical 

Fourier Analysis (EFA) was then performed on statolith outlines. Detailed descriptions 

of this method are well documented elsewhere (see Claude 2008, Bonhomme et al. 

2014). The basis of EFA is to separate the x and y coordinates of the outline and 

calculate discrete Fourier series on these two periodic functions using a number n of 

harmonics high enough to capture a satisfactory amount of the geometry of the shape 

described (Bonhomme et al. 2013b). Multivariate analysis can then be performed on the 

2n harmonic coefficients obtained for each shape. Although some species required on 

average < 5 harmonics to describe > 99% of statolith proximal face shape (e.g. 

Carybdea rastonii, Copula sivickisi, Table 2.5), 20 harmonics was the maximum n 

required of any species or statolith face analysed to describe > 99% of its shape (Table 

2.5). As such, EFAs on all silhouettes were performed on 20 harmonics with 300 outline 

smoothing iterations.  

 Parameters of the first harmonic were used to normalise coefficients so that they 

were invariant to size, rotation and starting point of the outline trace (default for 

Momocs EFA). This resulted in the Normalised Elliptic Fourier (NEF) coefficients An, 

Bn, Cn and Dn. When normalising to the first harmonic A1, B1, and C1 become constant 

and D1 is concerned with the relative dimensions of the first ellipse and is often subject 

to error measurement dependent on orientation (Claude 2008). NEF harmonic 1 was 
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thus omitted and further analyses were conducted on NEF coefficients for harmonics 2 

– 20 (76 variables). 

2.3.5 Statistical analyses 

2.3.5.1 Length: Width ratios 

 Statistical analyses were conducted in SYSTAT 11 for Windows. The model 

that statolith L: W would be consistent among species was tested separately for 

proximal, oral and lateral faces with one-way Analysis of Variance (ANOVA). Tukey’s 

HSD post hoc test was used to compare differences among species. Canonical 

Discriminant Analysis (CDA) with a ‘leave one out’ jackknife classification cross 

validation was then performed on L: W of all statolith faces (proximal, oral and lateral) 

to test for better discrimination amongst taxa using a three-dimensional approach to 

statolith shape. 

 In the ‘leave one out’ jackknife procedure with a subset of n observations (x1, x2, 

.....xn), n subsets are chosen by omitting each observation in turn and then repeating the 

CDA on each subset. Correct classification post jackknifing is then computed from the 

results of these n analyses (SYSTAT Software Inc., 2004). 

2.3.5.2 Elliptical Fourier Analysis 

 Principal Component Analysis (PCA) was used to determine which NEF 

coefficients explained most variation in statolith shape. PCAs were performed 

separately on proximal, oral and lateral statolith face NEF coefficients to produce a 

reduced data set with best discriminatory power. Coefficients with eigenvalues > 1 were 

maintained and those with eigenvalues < 1 were removed from further analyses as they 

were thought to add little to the explanation of variation. CDAs with a ‘leave one out’ 
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jackknife classification cross validation were then performed on the reduced data set 

separately for proximal, oral and lateral faces and then on possible combinations of 

statolith faces: proximal + oral, proximal + lateral, oral + lateral, and proximal + oral + 

lateral to determine which was best for taxa discrimination. 

 Least squares regression was applied to test the dependence of statolith shape 

(average of all NEF coefficients) on statolith size (statolith length). Regressions were 

performed separately for each species. 

2.4 RESULTS 

2.4.1 Length: Width ratios 

 Statolith L: W varied among species (Fig. 2.3) and this was significant for all 

statolith faces (Table 2.2). Higher L: W resembled longer, thinner profiles 

(characteristic of Carybdeidae, Tripedaliidae and Chirodropidae) and lower L: W 

resembled more spherical shapes (characteristic of Carukiidae; Fig. 2.2). Proximal faces 

showed the highest of L: W for all species. Lateral L: W was greater than oral L: W for 

species of Alatinidae and Carukiidae; less than oral L: W for Tripedaliidae, 

Chirodropidae and Chiropsalmidae; and very similar to oral L: W for Carybdeidae 

(Fig. 2.2, Fig. 2.3).  

 

Table 2.2: ANOVA results of statolith Length: Width among 13 species for proximal, 

oral and lateral faces. 4 ≤ n ≤ 20, *** = p < 0.001 

  Proximal Oral Lateral 

Source df MS F MS F MS F 

Species 12 2.853 118.075 *** 2.068 135.144 *** 0.172 20.429 *** 

Residual 187 0.024  0.015  0.008  

 



26 
 

 Copula sivickisi had one of the most distinguishable statolith shapes (Fig. 2.2) 

and showed the highest L: W for proximal and oral faces, significantly differing from 

all other species, yet its relatively low lateral face L: W was similar to seven other 

species (Fig. 2.3, Table 2.3). Alatina moseri lateral L: W was significantly distinct 

amongst the species tested, yet it shared similar proximal L: W with four other species 

and oral L: W with five other species (Fig. 2.2, Fig. 2.3, Table 2.3). Similar L: W could 

be seen for different statolith faces between species (e.g. proximal face of Chironex 

fleckeri and oral face of C. sivickisi; proximal face of A. moseri and oral face of 

Tripedalia binata; Fig. 2.2, Fig. 2.3). 

 

 

Fig. 2.3: Mean Length: Width ratios for statolith proximal face (white), oral face (grey) 

and lateral face (black) for 13 cubozoan species.  
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 It was clear that statolith L: W ratios were very similar among species within a 

family (Fig. 2.3) with non-significant differences found among species within 

Carukiidae, Carybdeidae and Chiropsalmidae for proximal and oral faces and also 

included Tripedaliidae for lateral face L: W (Table 2.3).  

 A multivariate comparison of statolith proximal, oral and lateral L: W found 

L: W could be used to successfully distinguish among some species (CDA; Wilk’s 

lambda = 0.020, F36, 547 = 41.603, p < 0.001). There was however, considerable overlap 

of some species (Fig. 2.4). T. binata (92%), C. sivickisi (85%) and A. moseri, C. fleckeri 

and Chiropsella bronzie (75%) showed highest correct classification and T. binata 

(91%), C. sivickisi (80%) and C. fleckeri (70%) maintained high classification success 

following jackknifed classification (Fig. 2.4, Table 2.4). A high proportion of 

misclassification of samples occurred within families (e.g. Carukiidae; Table 2.4). 

 

Fig. 2.4: Canonical Discriminant Analysis of statolith Length: Width ratios for proximal 

+ oral + lateral faces among species [Canonical Variate (CV) 1 = 84.3%, CV 2 = 8.2%]. 

Ellipses = confidence around group data. Individual statolith face loadings are indicated 

for each CV 
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2.4.2 Elliptical Fourier Analysis 

 Each species showed a range of the number of harmonics required to describe 

> 99% of statolith outline shape for each face (Table 2.5). Statolith proximal faces 

required the least number of harmonics (overall mean = 7.11) compared to lateral 

(overall mean = 10.76) and oral faces (overall mean = 10.99). Of 76 possible NEF 

coefficients 28 had eigenvalues > 1 for proximal face, 29 for oral face and 27 for lateral 

face (Table 2.6) describing most of the variance in shape. 

 All CDAs on NEF coefficients were significant at p < 0.001 and the percentage 

of samples correctly assigned to their species group increased with the number of faces 

included in analysis. CDA of proximal face NEF coefficients (Wilk’s lambda = 0.008, 

F336, 1807 = 2.964, p < 0.001) could correctly classify to five species > 70% of samples: 

C. sivickisi (95%), C. fleckeri (90%), C. bronzie (85%) and T. binata and C. bart (75%), 

yet only to two species following jackknifed classification: C. sivickisi and C. fleckeri 

(85%; Fig. 2.5a, Table 2.7). CDA of oral face NEF coefficients (Wilk’s lambda = 0.009, 

F348, 1805 = 2.758, p < 0.001) could correctly classify to seven species > 70% of samples: 

T. binata (92%), C. fleckeri (85%), A. moseri (83%), C. sivickisi and C. bronzie (80%), 

C. rastonii (78%) and C. bart (75%), yet only to two species following jackknifed 

classification: C. fleckeri (85%) and C. sivickisi (70%; Fig. 2.5b, Table 2.7). CDA of 

lateral face NEF coefficients (Wilk’s lambda = 0.048, F324, 1807 = 1.767, p < 0.001) 

could only correctly classify to three species > 70% of samples: A. moseri (83%), 

C. bart (75%) and C. barnesi (70%), and to no species following jackknifed 

classification (Fig. 2.5c, Table 2.7). 
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Table 2.5: Number of harmonics required to gain > 99% shape power from Elliptical 

Fourier Analysis for statolith proximal, oral and lateral faces of 13 cubozoan species 

  Proximal Oral Lateral 

Species n Min. Max. Mean Min. Max. Mean Min. Max. Mean 

A. moseri 12 5 12 7.75 7 16 12.08 6 13 9.42 

C. barnesi 20 5 14 8.80 12 18 14.65 8 16 12.00 

M. maxima 15 7 15 10.33 8 20 13.80 11 17 12.80 

Malo sp. 20 6 14 9.35 6 18 12.65 8 15 10.55 

M. fenneri 11 7 13 9.55 7 18 13.36 6 11 8.73 

C. rastonii 9 4 9 4.78 6 14 8.89 6 13 9.22 

C. xaymacana 17 4 7 5.00 7 15 11.00 6 14 9.29 

C. sivickisi 20 4 6 4.85 4 7 5.45 7 13 10.40 

T. binata 12 4 8 5.33 5 14 9.00 9 15 11.83 

T. cystophora 20 5 10 6.75 10 16 13.20 8 18 12.60 

C. fleckeri 20 4 8 6.60 5 11 6.60 7 14 9.85 

C. bart 4 5 11 7.75 10 12 11.25 10 16 13.00 

C. bronzie 20 5 7 5.65 6 16 10.95 7 14 10.20 

 

 

 

Table 2.6: Important Normalised Elliptical Fourier (NEF) coefficients (eigenvalue > 1) 

for explaining statolith shape variation among species for proximal, oral and lateral 

faces 

Statolith 

Face 
Important NEF coefficients (eigenvalue > 1) 

Proximal B11, B13, B9, C4, B4, C2, A2, D2, C3, B3, C5, A15, C9, B5, D6, A17, 

D9, D18, D3, C17, B19, A7, C20, D14, D10, B2, A20, D5 

Oral A2, D2, D4, A4, A17, A8, A15, C3, B3, B5, A7, A6, D19, B6, A11, C6, 

D6, A9, C18, B20, D15, C17, D3, C15, A10, A12, D17, A3, C7 

Lateral C3, C2, B3, B5, B4, B2, A4, A2, D2, D6, B9, C5, A5, A3, D3, A12, 

A14, B14, D4, C10, B10, B13, C9, D17, D15, C13, C15 
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 CDAs on combinations of statolith faces correctly classified to all species > 70% 

of samples. CDA of proximal + oral faces (Wilk’s lambda = 0.000, F684, 1586 = 2.726, 

p < 0.001) correctly classified seven species in 100% of samples: A. moseri, 

C. xaymacana, C. sivickisi, T. binata, C. fleckeri, C. bart and C. bronzie, yet only to 

three species > 70% of samples following jackknifed classification: C. sivickisi and 

C. fleckeri (95%) and C. bronzie (90%; Fig. 2.5d, Table 2.7). CDA of proximal + lateral 

faces (Wilk’s lambda = 0.000, F680, 1607 = 2.564, p < 0.001) correctly classified to three 

species 100% of samples: A. moseri, C. fleckeri and C. bart, with two species > 70% 

correctly classified following jackknifed classification: C. sivickisi (85%) and 

C. fleckeri (80%; Fig. 2.5e, Table 2.7). CDA of oral + lateral faces (Wilk’s lambda = 

0.000, F672, 1596 = 2.281, p < 0.001) correctly classified to four species 100% of samples: 

A. moseri, C. sivickisi, T. binata and C. bart, yet only two species > 70% correctly 

classified following jackknifed classification: C. sivickisi and C. fleckeri (75%; 

Fig. 2.5f, Table 2.7). 

 A CDA on proximal + oral + lateral faces returned the highest correct 

classifications, successfully distinguishing among species (Wilk’s lambda = 0.000, 

F1008, 1285 = 2.527, p < 0.001). 11 of the 13 species studied had 100% of samples 

correctly classified to them and the remaining two species, Malo sp. and C. rastonii, had 

95% and 89% of samples correctly classified respectively (Fig. 2.5g, Table 2.8). 

Following jackknifed classification three species had > 70% of samples correctly 

classified to them: C. fleckeri (95%), C. sivickisi (85%) and C. bronzie (75%; Table 

2.8). Again a large proportion of misclassifications following leave one out cross 

validation can be seen within family groups (e.g. Carukiidae and Carybdeidae; Fig. 

2.5g, Table 2.8). 
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Fig. 2.5: Canonical Discriminant Analyses of Normalised Elliptical Fourier coefficients 

(eigenvalue > 1) for (a) proximal [Canonical Variate (CV) 1 = 66.1%, CV 2 = 10.7%], 

(b) oral (CV 1 = 81.2%, CV 2 = 4.9%), (c) lateral (CV 1 = 43.6%, CV 2 = 16.4%), (d) 

proximal + oral (CV 1 = 59.9%, CV 2 = 13.3%), (e) proximal + lateral (CV 1 = 53.6%, 

CV 2 = 14.9%), (f) oral + lateral (CV 1 = 63.7%, CV 2 = 12.8%), and (g) proximal + 

oral + lateral (CV 1 = 52.7%, CV 2 = 13.6%)  statolith faces among species. Ellipses = 

confidence around group data 
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 Regression analysis found that statolith shape was not dependent on statolith 

size for most species (11 out of 13 studied; Table 2.9). Species of the Malo genus were 

found to show significant dependence of statolith shape on size (Table 2.9). However, 

the ordination plot of CDA on proximal + oral + lateral faces shows this had little 

influence on assignment of samples to species groups (Fig. 2.5g). 

Table 2.9: Regression results for dependence of statolith shape on statolith size.  

* = p < 0.05, ** = p < 0.01 

Species n  R
2 

Alatina moseri 12  0.037 

Carukia barnesi 20  0.050 

Malo maxima 15  0.470 ** 

Malo sp. 20  0.278 * 

Morbakka fenneri 11  0.270 

Carybdea rastonii 9  0.112 

Carybdea xaymacana 17  0.001 

Copula sivickisi 20  0.038 

Tripedalia binata 12  0.035 

Tripedalia cystophora 20  0 

Chironex fleckeri 20  0 

Chiropsella bart 4  0.631 

Chiropsella bronzie 20  0.027 

 

2.5 DISCUSSION 

 Statolith shape was found to be species specific in cubomedusae. Qualitatively 

this appeared likely, quantitatively the traditional morphometric method of L: W could 

distinguish among some species and the modern method of EFA could distinguish 

among all species studied. Ratioing of measurements removes the size parameter and 

has the advantages of simple computation and being easily interpreted in geometric 

terms of shape variation (Claude 2008). Although it removes the size parameter, using 
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ratios can have the disadvantage of increasing correlations between variables because 

data becomes dependent after being standardised (Claude 2008). L: W was limited as 

the most basic of shape estimates; it could provide information on long and thin versus 

short and fat yet it could give no account of the curvature of the statolith. EFA clearly 

outperformed L: W in correctly classifying samples to their species group, and 

successful classification increased with the number of statolith faces included in 

analyses, with best results seen when combining proximal + oral + lateral faces. 

Williams et al. (2013) also recently compared L: W and EFA for discriminating among 

seed shapes of wheat. They too found that EFA was better for shape description than L: 

W direct measurements, stating that a seed’s crease depth variation was not described 

using only direct measurements of major axes of seed dimensions.  

 It is critical to define an object’s orientation when comparing shape. Here we 

described three faces of the cubozoan statolith: proximal, oral and lateral. When 

viewing a statolith it could be easy to see similarities in shape and find it hard to 

distinguish between species if looking at an undefined angle. When looking at these 

defined faces separation among species becomes easier. It is important to assess all 

three faces as separation may not be capable if only looking at one or two. For example, 

no significant difference was found between Alatina moseri and Carukia barnesi 

statoliths for proximal and oral faces using L: W, yet lateral face could significantly 

distinguish the two (Table 2.3). The importance of orientation has also been highlighted 

elsewhere. Neto et al. (2006) noted two angles were needed to describe a leaf plane in 

three-dimensional (3D) space and Williams et al. (2013) similarly noted that best 

description of seed shape came from 3D shape described using two images in different 

orientations (horizontal and vertical projections), as shape difference could go 

undetected if only using one two-dimensional image.  
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 Differences in shape that could be observed on all three axes (Fig. 2.1) were 

demonstrated quantitatively. CDA of NEF coefficients of proximal + oral + lateral 

statolith faces resulted in 99% correct classification of samples to species groups 

overall. However, this dropped to 50% overall following leave-one-out jackknifed cross 

validation. A common problem with many morphologic studies using multivariate 

statistics is potentially inadequate sample sizes (Sun et al. 2012). False conclusions 

regarding differences among groups could result from small sample sizes failing to 

capture the covariance and morphological variation adequately (Hossein et al. 2011). 

Most cubomedusae are rare, and collection of large sample sizes even more so. Species 

which maintained high correct classification following leave-one-out jackknifed cross 

validation all had a sample size = 20 (e.g. Chironex fleckeri; 95%, Copula sivickisi; 

85%, and Chiropsella bronzie; 75%). Those species with low sample sizes (n) typically 

had low correct jackknifed classification [e.g. Chiropsella bart (n = 4; 0%), Carybdea 

rastonii (n = 9; 22%), Morbakka fenneri (n = 11; 18%), and Alatina moseri (n = 12; 

25%)]. Despite low sample sizes for many species, CDA correctly classified 100% of 

samples to 11 out of the 13 species studied (Table 2.8). Clearly statolith shape is of high 

utility; many taxa are very rare (e.g. Kingsford et al. 2012) but the probability of 

accurate identification to family, and in some cases species is high. 

 High levels of misclassification of samples were seen within families. This was 

apparent in both L: W and EFA. Qualitatively, similarities among species within 

families could easily be seen (Fig. 2.1). Quantitatively, even L: W of all three faces 

easily depicted similarities in statolith shape within families (Fig. 2.3). Although the 

L: W approach was not as successful as EFA at classifying samples to species group, 

this simple approach could be applied to quickly assign a statolith to it’s likely family. 

Statolith shape similarities among species within families, and differences among 
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families, was also easily visualised from sample groupings in the CDA of proximal + 

oral + lateral NEF coefficients (Fig. 2.5g). Differences among family groupings were 

highlighted once samples were grouped by family and not species (Fig. 2.6).  

 

Fig. 2.6: Fig. 2.5g [Canonical Variate (CV) 1 = 52.7%, CV 2 = 13.6%] with samples 

grouped by family instead of species   

 

 Differences in statolith shape supported the currently accepted taxonomy of 

Cubozoa. A. moseri (Alatinidae) is distinct, being well separated from other families. 

All four species of Carukiidae were tightly grouped and separated from other families. 

Carybdea rastonii and Carybdea xaymacana showed considerable overlap with each 

other and Carybdeidae is a distinct group. Statolith shape shows Copula sivickisi is well 

grouped within Tripedaliidae and supports the recent move of this species from 

Carybdeidae to Tripedaliidae (Bentlage et al. 2010). The grouping of statolith samples 

also easily distinguished members of the Chirodropida, clearly separating 

Chirodropidae and Chiropsalmidae. It could be hypothesised that the placement of 

Tripedaliidae, linking between other Carybdeida and Chirodropida, perhaps lends to a 
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possible evolutionary link between the single tentacle Carybdeids and multiple tentacle 

Chirodropids. Tripedalia binata and Tripedalia cystophora, although having a single 

tentacle per pedalium, have multiple pedalia per bell corner, the closest of any known 

Carybdeid to the multiple tentacles per pedalium of Chirodropids. However, this is not 

the case for C. sivickisi, having only a single pedalium per bell corner. It is however 

important to recognise that traits that can be used to identify specimens don’t 

necessarily provide information about the evolutionary relatedness of species (Carlo 

et al. 2011). 

 Statolith shape can now be considered a useful tool for assisting in the 

identification of cubomedusae. As the only hard structure of box jellyfishes, this would 

likely have best utility in damaged, fragmentary or ethanol preserved specimens. This 

can be useful for risk management as the shape of the statolith can identify the relative 

danger of box jellyfish to humans as the severity of envenomation differs between 

families. Within the order Carybdeida, envenomation from species of Alatinidae and 

Carukiidae are known to produce Irukandji syndrome whereas envenomation from 

Carybdeidae is circumstantial and envenomation from Tripedaliidae does not produce 

Irukandji syndrome (see Bentlage et al. 2010, Gershwin et al. 2013). Within the order 

Chirodropida, envenomations from species of Chirodropidae are known to be fatal 

(Kingsford and Mooney 2014; Appendix A) whereas envenomation from 

Chiropsalmidae, while painful, are far less harmful. This will certainly assist in risk 

management in northern Queensland, Australia where morphologically very similar 

medusae are commonly found in the same location. For example, C. barnesi (typical 

Irukandji syndrome jellyfish linked to at least one fatality; Pereira et al. 2010) and 

C. xaymacana (speculative as to whether or not responsible for severe Irukandji 
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syndrome; Gershwin et al. 2013), or C. fleckeri (potentially fatal, linked to almost 70 

deaths in Australia; Coughlan et al. 2006) and C. bronzie (non fatal; Gershwin 2006). 

 Species specific shape of hard structures can be useful for the identification of 

specimens from predator gut content analysis or even fossils. For example, species 

specific shape of fish otoliths has been used to identify deep-sea eels (Hecht and 

Appelbaum 1982) and tropical snapper (Sadighzadeh et al. 2012) from stomach 

contents of predators, and similarly with squid statoliths (Arkhipkin 2003) and cuttlefish 

beaks (Chen et al. 2012). Species specific shape of squid statoliths allowed 

identification of specimens from fossil deposits (Clarke et al. 1980). It has been recently 

suggested that cubozoan statoliths show potential for identification of specimens from 

gut contents and fossils (Gershwin et al. 2013). Here I have quantitatively shown 

cubozoan statolith shape to be species specific and hence statolith shape may assist in 

identification of cubomedusae from gut contents of predators or fossils. However, 

cubozoan statoliths are constructed of a bassanite matrix (Tiemann et al . 2006, Sötje et 

al. 2011), and not aragonite as fish otoliths and cephalopod statoliths, or chiton as 

cuttlefish beaks. As such they can be more fragile than those other structures and given 

their minute size (Table 2.1) and rarity of known predators (Kingsford and Mooney 

2014; Appendix A), identification from gut contents, or fossils, could be difficult. 

 Allometric change can be an issue when using body structures for identification. 

Hecht and Appelbaum (1982) found that the otolith shape of deep-sea eels was only 

robust for identification of adult specimens as early stages of otolith formation were 

indistinguishable. Changes in squid statolith shape were also noted as squid matured, 

and this was linked to changes in habitat ecology of pelagic versus near bottom 

(Arkhipkin 2003). Regression analysis found cubozoan statolith shape was not 

dependent on statolith size in all species studied except Malo genus (Table 2.9). Both 
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Malo maxima and Malo sp. showed significant dependence of statolith shape on 

statolith size, perhaps suggesting a change in habitat ecology from juvenile to adult 

medusa as that suggested from squid statoliths (Arkhipkin 2003). However, variation in 

the size of statoliths did not affect classification of Malo samples to their correct species 

(Fig. 2.5g). Over at least the size range of medusae/ statoliths analysed (Table 2.1), 

cubozoan statolith shape can thus be a useful tool for identification regardless of size. 

2.6 CONCLUSION 

 Qualitatively cubomedusae statolith shape appeared species specific. It was 

demonstrated that there was significant discrimination from both traditional L: W and 

modern EFA morphometric techniques among taxa. EFA outperformed L: W in correct 

classification of statolith shape to species groups as L: W gave no account of curvature 

of the statolith. Best results were seen when statolith proximal, oral and lateral faces 

were analysed in combination, with CDA of NEF coefficients resulting in 99% correct 

classification of samples to species groups overall. High similarities of statolith shape 

were seen within families. Statolith shape of the species studied here agreed with 

currently accepted taxonomy and can be used to quickly assign specimens to at least 

family by basic L: W of statolith faces. This has great potential to assist in risk 

management in areas where box jellyfish envenomations are a concern as the severity of 

envenomation is family dependent. We have only studied 13 of the 41 currently 

accepted cubomedusae but suggest statolith shape is a useful taxonomic tool for the 

Class; as the only hard structure of cubomedusae the statolith provides a robust 

taxonomic tool useful if the soft bodied medusa or tentacles are damaged, or in 

combination with bell and tentacle morphology. Statolith proximal, oral and lateral 

faces should be included in descriptions of all species.  
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Chapter 3: Statolith morphometrics as a tool to distinguish 

among populations of three Cubozoan species 

3.1 ABSTRACT 

Little is known on cubomedusae population structure and what is known for many 

species is mostly from a metapopulation perspective corresponding to a general account 

of a species range. Knowledge on population units is critical for understanding 

population dynamics as well as predicting risk to swimmers and prey. Otolith shape 

analysis is a proven stock identification technique in fishes and although statolith shape 

can discriminate among some species of cubozoans it has not been determined whether 

statolith shape can be used to distinguish among cubomedusae populations. Twenty 

medusae of Carukia barnesi, Copula sivickisi and Chironex fleckeri were each collected 

from three distinct populations, separated by kilometres to hundreds of kilometres, 

around northern Queensland, Australia coastline and nearshore islands. Canonical 

Discriminant Analysis (CDA) was performed on Normalised Elliptical Fourier (NEF) 

coefficients for statolith proximal, oral and lateral faces and combinations of statolith 

faces for each species to determine the morphometrics that were best for discriminating 

populations of cubozoans. Significant discrimination of sampling populations was 

achieved in two of 21 CDAs (C. sivickisi statolith proximal face and C. fleckeri oral + 

lateral faces). Differences in statolith shape, therefore, were capable of successful 

discrimination among sampling locations but was not a robust technique across all study 

species. The ecological niche, and associated ecological pressures, of some cubozoan 

species (e.g. C. barnesi) may not change enough for differences in statolith shape 

among locations to occur. Statolith shape in combination with other stock identification 

techniques, such as genetics and/or elemental chemistry, could result in strong 

discrimination among populations of cubomedusae. 
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3.2 INTRODUCTION 

 Cubozoans are unique among the medusae. Known as box jellyfishes, 

cubomedusae have been documented mostly within the tropics but can extend to 42°N 

(e.g. Carybdea marsupialis in the Mediterranean; Bordehore et al. 2011) and 42°S (e.g. 

Carybdea rastonii in Tasmania, Australia; Edgar 2008). The largely cryptic class 

exhibits some remarkable traits including complex lens-type eyes (Garm et al. 2007), 

potent venom (some species even fatal to man; e.g. Chironex fleckeri; Coughlan et al. 

2006, Chironex yamaguchii; Lewis and Bentlage 2009), strong swimming and 

orientation behaviour (Gordon and Seymour 2009, Garm et al. 2011), and strong 

seasonality (Hartwick 1991b, Gordon and Seymour 2012). Knowledge on cubomedusae 

population structure is however lacking, and what is known for many species is mostly 

from general accounts of range based on haphazard collections (for review see 

Kingsford and Mooney 2014; Appendix A). 

 Knowledge of cubomedusae population units and associated ecology is critical 

for understanding population dynamics and for predicting risk to swimmers and prey. A 

common concept applied to investigating populations of pelagic marine life is that of 

the ‘stock’, essentially describing characteristics of a population unit which is assumed 

homogeneous for particular management purposes (Begg and Waldman 1999). A stock 

will ideally have a population size, both in number and biomass, determined by 

reproductive output, recruitment and growth (Sinclair 1988). A cubozoan 

metapopulation may be constructed of several stocks, each of which may be constructed 

of one or more local populations. Cubozoans typically display high spatial and temporal 

variation in abundances (Kingsford et al. 2012) and a reliable stock and perhaps local 

population identification technique is yet to be applied to the Class. 
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 Variation in geographic patterns of morphology can provide sound phenotypic 

predictors/metrics of spatial population structure (Cadrin 2010). Factors such as 

physical and chemical water properties, food availability and quality, and predatory 

pressures can affect eco-phenotypic plasticity which in turn can help to explain any 

occurrence of local morphological variation (Trowbridge 1994, Miner et al. 2005). 

Patterns of morphological variation can indicate groups isolated enough to maintain 

phenotypic differences (Cadrin 2010). Morphological patterns are often also associated 

with geographic differences in growth, maturity or mortality which are all critical to 

population dynamics (Cadrin 2010) and assist in deciding stock parameters. Otolith 

shape analysis has proven a reliable approach for stock identification in fishes. 

Furthermore, I have demonstrated that statolith shape can discriminate among species of 

cubozoans (Chapter 2). 

 In addition to species specific differences, otolith shape can often vary 

geographically within a species (Lombarte and Lleonart 1993). Fourier shape 

descriptors of outlines of otolith silhouettes have been found to provide a rapid, 

objective, and a semi automated means of obtaining information on fish stock age 

distribution, race origin and environmental history (Bird et al. 1986). Proven a useful 

technique to indicate stock identification in Atlantic cod (Gadus morhua; Campana and 

Casselman 1993, Cardinale et al. 2004, Galley et al. 2006) the successful use of fourier 

series analysis of cod otolith outlines has become more sophisticated in recent years to 

Elliptical Fourier Analysis (EFA; Paul et al. 2013). EFA has also been successful in 

finding regional and site specific shape differences in otoliths of other species, including 

the yellowstripe goatfish (Mulloidichthys flavolineatus) in southwest Indian Ocean 

islands (Pothin et al. 2006) and northeast Atlantic forkbeard (Phycis phycis; Vieira et al. 
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2014). Cubozoan statoliths are the only hard structure of the medusa and provide an 

opportunity for robust morphometric analysis. 

 Cubozoan statoliths act as balance stones to orientate medusae. EFA of statolith 

proximal, oral and lateral faces has recently found statolith shape to be species specific 

in many cubomedusae (Chapter 2) and statolith shape may assist in elucidating 

population units. Given cubozoans mostly inhabit areas of complex geography 

including coral reefs, near-shore waters and estuaries, and have highly patchy 

distributions, population units may be small.  

 The objective of this study was to determine statolith morphometrics that 

maximised discrimination among populations of a species and to test whether statolith 

shape could be used to distinguish among cubozoan populations. My approach was to 

use EFA of statolith faces of three cubozoans likely to be encountered in waters of 

northern Queensland, Australia (Carukia barnesi and Copula sivickisi; Carybdeida, and 

Chironex fleckeri; Chirodropida) to identify strong discriminators of shape that may or 

may not be of utility to discriminate among species and to assign samples to their 

geographically distinct sampling population. 

3.3 MATERIALS AND METHODS 

3.3.1 Sampling 

 Cubomedusae are generally rare and when they are detected are spatially patchy. 

Although sampling was conducted at many locations rarity and the requirement to have 

adequate sample sizes resulted in only locations where 20 medusae were collected being 

included in analyses. Twenty of each of Carukia barnesi, Copula sivickisi and Chironex 

fleckeri were collected from three biologically distinct populations around northern 

Queensland, Australia coastline and nearshore islands (Fig. 3.1, Table 3.1). It was 
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predicted that populations would be biologically distinct at the spatial scale sampled; 

locations were separated by tens of kilometres to hundreds of kilometres (Fig. 3.1). 

Specimens were often obtained in different years. It was assumed that spatial patterns of 

phenotypic variation in statolith shape would be stable over relatively short periods of 

time.  

 

 

Fig. 3.1: Map showing sampling locations around northern Queensland (Australia) 

coastline where medusae were collected. See Table 3.1 for location details. 
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 C. barnesi and C. sivickisi were collected with scoop nets while nightlighting 

with 1000 W lamps submerged to stern of vessel. C. fleckeri were collected during 

daylight by hand, beach seine or by routine drags of the patrolled beach by Surf Life 

Saving Queensland at Horseshoe Bay, Magnetic Island. Medusae were identified using 

bell/ tentacle morphology and preserved in 100% ethanol. Following extraction from 

the rhopalial niche, statoliths were separated from rhopalia using needles under a 

dissecting microscope and stored in ethanol. 

3.3.2 Obtaining statolith images 

 One statolith per medusa was used for analyses as one statolith is representative 

of the other three in a medusa (Ueno et al. 1995). A section of black electrical tape on a 

glass slide had a minute amount of glue smeared onto it which allowed for temporary 

adhesion. The statolith was placed in this temporary adhesion orientated proximal face 

up (cleavage vertical; Fig. 3.2). The statolith was illuminated using a cold lamp source 

then photographed and measured using Leica IM50 software coupled with a Leica 

DC300 camera fitted to a Leica DMLB microscope. The same procedure was then 

followed taking images of the statolith oral (cleavage down) and lateral (cleavage 

horizontal) faces (Fig. 3.2). Greyscale statolith images were then inverted and some 

minor editing done (removal of statocyst membrane fragments or local blurring) using 

Adobe Photoshop CS5.1 leaving a black statolith silhouette on white background in 

Tagged Image File Format (TIFF). Silhouette images were converted to .jpg files so that 

they could be used in the Momocs (Bonhomme et al. 2013a) package in R 3.0.2 (R Core 

Team 2013). 
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Fig. 3.2: (a) Chironex fleckeri rhopalium showing orientation of statolith, ULE: upper 

lens eye, LLE: lower lens eye, ST: statolith, PE: pit eye, SE: slit eye, (b) example 

statolith silhouettes of study species  

 

3.3.3 Elliptical Fourier Analysis 

 Silhouettes were then imported into R and statolith outlines were extracted into a 

‘Coo’ class object as a list of x; y pixel coordinates from the black silhouette on white 

background by Momocs using an algorithm implemented in R by Claude (2008; see 

Appendix C for script). Elliptical Fourier Analysis (EFA) was then performed on 

statolith outlines. Detailed descriptions of this method are well documented elsewhere 

(see Claude 2008, Bonhomme et al. 2014). The basis of EFA is to separate the x and y 

coordinates of the outline and calculate discrete Fourier series on these two periodic 

functions using a number n of harmonics high enough to capture a satisfactory amount 

of the geometry of the shape described (Bonhomme et al. 2013b). Multivariate analysis 

can then be performed on the 2n harmonic coefficients obtained for each shape. EFAs 

on all silhouettes were performed on 20 harmonics with 300 outline smoothing 

iterations following the procedure established in Chapter 2.  
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 Parameters of the first harmonic were used to normalise coefficients so that they 

were invariant to size, rotation and starting point of the outline trace (default for 

Momocs EFA). This resulted in the Normalised Elliptic Fourier (NEF) coefficients An, 

Bn, Cn and Dn. When normalising to the first harmonic A1, B1, and C1 become constant 

and D1 is concerned with the relative dimensions of the first ellipse and is often subject 

to error measurement dependent on orientation (Claude 2008). NEF harmonic 1 was 

thus omitted and further analyses were conducted on NEF coefficients for harmonics 2 

– 20 (76 variables). 

3.3.4 Statistical analyses 

 Statistical analyses were conducted in SYSTAT 11 for Windows. For each 

species, Principal Component Analysis (PCA) was used to determine which NEF 

coefficients explained most variation in statolith shape. PCAs were performed 

separately on proximal, oral and lateral statolith face NEF coefficients to produce a 

reduced data set with best discriminatory power. Coefficients with eigenvalues > 1 were 

maintained and those with eigenvalues < 1 were removed from further analyses as they 

were thought to add little to the explanation of variation.  

 Canonical Discriminant Analyses (CDAs) were then used to test the model that 

statolith shape would vary among medusae populations. CDAs with a ‘leave one out’ 

jackknife classification cross validation (jackknifing procedure detailed in Chapter 2) 

were performed on the reduced data set separately for proximal, oral and lateral faces 

and then on possible combinations of statolith faces: proximal + oral, proximal + lateral, 

oral + lateral, and proximal + oral + lateral to determine which was best for population 

discrimination. Only the first ten important NEF coefficients for each statolith face were 

used when analysing combinations of faces to maintain a much lower number of 
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variables than total samples (60), as reliable classification and assessment of group 

separation must be based on many more cases than variables (Mitteroecker and 

Bookstein 2011). 

3.4 RESULTS 

 Of the multiple statolith morphometrics explored few were good discriminators. 

The proximal face for C. sivickisi and a combination of oral + lateral faces for 

C. fleckeri were of high utility. Important NEF coefficients for explaining most of 

statolith shape variability among locations varied by species and statolith face (Table 

3.2). Out of 76 possible NEF coefficients, C. barnesi had 22, 23, and 22; C. sivickisi had 

24, 24, and 22; and C. fleckeri had 21, 23, and 21 with eigenvalue > 1 for proximal, oral 

and lateral statolith faces respectively. 

3.4.1 Carukia barnesi 

 Comparisons of single and multiple statolith faces could not distinguish among 

C. barnesi from different locations. In formal tests no CDA on NEF coefficients could 

successfully distinguish among C. barnesi populations using statolith shape. CDA of 

proximal face NEF coefficients (Wilk’s lambda = 0.528, F44, 72 = 0.615, p = 0.9577; 

Fig. 3.3a), oral face NEF coefficients (Wilk’s lambda = 0.339, F46, 70 = 1.093, 

p = 0.3630; Fig. 3.3b) and lateral face coefficients (Wilk’s lambda = 0.414, F44, 72 = 

0.908, p = 0.6303; Fig. 3.3c) could not significantly classify samples to their sampling 

location. Neither could combinations of proximal + oral (Wilk’s lambda = 0.537, F40, 76 

= 0.693, p = 0.8972; Fig. 3.3d), proximal + lateral (Wilk’s lambda = 0.521, F40, 76 = 

0.731, p = 0.8596; Fig. 3.3e), oral + lateral (Wilk’s lambda = 0.438, F40, 76 = 0.970, 

p = 0.5318; Fig. 3.3f), or proximal + oral + lateral statolith faces (Wilk’s lambda = 

0.290, F60, 56 = 0.800, p = 0.8027; Fig. 3.3g).  



 

5
5 

 



56 
 

 

Fig. 3.3: Canonical Discriminant Analyses of Normalised Elliptical Fourier coefficients 

(eigenvalue > 1) for Carukia barnesi (a) proximal [Canonical Variate (CV) 1 = 61.9%, 

CV 2 = 38.1%], (b) oral (CV 1 = 66.4%, CV 2 = 33.6%), (c) lateral statolith faces (CV 

1 = 63%, CV 2 = 37%), and top 10 coefficients per face for (d) proximal + oral (CV 1 = 

62%, CV 2 = 38%), (e) proximal + lateral (CV 1 = 60.71%, CV 2 = 39.3%), (f) oral + 

lateral (CV 1 = 69.1%, CV 2 = 30.9%), and (g) proximal + oral + lateral  statolith faces 

(CV 1 = 63.3%, CV 2 = 36.7%) among locations 
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 The combination of proximal + oral + lateral statolith faces correctly classified 

up to 85% of samples to their sampling location (e.g. Double Island). This, however, 

dropped to only 30% correct classification following jackknife cross validation (Table 

3.3a). No CDA showed > 50% correct classification rates of C. barnesi statoliths 

following jackknife cross validation (Table 3.3a). 

3.4.2 Copula sivickisi 

 NEF coefficients relating to the proximal face of statoliths successfully 

distinguished among C. sivickisi sampling locations (CDA; Wilk’s lambda = 0.184, 

F48, 68 = 1.884, p = 0.0081; Fig. 3.4a). 95% of samples were correctly classified to 

Mermaid Bay, 90% to Green Island, and 85% to Geoffrey Bay (Table 3.3b). Following 

jackknifed cross validation the accuracy of classification dropped, Green Island had the 

highest correct classification (65%), then Geoffrey Bay (60%) and Mermaid Bay the 

lowest (25%), with relatively high misclassification to Green Island (45%; Table 3.4a). 

 No other CDA of NEF coefficients could successfully distinguish among 

C. sivickisi populations using statolith shape. CDA of oral face NEF coefficients 

(Wilk’s lambda = 0.258, F48, 68 = 1.372, p = 0.1142; Fig. 3.4b), lateral face coefficients 

(Wilk’s lambda = 0.410, F44, 72 = 0.920, p = 0.6111; Fig. 3.4c), or combinations of 

proximal + oral (Wilk’s lambda = 0.422, F40, 76 = 1.023, p = 0.4553; Fig. 3.4d), 

proximal + lateral (Wilk’s lambda = 0.480, F40, 76 = 0.843, p = 0.7198; Fig. 3.4e), oral + 

lateral (Wilk’s lambda = 0.443, F40, 76 = 0.954, p = 0.5557; Fig. 3.4f), or proximal + oral 

+ lateral faces (Wilk’s lambda = 0.282, F60, 56 = 0.823, p = 0.7709; Fig. 3.4g) could not 

significantly classify samples to their sampling location. Even though some CDA could 

correctly classify most samples to their sampling location (e.g. oral face; 100% to Green 

Island), correct classification rates dropped markedly following jackknifed cross 
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Fig. 3.4: Canonical Discriminant Analyses of Normalised Elliptical Fourier coefficients 

(eigenvalue > 1) for Copula sivickisi (a) proximal [Canonical Variate (CV) 1 = 64.9%, 

CV 2 = 35.1%], (b) oral (CV 1 = 67.9%, CV 2 = 32.1%), (c) lateral statolith faces (CV 

1 = 65.3%, CV 2 = 34.7%), and top 10 coefficients per face for (d) proximal + oral (CV 

1 = 62.9%, CV 2 = 37.1%), (e) proximal + lateral (CV 1 = 60.1%, CV 2 = 39.9%), (f) 

oral + lateral (CV 1 = 73.5%, CV 2 = 26.5%), and (g) proximal + oral + lateral  statolith 

faces (CV 1 = 64.1%, CV 2 = 35.9%) among locations 
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validation (e.g. oral face; 50% to Green Island; Table 3.3b). 

3.4.3 Chironex fleckeri 

 Differences in the statolith shape of C. fleckeri were found among locations. 

CDA of NEF coefficients of oral + lateral statolith faces (Wilk’s lambda = 0.294, F40, 76 

= 1.604, p = 0.0387; Fig. 3.5f) successfully distinguished among C. fleckeri sampling 

locations. 80% of samples were correctly classified to both Weipa sites (Hey Point, 

Front Beach) and 70% correctly classified to Horseshoe Bay (Table 3.3c). Following 

jackknifed cross validation correct classification to Horseshoe Bay was weak (25%) but 

Weipa sites maintained relatively high correct classification (Hey Point; 60%, Front 

Beach; 55%; Table 3.4b). 

 All other CDAs based on different statolith faces could not distinguish among 

C. fleckeri sampling populations using statolith shape. This included CDA of NEF 

coefficients of proximal (Wilk’s lambda = 0.401, F36, 80 = 1.287, p = 0.1754; Fig. 3.5a), 

oral (Wilk’s lambda = 0.276, F46, 70 = 1.374, p = 0.1133; Fig. 3.5b), lateral (Wilk’s 

lambda = 0.316, F42, 74 = 1.370, p = 0.1176; Fig. 3.5c), proximal + oral (Wilk’s lambda 

= 0.366, F38, 78 = 1.339, p = 0.1385; Fig. 3.5d), proximal + lateral (Wilk’s lambda = 

0.325, F38, 78 = 1.545, p = 0.0532; Fig. 3.5e), and proximal + oral + lateral statolith faces  

(Wilk’s lambda = 0.174, F58, 58 = 1.397, p = 0.1029; Fig. 3.5g). Despite correct 

classifications of up to 85 – 95% as seen for proximal + oral + lateral faces (Fig. 3.5g, 

Table 3.3c), no CDA apart from oral + lateral faces showed > 50% correct classification 

rates following jackknifed cross validation (Table 3.3c).  
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Fig. 3.5: Canonical Discriminant Analyses of Normalised Elliptical Fourier coefficients 

(eigenvalue > 1) for Chironex fleckeri (a) proximal [Canonical Variate (CV) 1 = 66.7%, 

CV 2 = 33.3%], (b) oral (CV 1 = 66%, CV 2 = 34%), (c) lateral statolith faces (CV 1 = 

76.9%, CV 2 = 23.1%), and top 10 coefficients per face for (d) proximal + oral (CV 1 = 

56.6%, CV 2 = 43.4%), (e) proximal + lateral (CV 1 = 72.1%, CV 2 = 27.9%), (f) oral + 

lateral (CV 1 = 75.7%, CV 2 = 24.3%), and (g) proximal + oral + lateral  statolith faces 

(CV 1 = 71.6%, CV 2 = 28.4%) among locations 
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Table 3.4: Jackknifed classifications for Canonical Discriminant Analyses for (a) 

Copula sivickisi statolith proximal face and (b) Chironex fleckeri statolith oral + lateral 

faces among locations, n = 20 per location, correctly classified in bold 

(a) Location classified to 

(% of samples) 

(b) Location classified to 

(% of samples) 

Location M
er

m
ai

d
 B

ay
 

G
re

en
 I

sl
an

d
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eo

ff
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y
 B

ay
 

Location H
o
rs

es
h
o
e 

B
ay

 

H
ey

 P
o
in

t 

F
ro

n
t 

B
ea

ch
 

Mermaid Bay 25 45 30 Horseshoe Bay 25 45 30 

Green Island 30 65 5 Hey Point 35 60 5 

Geoffrey Bay 20 20 60 Front Beach 40 5 55 

 

 

3.5 DISCUSSION 

 Statoliths successfully distinguished among some cubozoan taxa collected at 

locations separated by tens to hundreds of kilometres. Discrimination was dependent on 

statolith orientation, and differences were found among populations of Copula sivickisi 

and Chironex fleckeri, using proximal face and oral + lateral faces respectively. In 

contrast, no NEF coefficients of statolith faces or combinations of faces could 

significantly distinguish among Carukia barnesi sampling locations. Comparing 

proximal + oral + lateral statolith face combinations was found to be best for 

discrimination among cubozoan species (Chapter 2), but this did not appear the case for 

within species comparisons. 

 Although successful separation of locations was apparent for two species correct 

classification rates dropped markedly following cross validation (see Table 3.3). To 

successfully discriminate groups of organisms, you must be able to unambiguously 

assign individuals to previously recognised groups (Strauss 2010). One could presume 
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statolith shape descriptors may have been successful in discriminating cubomedusae 

populations in most cases if greater sample sizes were used.  Relatively small sample 

sizes are a common problem with many morphological studies using multivariate 

statistics (Sun et al. 2012) that may fail to capture covariance and morphological 

variation adequately and potentially lead to false differentiation among groups (Hossein 

et al. 2011). Studies in fish otoliths which have found EFA useful in population 

distinguishment typically had much greater sample sizes (n) than those used here 

(n = 20), for example distinguishing Baltic cod stocks (83 ≤ n ≤ 593; Paul et al. 2013), 

yellowstripe goatfish (32 ≤ n ≤ 45; Pothin et al. 2006), and Atlantic forkbeard 

(30 ≤ n ≤ 49; Vieira et al. 2014). Cubomedusae largely prove to be elusive, rare 

creatures displaying high spatial and temporal variation in abundances (Kingsford et al. 

2012) and the collection of large sample sizes can be extremely challenging.  

 This study has demonstrated there is variation in the shape of statoliths. 

Morphological variation is phenotypic, influenced by both genetic composition and 

environmental factors (Cadrin 2010). Statolith shape was highly successful in 

interspecies discrimination in cubomedusae (Chapter 2) and shows some potential for 

determining intraspecific phenotypic discrimination in some taxa. It has been stated for 

fish otoliths that genetics influences the form of the otolith itself, while environmental 

conditions regulate the quantity of material deposited during the formation of the otolith 

in terms of metabolic expression and physical constraints, essentially altering the rates 

of somatic and otolith growth which in turn affects otolith shape (Vignon and Morat 

2011). This study, therefore, provides a construct for testing genetic differences among 

populations of different separation and spatial scale. 

 An obvious assumption could be that populations separated by greater distances 

would display greater differences in statolith shape parameters, such as clear 
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geographical gradients noted in morphometric measurements of some fishes (e.g. Palma 

and Andrade 2002) and molluscs (e.g. Krapivka et al. 2007). However, this was not the 

case seen here. For C. sivickisi statoliths, Mermaid Bay and Geoffrey Bay were more 

similar than when either were compared to Green Island which geographically separates 

the two (Fig. 3.1). For C. fleckeri statoliths, the geographically close Front Beach and 

Hey Point were more distinct than when comparing either to the greatly separated 

Horseshoe Bay (Fig. 3.1). It is likely that direct responses to local habitat were 

responsible for differences in statolith shape. 

 Differences in statolith shape found in C. fleckeri among sampling locations 

separated by as little as 15 km could reflect metabolic responses to their physical 

habitat. Acoustic telemetry tracking of adult C. fleckeri medusae found that those 

tagged in coastal habitats remained in coastal habitats and those tagged in estuarine 

habitats remained in estuarine habitats (Gordon and Seymour 2009). Medusae in 

estuarine zones were under greater influence from tidal current and also swam more at 

night than during the day while coastal medusae seemed to be equally active at night or 

day with some even ‘resting’ at night (Gordon and Seymour 2009). Front Beach is 

typical of a coastal habitat and Hey Point of an estuarine habitat. Horseshoe Bay is 

perhaps a mixture between the two in that tidal current influence within the bay would 

be greater than that of a coastal habitat yet not as strong as an estuarine habitat. 

Metabolic requirements resulting from swimming activity levels associated with 

different habitats may have influenced statolith shape leading to subtle variation among 

the locations. The successful classification of samples to their location using oral + 

lateral statolith faces showed highest correct classification following cross validation to 

estuarine  and coastal  locations with low correct assignment to the bay habitat. Any 

misclassification of estuarine samples were almost entirely to the bay location and 
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similarly with misclassification of coastal samples, with misclassification of bay 

samples more evenly spread (Table 3.4b).  

 Especially for C. barnesi, variation in statolith shape descriptors among 

locations was not enough to discriminate among locations in most cases. Hamer et al. 

(2012) suggested that regional similarity in otolith shape of blue grenadier (Macruronus 

novaezelanidae) populations could be related to either a high level of population mixing 

or alternatively no mixing but broadscale homogeneity of factors influencing otolith 

shape. In the current study some taxa showed phenotypic variation at scales of tens of 

kilometres to hundreds of kilometres. Mixing of some populations was near impossible 

given samples were collected in different years (see Table 3.1), and the medusa phase of 

C. sivickisi is probably less than three months (unpublished data) and for C. fleckeri is 

less than nine months and although they are active swimmers movements in excess of 

100 km is unlikely and certainly between populations separated by more than 520 kms 

(e.g. Lizard and Magnetic Islands). Tagging data of C. fleckeri suggested that exchange 

among locations separated by 10 km or more is likely to be low (Gordon and Seymour 

2009). It is likely in this case that any similarities in statolith shape among locations 

were the result of similar ecological pressures which may influence statolith shape, or 

perhaps the statoliths of some taxa (e.g. C. barnesi) are more resistant to environmental 

variation. This was thought to be the case along the eastern coast of Africa where 

similar ecological pressures acting along the coast were thought to have led to similar 

development of morphological characters of the mangrove gastropod Cerithidae 

decollata (Madeira et al. 2012). It is important to note however that a lack of shape 

variation among regions on its own is inconclusive in relation to inferring population 

structure versus panmixia (Hamer et al. 2012).    
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 Other forms of morphometrics and meristics have been useful for population 

discrimination of phyla with hard structures. Simple measurements of parts or distances 

between parts of exoskeletons were recently used to determine obvious morphological 

differences among four populations of Penaeus monodon (Sun et al. 2012). Simple 

ratios of shell length to shell height could successfully distinguish among blacklip 

abalone (Haliotis rubra) populations (Saunders and Mayfield 2008). The hard internal 

skeletons of fishes provide a great basis for truss networks of body parts, which have 

recently resulted in the successful separation of Indian scad (Decapterus russelli) stocks 

of east and west coasts of India (Sen et al. 2011), and stocks of Indian major carp (Catla 

catla; Ujjania and Kohli 2011). The use of morphological differences in body 

measurements and counts of fin spines and gill rakers led to significant separation of 

New Zealand orange roughy (Hoplostethus atlanticus) stocks (Haddon and Willis 

1995). All of these techniques were applied to repeatable measurements of hard 

structures, something which cubomedusae do not possess apart from the statolith. The 

number of tentacles per pedalium and bell size have been found to be positively 

correlated to maturity in at least C. fleckeri (Gordon and Seymour 2012). Yet the 

gelatinous bell can actually undergo degrowth in times of malnourishment (Hamner 

et al. 1995), and bell and tentacles can easily be damaged dependent on collection 

method or even predation events. As such bell size or tentacle number, which would 

have no application to single tentacle per pedalium carybdeids, have not been applied to 

stock assessments for cubomedusae. 

3.6 CONCLUSION 

 Statolith shape analysis successfully discriminated among sampling locations for 

two of three species. A small number of metrics (proximal face for C. sivickisi and oral 

+ lateral faces for C. fleckeri) of the 21 faces or combination of faces tried allowed 
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discrimination. Best discrimination was for C. sivickisi which has one of the more 

distinguishable shapes of statoliths among species (i.e. high Length: Width of proximal 

face; Chapter 2). The ecological niche, and associated ecological pressures, that some 

cubozoan species are exposed to may not change enough for differences in statolith 

shape among locations to occur. Statolith shape analysis is a useful taxonomic tool 

(Chapter 2) and has the ability to differentiate populations in some taxa. I have 

identified metrics that allow discrimination and the effects sizes were sufficient to 

justify statolith shape as an effect addition and in combination with other stock 

identification techniques such as genetics or elemental chemistry to investigate 

population structure of cubomedusae. Highly localised aggregations (see Appendix A) 

and now differences in statolith shape at small spatial scales are suggestive of 

potentially small scale stocks nested within metapopulations.  
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Chapter 4: Discriminating populations of medusae (Chironex 

fleckeri, Cubozoa) using statolith microchemistry 

4.1 ABSTRACT 

The structure of medusae populations is poorly known. Natural geochemical signatures 

based on elemental composition of calcified structures are a common tool for 

investigating population structure or connectivity in marine systems. Chironex fleckeri 

(Cubozoa) medusae have a hard calcified structure, the statolith. Laser Ablation 

Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) was used to extract 

elemental composition of statolith zones of core, edge and whole statoliths at varying 

spatial and temporal scales to investigate medusae population structure using both 

univariate (element/Ca ratios) and multivariate (multi-element/Ca signature) assays. 

Best spatial discrimination among medusae was found with whole statoliths. Significant 

differences in some elemental ratios (e.g. Sr/Ca, Fe/Ca) were found among regions 

(separated by hundreds of kilometres) and sites (separated by kilometres) within regions 

for all statolith zones. Canonical Discriminant Analysis (CDA) of multi-element/Ca 

signatures successfully distinguished between regions for all statolith zones and sites 

within regions for whole statoliths. Differences in statolith elemental chemistry over 

four seasons, or within a season, were generally small. Sr/Ca significantly differed at 

both temporal scales likely as a result of a positive relationship found with temperature. 

Statolith microchemistry can help to discriminate populations of jellyfish. There is 

evidence from spatial variation in statolith shape and now elemental chemistry that 

populations of C. fleckeri medusae are most likely highly localised at spatial scales of 

kilometres and mixing between local populations appears minimal. 
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4.2 INTRODUCTION 

 Knowledge of Chironex fleckeri medusae population structure is lacking. The 

box jellyfish Chironex fleckeri is well known for its potent sting, labelled the most 

dangerous animal in the world (Tibballs 2006). It is indeed the largest known and most 

deadly of the 41 currently accepted Cubomedusae (Collins 2014), responsible for at 

least 68 fatal envenomations in Australian waters (Fenner 2005). In Australia, 

C. fleckeri is known to encompass northern coastlines from 22°S at Exmouth, Western 

Australia around to 24°S at Port Curtis, Queensland (Tibballs 2006). C. fleckeri 

medusae display great seasonality within the tropical monsoon season, and as a result 

October to May is known as “stinger season” in tropical Australia due to the high risk of 

envenomation to users of tropical coastlines (Jacups 2010). This risk of envenomation 

can have effect on local communities in areas of leisure, tourism, health and 

occupations associated with coastal waters (Bailey et al. 2003, Gershwin and Dabinett 

2009). Knowledge of C. fleckeri medusae populations is not only critical to assist in risk 

management, but there is also a requirement to further understand the ecology of these 

elusive yet potentially harmful creatures. 

 Fisheries science applies the ‘stock’ concept to investigate populations of 

pelagic marine life. A stock is a population unit which is assumed homogeneous for 

particular management purposes (Begg and Waldman 1999); ideally where the 

population size, both in number and biomass, is determined by reproductive output, 

recruitment and growth (Sinclair 1988). C. fleckeri stocks may include single or 

multiple local populations found within bays along a beach or estuaries, of which the 

level of exchange among them is poorly known. A metapopulation, a unit often 

equating to the biogeographic range of a species, could consist of numerous stocks 

(Kingsford and Mooney 2014; Appendix A). Stock identification and discrimination is 
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historically achieved by applying one or more stock assessment techniques including 

tagging, meristics and morphometrics, genetics or chemistry of calcified structures. 

However, most of these techniques are not easily applicable to a fragile, rare, gelatinous 

animal such as C. fleckeri. 

 C. fleckeri medusae pose distinct challenges to traditional stock assessment 

techniques. Tagging a gelatinous structure is troublesome, yet has been accomplished 

with C. fleckeri (Gordon and Seymour 2009). Gordon and Seymour (2009) used 

histoacryl, a surgical adhesive, to secure tiny pico-tag acoustic transmitters to the 

pedalial wing of mature medusae. However, tracking of medusae has only been 

achieved for short periods (maximum 38 hrs recorded; Gordon and Seymour 2009), and 

it is unclear how artificial tagging affects the behaviour or health of the tagged 

individual (Kingsford 1998, Begg and Waldman 1999). Gordon and Seymour (2012) 

found number of tentacles and medusa size to be a good indicator of C. fleckeri age and 

maturity. Body meristics and morphometrics have not been tested among locations and 

have limited use to C. fleckeri stock assessment due to their dependence on medusa age 

or maturity. Plasticity of C. fleckeri bell size has also been recorded in malnourished 

medusae (Hamner et al. 1995). Genetics is a promising stock discrimination technique 

but is dependent on large sample sizes.  

 As the only hard structure of a C. fleckeri medusa the statolith may be an 

invaluable tool for stock assessment. The statolith forms within the statocyst membrane 

in the basal section of the rhopalium and serves to orientate the medusa (Sötje et al. 

2011). It was demonstrated that the shape of these structures was capable of 

differentiating among cubozoan taxa down to family and species levels (Chapter 2). 

Furthermore, spatial variation in statolith shape has been found within some species 

with evidence provided for variation in statolith shape at small (tens of kilometres) and 
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large (hundreds of kilometres) spatial scales (Chapter 3). However, statoliths can 

potentially provide more information on stock structure than that gained from shape. 

 The use of natural geochemical signatures based on the elemental or isotopic 

composition of calcified structures is a common tool for investigating population 

structure or connectivity in marine systems (Thorrold et al. 2002). Marine water 

chemistry can and does vary both spatially and temporally (Elsdon et al. 2008) as a 

complex and diverse trace element seascape is created by contributions from geology, 

upwelling, freshwater runoff and anthropogenic inputs (Miller et al. 2013). Typically 

applied to calcium carbonate (CaCO3) structures, stock identification based on 

geochemical signatures assumes that trace elements from surrounding waters substitute 

for calcium (Ca) in the CaCO3 matrix (Campana 1999, Zacherl et al. 2003). Further, 

elemental composition can be a natural tag even without knowledge of the original 

source of component elements (Edmonds et al. 1995, Campana 1999). This technique is 

most applicable to calcified structures which are metabolically inert and have 

continuous growth such as fish otoliths (e.g. Campana et al. 2000) and mollusc 

statoliths (e.g. Arkhipkin et al. 2004), yet has also been applied to bivalve shells (e.g. 

Thébault et al. 2009) and crustacean exoskeletons (e.g. Jack et al. 2011). Cubomedusae 

have a hard calcified structure, the statolith. 

 Cubozoan statoliths show continuous growth with concentric increments said to 

be daily and as such have been the focus of several age-based assays (Ueno et al. 1995, 

Kawamura et al. 2003, Gordon et al. 2004, Gordon and Seymour 2012). Medusan 

statoliths consist of a calcium sulphate hemihydrate (CaSO40.5H2O; bassanite) matrix 

(Tiemann et al. 2006, Sötje et al. 2011) not CaCO3 as for other calcified structures. 

These characteristics showed great promise for elemental chemistry investigation and 

Mooney and Kingsford (2012; Appendix B) demonstrated that Laser Ablation 
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Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) was capable of extracting 

C. fleckeri statolith elemental composition. A significant interaction found between 

statolith zone (core and edge) and medusae collection site (Mooney and Kingsford 

2012; Appendix B) suggested differences among statolith zones existed as a result of 

changing exposures of medusae to differing water masses over medusan life. 

Differences in microchemistry among statolith zones within a population could exist if 

medusae metamorphose from multiple positions within a location (e.g. an estuary) to 

emerge to the open coast, or release from a single source and disperse to varying water 

masses. 

 The objective of this study was to use statolith elemental chemistry to 

distinguish Chironex fleckeri medusae populations at different spatial and temporal 

scales. Specifically, my aims were to use LA-ICPMS on C. fleckeri statoliths to: (1) 

measure variation in statolith elemental chemistry over large spatial scales between 

regions separated by hundreds of kilometres and smaller spatial scales between sites 

separated by kilometres within those regions; (2) determine whether spatial variation in 

statolith microchemistry between sites was confounded by temporal variation between 

seasons; (3) investigate long term temporal variation in statolith chemistry across four 

seasons at a single site and (4) short temporal variation among months within a season 

at a single site.    

4.3 MATERIALS AND METHODS 

4.3.1 Sampling 

 It was hypothesised that the elemental chemistry of the statoliths of Chironex 

fleckeri would vary at spatial scales that equate with differences in population structure. 

Medusae were collected from three regions (Weipa, Townsville, and Mackay) of 
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Queensland tropical coastline. Regions were separated by 300 – 1300 km and sampling 

was done at three sites within each region; separated by 3 – 30 km. Collections were 

made over four stinger seasons spanning 2008/2009 to 2011/2012 (Fig. 4.1, Table 4.1). 

Medusae were collected by hand, scoop net, or by routine seine net drags of patrolled 

beaches by Surf Life Saving Queensland (SLSQ). Rhopalia were extracted and 

preserved in 100% ethanol post medusa collection, or whole animals were preserved in 

ethanol if collected by SLSQ and rhopalia extracted at a later date.  

 

 

Fig. 4.1: Map showing sampling sites around northern Queensland (Australia) coastline 

where Chironex fleckeri medusae were collected. See Table 4.1 for site details. 
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Table 4.1: Details of Chironex fleckeri medusae collection sites. Code corresponds to 

Fig. 4.1. Season: 1(2008/2009), 2(2009/2010), 3(2010/2011), 4(2011/2012), AIMS: 

Australian Institute of Marine Science 

Code Region Site Season collected Latitude Longitude 

A Weipa Cullen Point 3, 4 11°57’59” S 141°53’50” E 

B Weipa Pine River 3, 4 12°29’54” S 141°41’12” E 

C Weipa Andoom Point 3, 4 12°36’01” S 141°49’11” E 

D Weipa Front Beach 3, 4 12°41’56” S 141°47’33” E 

E Weipa Hey Point 3, 4 12°44’05” S 141°53’31” E 

F Weipa Napranum Beach 4 12°41’15” S 141°53’11” E 

G Townsville Horseshoe Bay 3 19°06’59” S 146°51’42” E 

H Townsville Strand 1, 2, 3, 4 19°14’30” S 146°48’34” E 

I Townsville AIMS 3 19°16’40” S 147°03’32” E 

J Mackay Eimeo Beach 3 21°02’03” S 149°11’45” E 

K Mackay Blacks Beach 3 21°03’18” S 149°11’45” E 

L Mackay Harbour Beach 3 21°07’07” S 149°13’22” E 

 

4.3.2 Statolith preparation 

 Analysis of element/Ca from all four statoliths of one medusa found only 2.8% 

variance among the four statoliths, suggesting a single statolith was representative for 

that medusa. One statolith per medusa was extracted from rhopalial tissue and placed 

proximal side up (cleavage vertical) in a glass petri dish. A small amount of Crystal 

Bond adhesive was applied to a heated slide which was then lowered onto the statolith 

so that it adhered. Once mounted and Crystal Bond had cooled, statoliths were polished 

using 0.3 µm lapping film until a transverse section displaying a smooth surface with 

concentric increments was visible under ×400 magnification of an OLYMPUS CX31 

compound microscope. 
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4.3.3 LA-ICPMS operation and data processing 

 Statoliths were analysed at the Advanced Analytical Centre (AAC; James Cook 

University) using a Coherent GeolasPro excimer laser system (λ = 193 nm) coupled 

with a Varian 820-MS ICPMS. Statoliths were placed in a sealed sample cell mounted 

on an automated X – Y sample stage and ablation occurred in a helium (He) gas 

environment. A pilot study of laser operating parameters established that with a constant 

He gas flow rate of 240 mL/min, an energy of 80 mJ and mask aperture of 16 µm 

resulted in little fracturing of the bassanite statoliths, yet was capable of extracting 

elemental composition (see Mooney & Kingsford 2012; Appendix B).  

 All samples were first cleaned with a step-repeat path of 1 Hz at one pulse/spot 

with a 23 µm aperture to remove any possible etching of the surface during preparation. 

Then analysis was performed along the cleaned path with a step-repeat path of 5 Hz at 

10 pulses/spot with 16 µm aperture. Paths were ablated from statolith core to statolith 

edge across concentric growth increments and a short six spot path was focussed around 

a section of the edge of the polished statolith so as to closely analyse the most recently 

deposited material (Fig. 4.2). 

 For LA-ICPMS analyses the ICPMS was started 30 s prior to laser ablation. 

Statoliths were analysed for nine elements: calcium (Ca), strontium (Sr), barium (Ba), 

magnesium (Mg), zinc (Zn), lead (Pb), manganese (Mn), lithium (Li) and iron (Fe). 

Calibration of the ICPMS was achieved using the certified reference material (CRM) 

NIST 610 (National Institute of Standards and Technology, Maryland), a synthetic glass 

containing known levels of elements. Cleaning and analysis procedures as for statolith 

material were performed twice on NIST 610 before and after every eight statolith 

samples to correct for elemental fractionation and instrument drift in the ICPMS. The 
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Trace Elements Data Reduction Scheme (DRS; Woodhead et al. 2007) of Iolite 2.2 

(Paton et al. 2011) was used for the subtraction of baselines, internal standardisation of 

elements to Ca, and conversion of Counts Per Second (CPS) to ppm relative to NIST 

610 glass data. The Iolite parameter ‘index content of Ca in sample’ was set to 0.276 

(Ca in CaSO4.0.5H2O) and ‘threshold to use when masking low signals’ to 0 as most 

trace elements were only detected at very low levels. Elements were divided by their 

respective Molar mass to produce concentrations in µmol/g and ratioed to Ca (Sr/Ca; 

mmol/mol, Ba/Ca; µmol/mol, Mg/Ca; mmol/mol, Zn/Ca; mmol/mol, Pb/Ca; µmol/mol, 

Mn/Ca; mmol/mol, Li/Ca; mmol/mol, Fe/Ca; mmol/mol). Absolute values for elements 

cannot be used, as small variation in size of the laser spot can alter concentrations.  In 

contrast, the ratioing of elemental signals (that are above detection limits) is robust 

given it does not vary with amount of material extracted by the laser.   

 

 

Fig. 4.2: Polished Chironex fleckeri statolith post laser ablation with 16 µm mask 

showing step-repeat path from statolith core to edge across concentric increments and 

section around edge. Statolith zones of core, edge and whole used for analyses are 

indicated 
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4.3.4 Spatial and temporal variation in statolith elemental signatures 

 Both univariate and multivariate techniques were applied to investigate spatial 

and temporal variation in statolith microchemistry. Statistical analyses were conducted 

in SYSTAT 11 for Windows. All tests were performed separately on statolith core, 

statolith edge and whole statoliths to determine which ‘zone’ was the best descriptor of 

medusae populations. Mean core values were calculated from the average of two 16 µm 

spots at the statolith core; mean edge values from the average of six spots around 

statolith edge; and mean whole statolith from the average of all spots along core – edge 

step-repeat transect (see Fig. 4.2).  

  Aim 1: The null model that statolith elemental chemistry would be consistent 

between regions separated by hundreds of kilometres, and sites separated by kilometres 

within those regions, was tested with a nested Analysis of Variance (ANOVA) with 

factors ‘region’ (Weipa, Townsville, Mackay) and ‘site (region)’ (three sites per region, 

Table 4.1); both factors were treated as random. The analysis was performed separately 

for each element/Ca ratio. Canonical Discriminant Analysis (CDA) was performed on 

element/Ca ratios determined to explain the most variation by Principal Component 

Analysis (PCA). CDA was performed on multi-element/Ca ratios grouped by region 

(sites pooled) and separately for each region (i.e. among sites within regions) to 

determine multi-element/Ca signatures between locations at different spatial scales. 

 Aim 2: A two factor mixed-model ANOVA was used to test the model that 

statolith elemental chemistry was consistent between five sites at Weipa over two 

seasons. The factor ‘site’ (Pine River, Andoom Point, Hey Point, Cullen Point, Front 

Beach) was treated as random and ‘season’ (2010/2011, 2011/2012) treated as fixed 

(because sampling was done in two consecutive years) and the analysis resulted in a 
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site*season interaction. The mixed-model ANOVA was run separately for each 

element/Ca ratio. 

 Aim 3: One way ANOVAs were used to test the model that statolith chemistry 

would be consistent across four consecutive seasons at the Strand, Townsville. The 

factor season (2008/2009, 2009/2010, 2010/2011, 2011/2012) was treated as fixed and 

ANOVA was run separately for each element/Ca ratio. As only four medusae were 

collected from the Strand in 2009/2010 season, the mean of those four was included in 

ANOVA to maintain a balanced design of n = 5; one degree of freedom was removed 

from the residual for testing (according to recommendation of Underwood 1997). CDA 

was performed on element/Ca ratios deemed to explain most variation by PCA to 

determine multi-element/Ca signatures over a long temporal scale across seasons. 

 Aim 4: The model that statolith chemistry would be consistent among months 

within a single season at Napranum beach, Weipa was tested using one way ANOVA. 

The factor ‘month’ (November, December, January) was treated as random with 

separate ANOVAs run on each element/Ca ratio. CDA were performed to determine 

multi-element/Ca signatures over a short temporal scale within a season. 

4.4 RESULTS 

4.4.1 Spatial variation 

 Element/Ca ratios showed varying patterns between regions and sites within 

those regions, with differences seen for statolith core, statolith edge and whole statolith; 

best discrimination was achieved with whole statoliths. Further, the rank differences in 

elemental concentrations varied by site and with statolith zone sampled. 
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Fig. 4.3: Mean element/Ca ratios (± SE) for Chironex fleckeri statolith core, statolith 

edge and whole statolith for sites nested within regions. n = 5 per site 
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 In general elemental differences between regions were rare (Table 4.2). Only 

two element/Ca ratios (Mg/Ca, Li/Ca) showed significant differences by region and not 

among sites within regions. Statolith edge Mg/Ca was found at significantly higher 

levels at Weipa than Mackay and Townsville (Fig. 4.3, Table 4.2). Statolith core and 

whole statolith Mg/Ca did not significantly differ among regions. Li/Ca was also 

significantly greatest at Weipa then Mackay and Townsville, significant in statolith core 

and whole statolith Li/Ca but not statolith edge (Fig. 4.3, Table 4.2). 

 Multi-element/Ca signatures in statoliths could discriminate between regions 

using CDA. Significant discrimination among regions was found for statolith core 

(Wilks Lambda = 0.592, F8, 78 = 2.925, p = 0.0066; Fig. 4.4a), statolith edge (Wilks 

Lambda = 0.472, F8, 78 = 4.449, p = 0.0002; Fig. 4.4b) and whole statolith (Wilks 

Lambda = 0.463, F8, 78 = 4.581, p = 0.0001; Fig. 4.4c). Whole statolith was most 

successful at region classification with a mean of 60% correct classification overall, 

incorporating 93% correct classification of samples to Townsville region following 

jackknifed cross validation (Table 4.3). 

 The majority of element/Ca ratios showed significant differences among sites 

within regions in whole statoliths (Sr/Ca, Mg/Ca, Pb/Ca, Mn/Ca and Fe/Ca; Fig. 4.3, 

Table 4.2). Sr/Ca and Fe/Ca also were found to significantly differ among sites within 

regions in statolith core and edge zones (Fig. 4.3, Table 4.2) and were the only ratios to 

do so. Although Ba/Ca and Zn/Ca were highly variable they did not significantly differ 

at level of region or site (region) in any of statolith core, edge or whole statolith (Fig. 

4.3, Table 4.2). 
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Fig. 4.4: Canonical Discriminant Analyses of multi-element/Ca ratios for (a) statolith 

core (Canonical Variate; CV 1 = 72.1%, CV 2 = 27.9%), (b) statolith edge (CV 1 = 

92.7%, CV 2 = 7.3%) and (c) whole statolith (CV 1 = 90.4%, CV 2 = 9.6%) grouped by 

the regions of Weipa (W), Townsville (T) and Mackay (M). n = 15 per region. Ellipses 

= confidence around group data. Individual element/Ca loadings are indicated for each 

CV.   

Table 4.3: Canonical Discriminant Analysis (CDA) classifications based on multi 

element/Ca ratios for statolith core, statolith edge and whole statolith grouped by region 

(n = 15 per region; Bold = correctly classified). Grey = CDA classification; white = 

classification following jackknife cross validation  
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Core Weipa 40 40 40 20 

 Townsville 67 13 40 47 

 Mackay 67 0 33 67 

Edge Weipa 80 80 13 7 

 Townsville 60 27 47 26 

 Mackay 40 0 67 33 

Whole Weipa 67 67 33 0 

 Townsville 100 7 93 0 

 Mackay 13 7 80 13 
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Fig. 4.5: Canonical Discriminant Analyses of multi-element/Ca ratios for statolith core 

[a (Canonical Variate; CV 1 = 78.5%, CV 2 = 21.5%), d (CV 1 = 76.5%, CV 2 = 

23.5%), g (CV 1 = 54.5%, CV 2 = 45.5%)], statolith edge [b (CV 1 = 89.9%, CV 2 = 

10.1%), e (CV 1 = 88.6%, CV 2 = 11.4%), h (CV 1 = 71.9%, CV 2 = 28.1%)] and 

whole statolith [c (CV 1 = 73.7%, CV 2 = 26.3%), f (CV 1 = 97.3%, CV 2 = 2.7%), i 

(CV 1 = 87%, CV 2 = 13%)] grouped by sites within Weipa [a – c; Pine River (PR), 

Andoom Point (AP), Hey Point (HP)], Townsville [d – f; Horseshoe Bay (HS), 

Australian Institute of Marine Science (AIMS), Strand (S)] and Mackay [g – i; Eimeo 

Beach (EB), Harbour Beach (HB), Blacks Beach (BB)]. n = 5 per site. Ellipses = 

confidence around group data. Individual element/Ca loadings are indicated for each 

CV.   
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Table 4.4: Canonical Discriminant Analysis (CDA) classifications based on multi 

element/Ca ratios for statolith core, statolith edge and whole statolith grouped by site 

within region (n = 5 per site; Bold = CDA significant at p < 0.05); PR = Pine River, AP 

= Andoom Point, HP = Hey Point, HS = Horseshoe Bay, AIMS = Australian Institute of 

Marine Science, S = Strand, EB = Eimeo Beach, HB = Harbour Beach, BB = Blacks 

Beach. Grey = CDA classification; white = classification following jackknifing 
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Core PR 80 80 HS 80 40 EB 60 60 

 AP 60 60 AIMS 60 20 HB 80 60 

 HP 60 60 S 60 40 BB 80 60 

Edge PR 60 20 HS 80 40 EB 80 40 

 AP 40 20 AIMS 60 40 HB 80 60 

 HP 60 60 S 60 0 BB 100 60 

Whole PR 100 80 HS 100 100 EB 80 60 

 AP 60 60 AIMS 80 80 HB 80 80 

 HP 80 80 S 80 60 BB 100 60 

 

Table 4.5: Jackknifed classification for site within region Canonical Discriminant 

Analyses for (a) Weipa whole statolith, (b) Townsville whole statolith, (c) Mackay 

statolith edge, (d) Mackay whole statolith (Bold = correctly classified); PR = Pine 

River, AP = Andoom Point, HP = Hey Point, HS = Horseshoe Bay, AIMS = Australian 

Institute of Marine Science, S = Strand, EB = Eimeo Beach, HB = Harbour Beach, BB 

= Blacks Beach 
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PR 80 20 0 HS 100 0 0 EB 40 40 20 EB 60 40 0 

AP 40 60 0 AIMS 0 80 20 HB 20 60 20 HB 0 80 20 

HP 20 0 80 S 0 40 60 BB 20 20 60 BB 20 20 60 
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 Best multi-element/Ca discrimination among sites within regions was found 

with whole statoliths (Fig. 4.5c, f, i, Table 4.4). CDA could not significantly 

discriminate among sites within Weipa using multi-element/Ca signatures of statolith 

core (Wilks Lambda = 0.249, F8, 18 = 2.263, p = 0.0716; Fig. 4.5a) or statolith edge 

(Wilks Lambda = 0.516, F8, 18 = 0.882, p = 0.5496; Fig. 4.5b) but was capable of 

significant discrimination of sites using whole statoliths (Wilks Lambda = 0.163, 

F8, 18 = 3.327, p = 0.0162; Fig. 4.5c), correctly classifying 80% of samples to Pine River 

and Hey Point following jackknifed cross validation (Table 4.5a). Similar to Weipa, 

CDA could not significantly distinguish among sites within Townsville for statolith core 

(Wilks Lambda = 0.373, F8, 18 = 1.436, p = 0.248; Fig. 4.5d) or edge (Wilks Lambda = 

0.471, F8, 18 = 1.030, p = 0.4501; Fig. 4.5e) zones yet was successful in site separation 

using multi-element/Ca signatures of whole statoliths (Wilks Lambda = 0.108, 

F8, 18 = 4.582, p = 0.0035; Fig. 4.5f), correctly classifying 100% of samples to 

Horseshoe Bay (Fig. 4.5f, Table 4.5b). Sites within Mackay were significantly 

distinguished in both statolith edge (Wilks Lambda = 0.133, F8, 18 = 3.914, p = 0.0077; 

Fig. 4.5h) and whole statoliths (Wilks Lambda = 0.157, F8, 18 = 3.434, p = 0.0141; 

Fig. 4.5i) with highest correct classification following jackknifing of 80% to Harbour 

Beach in whole statoliths (Table 4.5d). In contrast, CDA was however unsuccessful in 

significant discrimination among Mackay sites for statolith core (Wilks Lambda 

= 0.399, F8, 18 = 1.314, p = 0.2982; Fig. 4.5g). 

4.4.2 Temporal variation 

 Differences were observed in statolith element/Ca ratios among sites over 

2010/2011 and 2011/2012 seasons at Weipa (Fig. 4.6). Significant differences were 

more often found among sites than between the two seasons (Table 4.6). Whole 

statoliths were again the best discriminator among sites as all element/Ca ratios except  
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Fig. 4.6: Mean element/Ca ratios (± SE) for Chironex fleckeri statolith core, statolith 

edge and whole statolith for sites at Weipa over two seasons: 2010/2011 (white bars) 

and 2011/2012 (grey bars). n = 5 per site. 
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Ba/Ca were significantly different among sites (Table 4.6). Four element/Ca ratios 

(Sr/Ca, Ba/Ca, Li/Ca, Fe/Ca) significantly differed among sites in statolith edge and 

only Pb/Ca and Fe/Ca were found to significantly differ among sites in statolith core 

(Fig. 4.6, Table 4.6). Significant difference between 2010/2011 and 2011/2012 seasons 

was rare and only found in statolith edge Mn/Ca and Li/Ca with 2010/2011 levels 

greater than those of 2011/2012 (Fig. 4.6, Table 4.6). Changes in rank of element/Ca 

ratios among sites by season resulted in significant site*season interactions for many 

element/Ca ratios in statolith core (Sr/Ca, Pb/Ca, Mn/Ca, Fe/Ca), statolith edge (Sr/Ca) 

and whole statoliths (all ratios except Ba/Ca) (Fig. 4.6, Table 4.6). 

 Significant differences in elemental signatures among seasons at the Strand were 

rare (Figure 4.7, Table 4.7). Sr/Ca in whole statoliths and Mn/Ca in statolith cores were 

the only two ratios to significantly change over seasons (Fig. 4.7, Table 4.7). Sr/Ca of 

whole statoliths was significantly greater in 2008/2009 and 2011/2012 seasons than 

2009/2010 and 2010/2011 seasons (Fig. 4.7, Table 4.7). Mn/Ca of statolith cores 

significantly increased from 2009/2010 to 2010/2011 and again to 2011/2012 seasons 

(Fig. 4.7, Table 4.7). Despite some element/Ca ratios (e.g. Mg/Ca, Zn/Ca and Pb/Ca) 

showing a greater than 10-fold increase in mean values (> 1000% positive change in 

element/Ca from one season to next), mostly evident from 2009/2010 to 2010/2011, no 

other element/Ca ratios of any statolith zone showed significant differences between 

seasons (Fig. 4.7, Table 4.7).   
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Fig. 4.7: Mean element/Ca ratios (± SE) for statolith core, statolith edge and whole 

statolith from Chironex fleckeri collected from the Strand over four seasons. n = 5 per 

season. % = magnitude and direction of change from mean values from one season to 

next. 
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Table 4.7: Results of ANOVA for element/Ca ratios in statolith core, statolith edge and 

whole statolith among seasons (fixed; a = 4), n = 5, ** = p < 0.01 

   Core Edge Whole 

 Source df MS F MS F MS F 

Sr/Ca Season 3 0.319 3.012 0.363 2.714 0.466 9.291 ** 

 Residual 15 0.106  0.134  0.05  

Ba/Ca Season 3 0.563 0.824 161.404 1.319 1.513 0.884 

 Residual 15 0.683  122.376  1.71  

Mg/Ca Season 3 0.208 1.113 1311.488 0.846 0.237 2.176 

 Residual 15 0.186  1549.423  0.109  

Zn/Ca Season 3 0.003 0.727 12.003 2 0.078 1.227 

 Residual 15 0.004  6.002  0.063  

Pb/Ca Season 3 4.327 1.043 3319.335 1.447 12.681 2.93 

 Residual 15 4.149  2293.208  4.329  

Mn/Ca Season 3 1.34x10
-4 

5.642 ** 0.003 1.153 4.66x10
-5 

1.123 

 Residual 15 2.38x10
-5 

 0.003  4.15x10
-5 

 

Li/Ca Season 3 0.005 0.863 2.78 0.955 0.002 1.135 

 Residual 15 0.006  2.911  0.002  

Fe/Ca Season 3 0.106 0.736 4.796 1.36 0.089 0.977 

 Residual 15 0.144  3.528  0.091  

 

  

 Multi-element/Ca signatures could not successfully distinguish among the four 

seasons at the Strand (Fig. 4.8). CDA of statolith core (Wilks Lambda = 0.299, F12, 34 

= 1.67, p = 0.1174; Fig. 4.8a), statolith edge (Wilks Lambda = 0.366, F12, 34 = 1.335, 

p = 0.2442; Fig. 4.8b) and whole statoliths (Wilks Lambda = 0.468, F12, 34 = 0.96, 

p = 0.5034; Fig. 4.8c) were all unsuccessful in significantly classifying samples to their 

correct season (Table 4.8).  
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Fig. 4.8: Canonical Discriminant Analyses of multi-element/Ca ratios for (a) statolith 

core (Canonical Variate; CV 1 = 77.4%, CV 2 = 22%), (b) statolith edge (CV 1 = 71%, 

CV 2 = 22.8%) and (c) whole statolith (CV 1 = 74.8%, CV 2 = 21.1%) from Chironex 

fleckeri collected from the Strand over four seasons: 2008/2009 (1), 2009/2010 (2), 

2010/2011 (3), and 2011/2012 (4). n = 5 per season. Ellipses = confidence around group 

data. Individual element/Ca loadings are indicated for each CV.   

 

Table 4.8: Canonical Discriminant Analysis (CDA) classifications based on multi 

element/Ca ratios for statolith core, statolith edge and whole statolith for Chironex 

fleckeri collected from the Strand over four seasons (n = 5 per season). Grey = CDA 

classification; white = classification following jackknifing 
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Core 2008/2009 40 20 

 2009/2010 60 60 

 2010/2011 80 0 

 2011/2012 80 40 

Edge 2008/2009 40 40 

 2009/2010 80 80 

 2010/2011 60 0 

 2011/2012 40 40 

Whole 2008/2009 0 0 

 2009/2010 80 60 

 2010/2011 20 0 

 2011/2012 60 60 
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 Some short term temporal variation was observed in mean statolith element/Ca 

ratios among months within 2011/2012 season at Napranum (Fig. 4.9). Sr/Ca in whole 

statoliths increased significantly with each sampling trip (Fig. 4.9, Table 4.9). Mg/Ca 

was found to significantly change in statolith edge zones among months being highest 

later in the season in January (Fig. 4.9, Table 4.9). No other element/Ca ratio in any 

statolith zone was found to significantly differ among months within the 2011/2012 

season at Napranum (Table 4.9). The magnitude of change in mean ratios among trips 

to Napranum was typically less than those seen among seasons at the Strand 

(Fig. 4.7, 4.9). 

 

Table 4.9: Results of ANOVA for element/Ca ratios in statolith core, statolith edge and 

whole statolith for month within a season (random; a = 3), n = 5, * = p < 0.05 

   Core Edge Whole 

 Source df MS F MS F MS F 

Sr/Ca Month 2 0.182 1.088 0.099 1.004 0.304 4.481 * 

 Residual 12 0.167  0.099  0.068  

Ba/Ca Month 2 0.012 1.089 0.403 0.113 0.241 2.922 

 Residual 12 0.011  3.569  0.082  

Mg/Ca Month 2 4.744 2.917 577.901 5.15 * 18.258 2.979 

 Residual 12 1.626  112.212  6.128  

Zn/Ca Month 2 8.27x10
-5 

1.408 0.005 0.197 0 0.138 

 Residual 12 5.87x10
-5

  0.027  0.001  

Pb/Ca Month 2 0.004 0.852 14.579 1.452 0.29 1.274 

 Residual 12 0.005  10.037  0.228  

Mn/Ca Month 2 5.4x10
-5 

3.386 1.1x10
-4 

1.904 1.48x10
-5 

2.856 

 Residual 12 1.59x10
-5

  5.78x10
-5

  5.17x10
-6

  

Li/Ca Month 2 0.004 3.234 0.002 0.993 2.46x10
-4 

0.637 

 Residual 12 0.001  0.002  3.85x10
-4

  

Fe/Ca Month 2 0.1 1 0.142 1.953 0.019 1.169 

 Residual 12 0.1  0.073  0.016  

 

  



 
 

95 
 

 

Fig. 4.9: Mean element/Ca ratios (± SE) for statolith core, statolith edge and whole 

statolith from Chironex fleckeri collected on three trips to Napranum over 2011/2012 

season. n = 5 per month. % = magnitude and direction of change from mean values 

from one trip to next. 
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 No short term multi-element/Ca signature was found in statoliths (Fig. 4.10). 

CDA of statolith core (Wilks Lambda = 0.416, F8, 18 = 1.237, p = 0.3337; Fig. 4.10a), 

statolith edge (Wilks Lambda = 0.604, F8, 18 = 0.646, p = 0.7301; Fig. 4.10b) and whole 

statoliths (Wilks Lambda = 0.358, F8, 18 = 1.511, p = 0.2218; Fig. 4.10c) were all 

unsuccessful in significant discrimination among months (Table 4.10).  

 

 

 

 

Fig. 4.10: Canonical Discriminant Analyses of multi-element/Ca ratios for (a) statolith 

core (Canonical Variate; CV 1 = 87.6%, CV 2 = 12.4%), (b) statolith edge (CV 1 = 

66.9%, CV 2 = 33.1%) and (c) whole statolith (CV 1 = 80.1%, CV 2 = 19.9%) from 

Chironex fleckeri collected on three trips to Napranum over 2011/2012 season: 

November (Nov), December (Dec) and January (Jan). n = 5 per trip. Ellipses = 

confidence around group data. Individual element/Ca loadings are indicated for each 

CV.   
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Table 4.10: Canonical Discriminant Analysis (CDA) classifications based on multi 

element/Ca ratios for statolith core, statolith edge and whole statolith for Chironex 

fleckeri collected on three trips to Napranum over the 2011/2012 season (n = 5 per 

month). Grey = CDA classification; white = classification following jackknifing 
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Core November 80 40 

 December 80 60 

 January 40 40 

Edge November 60 0 

 December 80 40 

 January 80 0 

Whole November 40 20 

 December 80 60 

 January 80 40 

 

 

4.5 DISCUSSION 

 Chironex fleckeri medusae populations were successfully differentiated at 

spatial scales of kilometres to hundreds of kilometres using statolith elemental 

chemistry. LA-ICPMS reliably determined statolith microchemistry and allows high-

resolution analysis of distinct zones within statoliths.  

 Statolith core, statolith edge and whole statoliths were analysed separately with 

whole statoliths proving most useful for population discrimination. Not surprisingly 

however, varying patterns were observed among stand alone element/Ca ratios and 

multi-element/Ca assays at both spatial and temporal scales. Statolith elemental 

chemistry significantly differed among regions and sites within those regions and these 

may correspond to populations that are robust biological units. Whole statoliths were 

most effective at separating medusae populations, with significant differences found 
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among sites within regions for five out of eight element/Ca ratios tested (Sr/Ca, Mg/Ca, 

Pb/Ca, Mn/Ca and Fe/Ca) and differences among regions found significant for one ratio 

(Li/Ca). In multivariate assays whole statoliths could significantly discriminate among 

regions and sites within each of those regions. Analysis of elements in whole otoliths is 

a common technique in fish studies where it is used to provide integrated signals of 

environments experienced over the fish’s life, thus identifying whether different 

assemblages remain separate throughout their life (Hamer et al. 2012).  The significant 

differences found among sites using whole statoliths seen here suggest that individuals 

of C. fleckeri medusae sampled from each site likely remained separate from each other 

and suggest highly local populations with relatively little mixing between.  

 Knowledge of the population units of cubozoans has largely been restricted to 

the entire range of a species, or an approximation of a metapopulation (Kingsford and 

Mooney 2014; Appendix A). Despite the potential dispersal capabilities of strong 

swimming C. fleckeri the findings of this study suggest considerable substructure of the 

metapopulation. Other studies on C. fleckeri including (i) analyses of statolith shape, (ii) 

tagging studies and (iii) patterns of abundance align with this conclusion: (i) Spatial 

variation was found in C. fleckeri statolith shape among locations separated by as little 

as 15 km (Chapter 3); (ii) Acoustic telemetry tracking of mature C. fleckeri medusae 

suggested that medusae are highly mobile but may have a restricted home range of 

activity (Gordon and Seymour 2009). Although capable of swimming at rates of 

hundreds of metres an hour, eleven of the twelve medusae tracked did not venture far 

from the coastal or estuarine habitat where they were initially tagged (Gordon and 

Seymour 2009); (iii) Nested analyses of spatial patterns of abundance of cubozoans has 

indicated great variation at spatial scales of hundreds of metres to kilometres (Kingsford 

et al. 2012). 
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 Here I have concluded potential biological substructure at spatial scales of 

hundreds of kilometres and further at small spatial scales of kilometres. Variation in 

local populations and stocks at these spatial scales are not unique. It is not uncommon 

for benthic marine species to display significant population partitioning at scales of 

hundreds of metres to kilometres, seen in taxa with an entirely benthic lifecycle (e.g. sea 

star Parvulastra exigua; Barbosa et al. 2013) or taxa with larval dispersal phases (e.g. 

anemone Nematostella vectensis; Darling et al. 2004). Small scale population 

partitioning has also been seen in free swimming taxa capable of widespread dispersal. 

Significant population substructure has been found in freshwater fish (e.g. perch Perca 

fluviatilis; Bergek and Björklund 2009) at spatial scales of a few kilometres and even 

between reef fishes among reefs separated by kilometres on the Great Barrier Reef (e.g. 

cardinal fish Ostorhinchus doederleini; Gerlach et al. 2007). Even large mammal 

predators capable of travelling great distances have been found to display significant 

partitioning of population structure at scales much less than theoretical limits. For 

example, significant substructure in adult female Australian sea lion (Neophoca 

cinerea) populations was found at scales < 40 km and was attributed to fine-scale 

foraging site fidelity (Lowther et al. 2012). It has been suggested that ecological barriers 

influencing prey distribution may result in highly mobile predators moving well inside 

theoretical limits in turn leading to partitioning of populations (Geffen et al. 2004, 

Lowther et al. 2012). C. fleckeri medusae inhabit mostly shallow water mangrove 

channels, creek mouths and sandy beaches (Hamner et al. 1995, pers. obs.) and display 

a distinct ontogenetic shift in prey preference from primarily prawns to fish as they 

mature (Carrette et al. 2002). As cubomedusae movements and activity patterns are 

suggested to have developed according to their preferred prey (Matsumoto 1995, 

Gordon and Seymour 2009, Garm et al. 2012), it is likely ecological barriers influencing 
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prawn and fish distributions and suitable habitat that is driving small scale population 

partitioning in C. fleckeri between sites seen here at scales of kilometres to tens of 

kilometres.  

 Significant differences were found for multiple element/Ca ratios among 

locations and periods. Some element/Ca ratios however, displayed large, but non-

significant differences among means (e.g. Mg/Ca in whole statoliths among months at 

Napranum, Fig. 4.9). A possible concern when conducting statistical tests using small 

sample sizes is that of potentially insufficient statistical power. The power of a 

statistical testing procedure is the probability that the test will correctly reject the null 

hypothesis when it is false, and power can be increased by increasing sample sizes (n) 

(Zar 1999). An n = 5 was used for all elemental analyses here and it is possible that 

using n > 5 may have resulted in more significant differences being detected. However, 

collections of n > 5 for enabling robust comparisons from different locations and 

periods are incredibly difficult for rare animals with patchy distributions such as 

C. fleckeri (see Kingsford et al. 2012). Sample sizes were high enough to detect 

differences for many element/Ca ratios and have elucidated which ratios were most 

useful for discrimination. 

 Sr/Ca and Fe/Ca were the most useful stand alone element/Ca ratios for site 

discrimination. Not only differing among sites in whole statoliths, Sr/Ca and Fe/Ca 

were the only ratios that also significantly differed among sites in statolith core and 

edge zones. Other ratios including Mg/Ca, Pb/Ca, Mn/Ca and Li/Ca also significantly 

differed among regions or sites yet not consistently in all statolith zones analysed. As 

one of the most abundant trace elements in surficial deposits and rocks Sr is ubiquitous 

in nature (Sposito 1989). Released from rocks through weathering, Sr is cycled through 

vegetation and animals and enters the ocean primarily by rivers with the amount of Sr 
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released dependent on the type of rock (Capo et al. 1998). Variances in Sr composition 

should be due to local coastal influences as Sr composition of ocean waters should be 

highly homogeneous (Holland 1984). In fact individual rivers in Queensland, and often 

tributaries and streams of rivers are suggested to have distinctive isotopic Sr signatures 

(McCulloch et al. 2005). Fe is likely to be relatively safe for purposes of stock 

delineation (Proctor and Thresher 1998). Fe
2+

 can be found in water as the result of 

oxidation of pyrite (FeS2) following exposure of Acid Sulphate Soils (ASS; Cook et al. 

2000). At least 2 300 000 ha of ASS are spread around Queensland coastal zones in 

varying concentrations (Powell and Ahern 1999). These distinctive watershed Sr 

signatures and varying concentrations of ASS likely heavily contributed to site 

separation of Sr/Ca and Fe/Ca in C. fleckeri statolith chemistry. Although potential 

sources of other elements are not explained here, they can still be useful as elemental 

composition can be a natural tag even without knowledge of original source component 

of elements (Edmonds et al. 1995, Campana 1999). Due to the consistency of site 

separation using Sr/Ca and Fe/Ca, these ratios should be considered in any future 

C. fleckeri population studies using statolith microchemistry. 

 Statolith core and edge zones represent different life history stages of C. fleckeri 

medusae. As a Cubozoan C. fleckeri has a polymorphic life history with benthic asexual 

polyp phase and pelagic sexual medusa phase (Hartwick 1991b). The statolith core 

forms early on in metamorphosis from polyp to medusa (Straehler-Pohl and Jarms 

2005) and should be a good indicator of medusa origin (Mooney and Kingsford 2012; 

Appendix B). Apart from Sr/Ca and Fe/Ca statolith core could only separate between 

regions using multi-element/Ca signatures. Separation of regions was hardly surprising 

as the regions of Weipa, Townsville and Mackay are geographically separated by 

hundreds of kilometres. At the smaller spatial scale of sites (separated by kilometres) 
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within those regions, all other element/Ca ratios and multi-element/Ca signatures could 

not distinguish between sites using statolith core zones. A recent study by Gordon and 

Seymour (2012) established that over six stinger seasons at Weipa C. fleckeri 

metamorphosis began within a seven day window around September 2. Metamorphosis 

was however found to be a continuous phenomenon throughout the season (Gordon and 

Seymour 2012). Given this, statolith cores from the current study may not represent a 

similar time period and short term fluctuations in the elemental seascape could have 

contributed to the lack of significant difference among sites in statolith cores for most 

element/Ca ratios and multi-element/Ca signatures. Investigations into sources of 

medusae using statolith cores should attempt to compare statolith cores from medusae 

of similar age, yet this could require much higher sample sizes to accomplish.  

 Statolith edge zones should be representative of the medusa’s most recent 

elemental exposure. Multivariate assays of statolith edge could distinguish populations 

at large spatial scales between regions, and also between sites within Mackay region but 

not Weipa or Townsville. Although likely to remain local, C. fleckeri is highly mobile 

and one large medusa has been found capable of travelling ~ 10 km over 26 h up and 

down a beach front and in and out of an estuary (Gordon and Seymour 2009). The 

16 µm mask aperture used for LA-ICPMS analyses covers ~ 2.4 statolith growth 

increments (Mooney and Kingsford 2012; Appendix B). If C. fleckeri statolith growth 

increments are daily as suggested (Gordon and Seymour 2012) it is possible large 

medusae moved between differing water masses in the two days prior to capture which 

could have contributed to non-significant differences among sites in statolith edge 

chemistry. For the purpose of C. fleckeri population structure investigations analysis of 

whole statoliths (being representative of entire medusan life) is logical, as shown in this 

study. 



 
 

103 
 

 There was strong evidence that spatial patterns were robust as there was little 

significant temporal variation detected in statolith chemistry. The mixed model 

ANOVA of sites over two seasons at Weipa found only Mn/Ca and Li/Ca of statolith 

edge significantly differed by season. Many element/Ca ratios significantly differed 

among sites as for the nested ANOVA, but not between the two seasons. There were 

however many significant site*season interactions as a result of change in rank from 

one season to next at different sites. Mean element/Ca ratios did vary over a long 

temporal scale of four seasons at the Strand and short temporal scale of months within a 

season at Napranum, though very few were found significant. Greater magnitudes of 

change were seen over longer temporal periods among seasons than changes seen 

among months in one season. Mn/Ca in statolith cores and Sr/Ca in whole statolith were 

the only significant differences among four seasons at the Strand and Mg/Ca of statolith 

edge and Sr/Ca of whole statolith the only differences significant among months in 

2011/2012 season at Napranum. Multivariate assays could not distinguish among 

seasons at the Strand or months at Napranum in any statolith zone analysed. It appears 

that site specific statolith elemental signatures mostly prove stable over these time 

scales. Given medusae likely only survive a single season (Hartwick 1991b) and the 

oldest medusa aged by Gordon and Seymour (2012) was estimated to be 78 days old, 

temporal comparisons of statolith elemental chemistry between medusae populations 

may not be as critical for C. fleckeri as for longer-lived species such as fish (e.g. Fowler 

et al. 2005). 

 The study indicated that for robust spatial comparisons of the microchemistry of 

statoliths to be made, comparisons should be made at the same time. Sr/Ca of whole 

statoliths showed significant difference at both temporal scales tested, and was the only 

element/Ca ratio to do so. Temperature has been found to have varying effects on the 
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incorporation of Sr into calcified structures, be it positive (Bath et al. 2000, Martin et al. 

2004), negative (Sadovy and Severin 1992, Secor et al. 1995) or no effect (Gallahar and 

Kingsford 1996, Zumholz et al. 2007). Comparison of mean water temperature with 

mean Sr/Ca of whole statoliths for the four seasons at the Strand, Townsville showed a 

significant positive relationship between statolith Sr/Ca and water temperature (Fig. 

4.11). Recent experimental findings (Chapter 5) also concluded that temperature, not 

salinity, has greatest influence on statolith Sr/Ca given the narrow salinity gradient 

C. fleckeri medusae inhabit. The significant increase in whole statolith Sr/Ca by trip to 

Napranum is likely to be the result of warming waters from November to January. 

Experiments calibrating how water temperature affects elemental incorporation into 

C. fleckeri statoliths are required. 

 

Fig. 4.11: Mean Sr/Ca (± SE) in Chironex fleckeri whole statoliths of medusae collected 

from the Strand, Townsville for four stinger seasons vs. mean water temperature (± SE) 

of two months prior to medusae collection recorded at Middle Reef, Cleveland Bay, 

Townsville (based on Australian Institute of Marine Science data). Regression: Sr/Ca 

dependent on water temperature (y = 0.210x – 3.133, R
2
 = 0.994; F1, 2 = 356.89, 

p = 0.003) 
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 Multi-element/Ca signatures of whole statoliths successfully assigned 100% of 

Horseshoe Bay medusae to Horseshoe Bay. Horseshoe Bay is the largest bay on 

Magnetic Island, a small island ~ 32 km in circumference in Cleveland Bay in the 

Townsville region (see Fig. 4.1). At its closest point the island is separated from the 

mainland coast by < 5 km by water < 9 m depth. A 5 km expedition by a large medusa 

across relatively shallow water from the mainland to Magnetic Island would not be 

impossible, but it appears Horseshoe Bay is an isolated population. A four year study 

conducted on C. fleckeri around Magnetic Island suggested that all C. fleckeri 

encountered on Magnetic Island originated from within ~ 1 km of a single small estuary 

in Horseshoe Bay (Brown 1973). This study concurs with Brown’s (1973) conclusions 

of Magnetic Island being an isolated C. fleckeri population. As a population that is 

potentially isolated by distance, Magnetic Island may offer a unique opportunity to 

intensely study the population dynamics of C. fleckeri. 

4.6 CONCLUSION 

 LA-ICPMS is a reliable technique for determining the elemental chemistry of 

Chironex fleckeri statoliths. Statolith chemistry and a multi-scale approach to sampling 

allowed the successful discrimination of potential medusae populations. Of statolith 

core, statolith edge and whole statolith, whole statolith means were most effective at 

discrimination. Sr/Ca and Fe/Ca were the most useful standalone element/Ca ratios for 

site separation, significantly differing in all statolith zones. Multi-element/Ca signatures 

could successfully distinguish among regions separated by hundreds of kilometres for 

statolith core, statolith edge and whole statoliths and sites separated by kilometres 

within those regions using whole statoliths. Temporal variation across seasons and 

sampling trips within a season was weak. There was strong evidence that significant 

temporal variation in Sr/Ca of whole statoliths within and among seasons may be the 
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result of changes in water temperature. Statolith microchemistry suggested strong 

metapopulation substructure that may correspond to biological stocks and local 

populations. This concurs with an examination of within species variation in statolith 

shape that also suggested there may be population separation at small spatial scales and 

little mixing among populations (Chapter 3). Population partitioning has also been 

found at scales of kilometres to tens of kilometres in other taxa. An elemental chemistry 

approach can assist in determining fine-scale population structure previously undetected 

by either genetic or direct tagging methods (Jack et al. 2011). Multiple techniques 

incorporating elemental chemistry, statolith morphometrics, genetics, tagging, 

abundance and behavioural studies would provide comprehensive resolution of 

population structures suggested here.  
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Chapter 5: The influence of salinity on Chironex fleckeri 

statolith elemental chemistry 

5.1 ABSTRACT 

The potentially fatal cubomedusa Chironex fleckeri is found around estuary mouths and 

beaches along tropical coastlines of Australia. Very little is known on the sources and 

movements of C. fleckeri medusae yet largely anecdotal evidence suggests an 

alternating season of polyps in protected estuaries during the dry season and medusae 

emerging from estuaries to feed along beaches with the onset of the monsoonal season. 

An experiment was conducted on young wild caught C. fleckeri medusae to establish 

how elemental incorporation into statoliths was affected by salinity. A critical salinity 

test revealed medusae inhabit salinities > 20, as they die in lower salinities. Medusae 

were held in salinities of 22, 26, 30 and 34 (n=5 per treatment) for a duration of four 

days. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) was 

used to analyse experimental areas of statoliths and Solution based-ICPMS (SO-

ICPMS) used for analysing water samples taken from each treatment. Statolith Mg/Ca 

and partition coefficient (DMg) significantly differed among treatments and was the only 

element/Ca ratios to do so. Multi-element/Ca signatures could discriminate among 

salinity treatments. Partition coefficients revealed DSr, DMg and DLi were 2.62 x 10
-6

 – 

0.81 and DBa, DMn, and DZn 1.87 - 431. Experimental and strong correlative evidence 

suggested that temperature exposure and not salinity were responsible for the significant 

patterns seen in statolith Sr/Ca found by Mooney and Kingsford (2012; Appendix B). 

Statolith chemistry shows strong promise for determining the movement of medusae 

through temperature gradients based on Sr/Ca and some resolution among salinities 

based on elemental finger prints. The detection of multiple elements can also be used to 

discriminate medusa from different populations. 
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5.2 INTRODUCTION 

 Chironex fleckeri is found around estuary mouths and beaches along tropical 

coastlines of Australia and is the largest of the Cubomedusae and potentially fatal to 

humans. C. fleckeri is an active predator (Seymour et al. 2004) of prawns and fish using 

complex camera-type lens eyes (Nilsson et al. 2005), strong directional swimming 

ability (Hamner et al. 1995, Colin et al. 2013) and powerful venom (McClounan and 

Seymour 2012). Medusae display strong seasonality (Jacups 2010, Gordon and 

Seymour 2012) and widespread distribution (Tibballs 2006), and envenoming to 

humans can represent a significant cost to northern Australian communities in not only 

public health, but also leisure and tourism (Bailey et al. 2003). Knowledge on 

C. fleckeri population ecology is however scarce (Kingsford and Mooney 2014; 

Appendix A) but see Hartwick (1991b), Gordon and Seymour (2012), Kingsford et al. 

(2012) and Mooney and Kingsford (2012; Appendix B). 

 Hartwick (1991b) suggested preferred habitats for alternating life phases of 

C. fleckeri. Like all cubozoa, Chironex have a polymorphic life history with benthic 

asexual polyp and pelagic sexual medusa phases. Over nine years of searching, 

Hartwick (1991b) noticed a gradient of smaller medusae with proximity to rivers, and 

located one annual population of polyps ~ 1 km from the sea in shallow subtidal water. 

This, coupled with medusae displaying strong seasonality with the tropical monsoon 

season, led Hartwick to conclude polyps were likely in protected estuaries over the dry 

season and emerged as medusae to the coast with a change to monsoon season. 

Hartwick’s (1991b) suggestion evolved into the largely anecdotal paradigm of 

C. fleckeri medusae being flushed from creeks with the onset of the wet season. A 

reliable technique for determining the sources and movements of C. fleckeri medusae is 

required. 
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 Elemental chemistry of calcified structures has been used in a variety of marine 

organisms to investigate population structure and connectivity. Structures including 

mollusc statoliths (e.g. Zumholz et al. 2007), bivalve shells (e.g. Thébault et al. 2009), 

crustacean exoskeletons (e.g. Jack et al. 2011), yet most commonly fish otoliths (e.g. 

Campana 1999), have been investigated; all a form of calcium carbonate (CaCO3), most 

commonly aragonite. The basis of geochemical signatures in calcified structures as a 

useful tool is that trace elements from surrounding waters substitute for Ca in the 

structure’s CaCO3 matrix (Zacherl et al. 2003). The use of partition coefficients can 

allow the evaluation of elemental discrimination in otoliths compared to the ambient 

water chemistry (Bath et al. 2000, Elsdon and Gillanders 2005, Tabouret et al. 2010, 

Walther et al. 2010). Strontium (Sr) has been found to be positively correlated to 

salinity, particularly evident at estuarine/marine gradients associated with coastlines, 

and barium (Ba) to be negatively correlated (Daverat et al. 2005, McCulloch et al. 2005, 

Tabouret et al. 2010). Otolith composition has been found to reflect Sr and Ba 

behaviours in water (McCulloch et al. 2005, Tabouret et al. 2010) making it possible to 

track animals moving between salinities if the calcified structure is deposited 

sequentially. Cubomedusae possess a calcified structure analogous to fish otoliths, the 

statolith. 

 The cubomedusan statolith forms within the statocyst membrane at the base of 

the rhopalium, serving to orientate the medusa (Sötje et al. 2011). Statoliths show 

continuous growth with concentric increments suggested to be daily in several species 

including the carybdeid Carybdea rastonii (Ueno et al. 1995) and the chirodropids 

Chironex yamaguchii (as Chiropsalmus quadrugatus in Kawamura et al. 2003), 

Chiropsella bronzie (as Chiropsalmus sp. in Gordon et al. 2004), and most recently 

C. fleckeri (Gordon and Seymour 2012). Medusan statoliths however, are constructed of 
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a CaSO4.0.5H2O (bassanite; Tiemann et al. 2006, Sötje et al. 2011) matrix, not CaCO3 

as for other calcified structures. These characteristics of Chironex statoliths showed 

great promise for elemental chemistry investigations. 

 Earlier research established that Laser Ablation Inductively Coupled Plasma 

Mass Spectrometry (LA-ICPMS) was capable of extracting C. fleckeri statolith 

microchemistry (Mooney and Kingsford 2012; Appendix B). Mooney and Kingsford 

(2012; Appendix B) used Sr/Ca as a proxy for salinity to test the hypothesis that 

C. fleckeri medusae only originate from lower salinity estuaries, emerging to higher 

salinity coastal waters. Significant differences were found in statolith Sr/Ca between 

locations and strong patterns seen in statolith core to edge Sr/Ca profiles across 

concentric increments. Differences in Sr/Ca core to edge rankings led to the conclusion 

that suitable habitat for polyps is likely broader than previously thought (Mooney and 

Kingsford 2012; Appendix B). Based only on field calibration of statolith Sr/Ca 

matched to salinity at time of capture, experimental calibration of the relationship 

between Sr/Ca ratios in the bassanite statolith matrix and known salinities was required. 

 The primary objective of this study was to experimentally calibrate how Sr/Ca 

elemental ratios and other elements vary in Chironex fleckeri statoliths among different 

salinities. My specific aims were to (1) determine the range of salinities that C. fleckeri 

can tolerate, these data could in turn be used as the design of a calibration experiment, 

(2) elucidate any differences in statolith Sr/Ca, and other element/Ca ratios, between 

salinities, (3) establish how this relates to water chemistry with use of partition 

coefficients,  (4) investigate for a potential multi-elemental ratio salinity signature in 

statolith chemistry, and (5) perform an a posteriori comparison to determine the 

influence of water temperature that medusae were exposed to on statolith Sr/Ca.  
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5.3 MATERIALS AND METHODS 

5.3.1 Sampling 

Chironex fleckeri medusae were collected from Red Beach, Mapoon 

(12°01’6.28”S, 141°54’16.5”E) in Port Musgrave, Cape York at 0700, 1 November 

2012. Twenty medium sized medusae (Interpedalial Distance; IPD ≈ 40 – 80 mm) and 

20 juvenile medusae (IPD = 12 - 24 mm) were collected from shallow (~0.5m depth) 

tidal flats at high tide < 1.5 m from a sandy beach shore near mangrove habitat. Acetes 

australis were collected from the same location by scoop net and frozen to feed 

C. fleckeri during the experiment. A Conductivity, Temperature and Depth device 

(CTD; Seabird, SBE 19 Plus) deployed at time of collection recorded a salinity of 33.43 

and water temperature of 25.95°C. Live medusae were transported in local sea water to 

the experiment location at Evans Landing, Weipa, Cape York. 

5.3.2 Choice of salinity range 

 To determine a suitable salinity range for the experiment a critical salinity test 

was conducted on C. fleckeri medusae. The 20 medium sized medusae were held in a 

1000L holding tank in sea water (salinity of 34). Dilution of holding water was achieved 

by the slow addition of fresh water into the holding tank. Fresh water (Weipa town 

water) was filtered by two 5 µm pure tec® impregnated carbon filter cartridges to 

reduce chlorine, bad taste and odour, sediments, pesticides, herbicides and other 

chemicals. Salinity was diluted at a rate of 1.42 parts/hr and periodic mixing of water 

was conducted with a 12V submersible pump. The salinity of holding water was 

measured every 30 min with a refractometer and observations of medusae responses 

were taken. The refractometer was checked for accuracy with a CTD over a range of 

salinities and was found to be accurate to within 0.5 parts. 
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5.3.3 Experimental design 

 Juvenile C. fleckeri medusae were used for the experiment. Four salinities: 22, 

26, 30 and 34 were tested with five medusae per treatment. Our prediction of precision 

(standard errors of < 10% of the mean) for a sample size of five was based on the study 

by Mooney and Kingsford (2012; Appendix B). Salinities were achieved by diluting sea 

water collected from Albatross Bay with fresh water, through the same filtration as the 

critical salinity test, in 60L bins. Acclimatisation of medusae to treatment salinities was 

achieved with a slow drip dilution of filtered fresh water at a rate of 1.42 parts/hr. 

Salinities were measured with a refractometer post mixing of water. Four water samples 

were taken per salinity treatment over the duration of the experiment. Samples were 

taken using polypropylene syringes and filtered through 0.45 µm filters into acid 

washed polypropylene sample jars. Water samples were then acidified to 1% with 20% 

ultrapure HNO3 to fix the sample and enable storage.  

 Individual medusae were held in separate 9L buckets in their respective 

salinities so that replicate jellyfish were independent. Full water exchanges were 

conducted at 0600 and 1800 over the four days of experiment duration and medusae 

were fed a single A. australis daily at noon. Buckets were randomised post water 

exchange to account for a slight temperature difference from one side of the 

experimental area to the other. Ten measurements of four random treatment buckets 

showed an average range of only 0.47 ± 0.09 SE °C across treatments. Water 

temperature was recorded to vary with ambient air temperature over the experimental 

duration and treatment water ranged from 26.3 – 30.6°C with a mean temperature of 

28.4 ± 0.07 SE °C. A natural photoperiod was maintained throughout the experiment. 

At the conclusion of the four days medusae were extracted from treatment salinities and 

preserved in 100% ethanol. 
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5.3.4 SO-ICPMS analysis 

 Analysis of water samples was carried out at the Advanced Analytical Centre 

(AAC; James Cook University). Samples were diluted 10 fold prior to trace element 

measurements [strontium (Sr), barium (Ba), manganese (Mn), zinc (Zn), and lithium 

(Li)] on a Varian 820-MS ICPMS using H2 as a CRI gas at a flow rate of 120 mL/min. 

Multi-element standard solutions (1 and 5 ppb) were used to calibrate the instrument 

while 20 ppb of yttrium (Y) and indium (In) were added online to work as internal 

standards to control for instrumental drift and matrix effects. A CASS-4 sea water 

Certified Reference Material (CRM) was diluted 10 fold, spiked with 1 ppb of the 

multi-element standard, and analysed every 20 samples for quality control and used to 

subtract backgrounds from all analysed samples. Major elements [e.g. calcium (Ca) and 

magnesium (Mg)] were determined by a Varian Liberty Series II ICP-OES after trace 

elements analysis, a series of multi-element standard solution was used to calibrate the 

instrument and a 1 ppm independent standard was used as the quality control sample. 

Element concentrations were converted to µmol/g and ratioed to Ca (Sr/Ca; mmol/mol, 

Ba/Ca; µmol/mol, Mg/Ca; mmol/mol, Mn/Ca; mmol/mol, Zn/Ca; mmol/mol, Li/Ca; 

mmol/mol). 

5.3.5 Statolith preparation 

 Analysis of element/Ca from all four statoliths of one medusa found only 2.8% 

error among the four statoliths, suggesting a single statolith was representative for that 

medusa. One statolith per medusa was extracted from rhopalial tissue and placed 

proximal side up (cleavage vertical) in a glass petri dish.  A small amount of Crystal 

Bond adhesive was applied to a heated slide which was then lowered onto the statolith 

so that it adhered. Once mounted and Crystal Bond had cooled, statoliths were polished 
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using 0.3 µm lapping film until a transverse section displaying statolith core and smooth 

surface with concentric increments was visible under ×400 magnification of an 

OLYMPUS CX31 compound microscope. 

5.3.6 LA-ICPMS operation and data processing 

 Statoliths were analysed at the AAC (James Cook University) using a Coherent 

GeolasPro excimer laser system (λ = 193 nm) coupled with a Varian 820-MS ICPMS. 

Statoliths were placed in a sealed sample cell mounted on an automated X – Y sample 

stage and ablation occurred in a helium (He) gas environment. A pilot study of laser 

operating parameters established that with a constant He gas flow rate of 240 mL/min, 

an energy of 80 mJ and mask aperture of 16 µm resulted in little fracturing of the 

bassanite statoliths, yet was capable of extracting elemental composition (see Mooney 

and Kingsford 2012; Appendix B). C. fleckeri statoliths grow in increments like a 

flattened onion. Given increments were ~ 6.7 µm wide and each LA pulse only drilled 

0.04 µm of the bassanite statolith we could not have confounded the ‘experimental 

period’ at the edge of the statolith with pre-experimental material. A step-repeat path 

was focussed around a section of the edge of the polished statolith so as to analyse the 

most recently deposited material. All samples were first cleaned with a step-repeat path 

of 1 Hz at one pulse/spot with a 23 µm aperture to remove any possible etching of the 

surface during preparation. Then analysis was performed along the cleaned path with a 

step-repeat path of 5 Hz at 10 pulses/spot with 16 µm aperture (Fig. 5.1). 

 For LA-ICPMS analyses the ICPMS was started 30 s prior to laser ablation. 

Statoliths were analysed for seven elements based on the following isotopes: Ca
44

, Sr
88

, 

Ba
138

, Mg
24

, Mn
55

, Zn
66

, Li
7
. Calibration of the ICPMS was achieved using the CRM 

NIST 610 (National Institute of Standards and Technology, Maryland), a synthetic glass 
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containing known levels of elements. Cleaning and analysis procedures as for statolith 

material were performed twice on NIST 610 before and after every eight statolith 

samples to correct for elemental fractionation and instrument drift in the ICPMS. The 

Trace Elements Data Reduction Scheme (Woodhead et al. 2007) of Iolite 2.2 (Paton et 

al. 2011) was used for the subtraction of baselines, internal standardisation of elements 

to Ca, and conversion of Counts Per Second (CPS) to ppm relative to NIST 610 glass 

data. The Iolite parameter ‘index content of Ca in sample’ was set to 0.276 (Ca in 

CaSO4.0.5H2O) and ‘threshold to use when masking low signals’ to 0 as most trace 

elements were only detected at very low levels. Elements were divided by their 

respective Molar mass to produce concentrations in µmol/g and ratioed to Ca. Absolute 

values for elements cannot be used, as small variation in size of the laser spot can alter 

concentrations.  In contrast, the ratioing of elemental signals (that are above detection 

limits) is robust given it does not vary with amount of material extracted by the laser.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

 

 

Fig. 5.1: Section of polished Chironex fleckeri statolith displaying concentric growth 

increments and 16 µm step-repeat laser ablation path around statolith edge. 
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 Partition coefficients (DMe) were calculated by dividing the element/Ca ratio 

measured in a statolith by the mean element/Ca ratio measured in the treatment tank 

water (after Morse and Bender 1990). A DMe = 1 represents elemental deposition into 

the calcified structure in proportion to ambient concentrations, DMe < 1 elemental 

discrimination and DMe > 1 active elemental uptake (Morse and Bender 1990).  

5.3.7 Statistical analyses 

 Statistical analyses were performed using SYSTAT 11 for Windows. The model 

that there would be consistent differences in chemistry between salinity treatments was 

tested with one-way Analysis of Variance (ANOVA). Salinity was treated as a fixed 

factor (treatments: 22, 26, 30, 34). Separate ANOVAs were performed for water Sr/Ca, 

statolith Sr/Ca and DSr, and then similarly for other elemental ratios. Where an extreme 

outlier was present for Mg/Ca in statolith chemistry it was removed and replaced with 

the mean of the remaining four samples for that treatment. As a result one degree of 

freedom (df) was removed from the residual for Mg/Ca in ANOVA for statolith 

chemistry and corresponding DMg following the procedures of Underwood (1997). 

Water chemistry and statolith chemistry data were log transformed to satisfy the 

assumption of normality. Variances among treatments were not all homogeneous, yet 

fortunately ANOVA is robust and capable of operating well even with considerable 

heterogeneity of variances as long as all n are equal (Glass et al. 1972). 

  An a posteriori power analysis (n required for power of 80%) was completed 

on element/Ca ratios which demonstrated a strong, but not significant trend with 

changing salinity treatments. I followed procedures recommended by Cohen (1988). 

The one-way analysis required the means by treatment (required to determine Effect 

Size) and the average Standard Deviation within groups from the experiment. 
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 Multivariate techniques were applied to statolith chemistry to investigate the 

potential for a multi-element signature that would allow us to predict the salinity in 

which medusae had been placed. Principal Component Analysis (PCA) determined that 

log (Ba/Ca), log (Mg/Ca) and log (Zn/Ca) were responsible for describing the most 

variance between salinity treatments. Following this, Canonical Discriminant Analysis 

(CDA) with a ‘leave one out’ cross validation jackknife classification procedure was 

performed on statolith log (Ba/Ca), log (Mg/Ca) and log (Zn/Ca) to determine the 

robustness of elemental signatures to predict the salinities to which medusae were 

exposed. 

5.3.8 Statolith Sr/Ca vs. water temperature 

 An a posteriori comparison was made of statolith Sr/Ca and water temperature 

to determine any affect that the water temperature medusae were exposed to had on the 

incorporation of Sr/Ca into statoliths. Three sets of data contributed to the comparison. 

Whole statolith Sr/Ca from medusae collected from the Strand over four seasons 

spanning 2008/2009 to 2011/2012 were compared to the mean water temperature 

measured at Middle Reef, Townsville of two months prior to medusae collection (from 

Chapter 4). Experimental area Sr/Ca of salinity 34 treatment of the current experiment 

was compared to the mean water temperature over the four days of the experiment. 

Statolith edge Sr/Ca from medusae from the 2010 field calibration at Wooldrum Point 

was compared to mean water temperature over three days of the field calibration (from 

Appendix B). Five medusae from each source were used in the least squares regression 

to test the dependence of statolith Sr/Ca on water temperature. 
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5.4 RESULTS 

5.4.1 Critical salinity test  

 The behaviour of C. fleckeri was normal to a salinity of 26 (Table 5.1). 

Tentacles remained extended before medusae lay on the substratum at salinities just 

above 20. At salinities ≤ ~ 20 C. fleckeri medusae ceased moving, until the dilution was 

stopped at a salinity of 16 as > 50% mortality was observed (Table 5.1). Accordingly, a 

salinity range of 22 – 34 was chosen for the experiment. 

 

Table 5.1: Observed response of 20 Chironex fleckeri medusae resulting from 

sequential drops in salinity 

Salinity Observed response by medusae 

34 - 29 
Normal behaviour (regular bell pulsation, contractile tentacles, respond to 

stimuli) 

26 Fully extended tentacles 

21 All alive, bell pulsing strongly, but motionless on bottom 

19 
Weak pulse of bell, holding bell shape, loss of tentacle control and 

locomotory powers 

18 
Numerous tentacles detached, slight pulsing of bell, laying motionless on 

side 

16 
Loss of transparency of exumbrella, no response to stimulation, > 50% 

mortality 

 

5.4.2 Water chemistry 

 The concentrations of single elements generally increased with salinity across 

the tested range, as would be predicted. In contrast, Mn showed little change among 

treatments from a salinity of 22 to 30 with a slight decrease at 34. There was a strong 
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trend where Zn declined with an increase in salinity. However, once ratioed to Ca 

different patterns were observed. 

5.4.2.1 When ratioed to Ca 

 There was no significant difference in Sr/Ca across the tested salinity range; 

values were consistently around 8 mmol/mol. There was a trend for slight decrease at 

salinity of 34, but this was not significant (Fig. 5.2a, Table 5.2a). In contrast, mean 

Ba/Ca had a strong trend with a stepped drop across treatments as salinity increased. 

Highest Ba/Ca values were at a salinity of 22, dropping down from 26 to 30, and lowest 

values were found at 34 (Fig. 5.3), but these differences were not significant (Table 

5.3a). Mg/Ca was about 5700 mmol/mol for all four salinity treatments. Mn/Ca was 

found at much lower levels and also declined with increase in salinity from a mean of 

0.039 – 0.019 mmol/mol (Fig 5.3). Both Mg/Ca and Mn/Ca showed no significant 

difference between treatments (Table 5.3a). Zn/Ca significantly declined in water as 

salinity increased (Table 5.3a, Fig. 5.3). Li/Ca displayed a similar trend to Sr/Ca, 

staying at a stable level from salinity 22 to 30 around 3 mmol/mol with slight decline at 

salinity of 34, yet differences were not significant (Fig. 5.3, Table 5.3a). 

5.4.3 Statolith chemistry 

5.4.3.1 Sr/Ca 

 Mean statolith Sr/Ca did not increase with salinity across the tested treatments, 

ranging between 2.30 and 2.84 mmol/mol for the four treatments (Fig. 5.2b). 

Differences among treatments were not significant and there was no discernible ‘effect 

size’ from lowest to highest salinities (Table 5.2b). The lack of a response with salinity 

could not be explained by a lack of precision as standard errors were only 3.5 – 11.5% 

of the mean.  
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 5.4.3.2 Other elements/Ca 

 Significant differences in Mg/Ca were found with changes in salinity (Table 

5.3b). Mg/Ca was barely detected at low salinity (i.e. 22: 0.06 ± 0.02 mmol/mol; 

salinity 26: 0.01 ± 0.01 mmol/mol) but high levels were detected at salinity 34 (3.59 ± 

2.14 mmol/mol; Fig. 5.3). Other elements/Ca showed some strong trends among salinity 

treatments (e.g. Ba/Ca and Zn/Ca) but variances were often high and none had 

significant differences with salinity (Table 5.3b). There was a strong trend for Ba/Ca to 

increase with salinity among treatments from 17.83 ± 11.88 µmol/mol at salinity of 22 

to 120.11 ± 65.55 µmol/mol at 34 (Fig. 5.3), although SE were 36 – 67% of the mean 

and differences were not significant (Table 5.3b). Mean Zn/Ca showed a similar trend 

and was seen to increase with salinity, displaying a marked step up from salinity 30 to 

34 (Fig. 5.3). Mean statolith Mn/Ca increased in a step-function from salinity 22 to 26 

and although within treatment variances were again high (SE = 49 - 59% of the mean) 

values plateued at higher salinities (Fig. 5.3). Li/Ca values were characterised by similar 

mean values among treatments and high within treatment variation (SE = 33 - 62% of 

the mean; Fig. 5.3). 

 There was a risk of Type II error for elements that were not significantly 

different but showed a trend with salinity. Power analyses performed on Ba/Ca and 

Zn/Ca demonstrated that for an 80% chance of rejecting the null hypothesis if it was 

false, it would have required large sample sizes (i.e. Ba/Ca would require n = 14 and 

Zn/Ca n = 20).   
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5.4.4 Partition coefficients 

 There were also strong trends for partition coefficients (DMe) among salinity 

treatments and these largely reflected the relationships found for element/Ca ratios (Fig. 

5.2, 5.3). DMg significantly differed among salinities, mirroring patterns seen in statolith 

Mg/Ca; no other significant differences were detected between salinity treatments 

(Table 5.2c, 5.3c). DSr, DMg and DLi were all < 1 ranging from 2.62 x 10
-6

 – 0.81, and 

DBa, DMn, and DZn were all > 1 ranging from 1.87 – 431 (Fig. 5.2, 5.3). 

5.4.5 Multivariate salinity signature 

 Multi-element/Ca signatures could successfully assign samples to their salinity 

treatment (CDA performed on statolith log (Ba/Ca), log (Mg/Ca) and log (Zn/Ca); 

Wilks Lamda = 0.160, F9, 34 = 4.262, p = 0.009; Fig. 5.4).  Low to mid salinity 

treatments had best classification with an overall chance of 60% correct classification 

following jackknife cross validation (Table 5.4). 

  



122 
 

 

Fig. 5.2: Mean Sr/Ca ratios (± SE) for (a) experimental water, and (b) experimental 

zone of Chironex fleckeri statolith, and (c) ratio partition coefficient (DSr) across salinity 

treatments. 

 

Table 5.2: ANOVA results of log (Sr/Ca) ratios for (a) water chemistry (a = 4, n = 4, 

F-crit.0.05 = 3.49), (b) statolith chemistry (a = 4, n = 5, F-crit.0.05 = 3.24), and (c) 

partition coefficient DSr (a = 4, n = 5, F-crit.0.05 = 3.24) 

 Source df MS F 

(a) Salinity 3 0.001 0.660 

 Residual 12 0.002  

(b) Salinity 3 0.008 1.908 

 Residual 16 0.004  

(c) Salinity 3 0.009
 

1.710 

 Residual 16 0.005
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Fig. 5.3: Mean element/Ca ratios (± SE) for experimental water, experimental zone of 

Chironex fleckeri statolith, and ratio partition coefficient (DMe) across salinity 

treatments. 
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Table 5.3: ANOVA results of log (element/Ca) ratios for (a) water chemistry (a = 4, 

n = 4, F-crit.0.05 = 3.49), (b) statolith chemistry (a = 4, n = 5, F-crit.0.05 = 3.24; Mg/Ca 

= 3.29), and (c) partition coefficient DMe (a = 4, n = 5, F-crit.0.05 = 3.24; Mg/Ca = 3.29). 

S = Salinity, R = Residual, *** = p < 0.001 

  Source df MS F 

(a) Ba/Ca S 3 0.008 2.338 

  R 12 0.004  

 Mg/Ca S 3 1.00 x 10
-5 

0.193 

  R 12 5.00 x 10
-5 

 

 Mn/Ca S 3 0.068 2.384 

  R 12 0.029  

 Zn/Ca S 3 1.194
 

336.310*** 

  R 12 0.004
 

 

 Li/Ca S 3 0.001 0.838 

  R 12 0.001  

(b) Ba/Ca S 3 0.505 1.348 

  R 16 0.374  

 Mg/Ca S 3 4.302 14.517*** 

  R 15 0.296  

 Mn/Ca S 3 0.105 0.332 

  R 16 0.315  

 Zn/Ca S 3 0.242 0.863 

  R 16 0.280  

 Li/Ca S 3 0.043 0.190 

  R 16 0.228  

(c) DBa S 3 0.769 1.668 

  R 16 0.461  

 DMg S 3 0.305 14.513*** 

  R 15 0.021  

 DMn S 3 0.078 0.637 

  R 16 0.123  

 DZn S 3 0.191 0.749 

  R 16 0.254  

 DLi S 3 0.179 0.180 

  R 16 0.995  
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Fig. 5.4: Canonical Discriminant Analysis of Chironex fleckeri statolith log (Ba/Ca), 

log (Mg/Ca), and log (Zn/Ca) for four salinity treatments. Canonical Variate (CV) 1 

= 87.9%, CV 2 = 12.2%. Ellipses = confidence around group data. Individual elemental 

ratio loadings are indicated for each CV 

 

Table 5.4: Canonical Discriminant Analysis (CDA) classifications based on log 

(Ba/Ca), log (Mg/Ca), and log (Zn/Ca) of Chironex fleckeri statolith experimental zone 

for four salinity treatments. (n = 5 per treatment; Bold = correctly classified). Grey = 

CDA classification; white = classification following jackknifing 

Salinity %
  
co

rr
ec

t 

cl
as

si
fi

ca
ti

o
n

 Salinity classified to 

following Jackknifed 

classification 

(% of samples) 

22 26 30 34 

22 80 60 20 20 0 

26 100 40 60 0 0 

30 80 0 0 80 20 

34 40 20 0 40 40 
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5.4.6 Statolith Sr/Ca vs. water temperature 

 A strong positive relationship was seen between statolith Sr/Ca and water 

temperature (Fig. 5.5). Regression analysis found that the slope was significantly 

different to zero and the relationship explained 54.3% of the variation.  

 

 

Fig. 5.5: Sr/Ca in Chironex fleckeri statolith vs. water temperature. Sr/Ca = whole 

statolith for four seasons from the Strand (from Chapter 4); statolith edge for 2012 

Experiment and 2010 Field calibration. Water temperature = mean of two months prior 

to medusae collection for four seasons from the Strand; mean over four days for 2012 

Experiment; mean over three days for 2010 Field calibration (Regression: Sr/Ca 

dependent on water temperature, y = 0.215x – 3.320, R
2
 = 0.543; F1, 28 = 33.28, 

p < 0.001) 
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5.5 DISCUSSION 

 Chironex fleckeri could not tolerate salinities of ≤ ~ 20. Accordingly, salinities 

of 22, 26, 30 and 34 are a representative range of the full range of salinities that wild 

C. fleckeri medusae can endure. These findings were not only of utility with respect to 

the planning of the experiment, but these data can be used for predictive models on 

where you will find C. fleckeri. For example, Kingsford et al. (2012) concluded that 

numbers of C. fleckeri drop off quickly along the tropical coast of north Queensland, 

Australia during periods of heavy rain and riverine runoff. The experimental data, 

therefore, provides a causal mechanism for this drop off. 

 Statolith microchemistry rarely significantly differed across salinity treatments. 

Although there were trends for variation in element/Ca with variation in salinity, these 

patterns were only significant for Mg/Ca. Given significant differences have been found 

in the elemental profiles of C. fleckeri previously (Mooney and Kingsford 2012; 

Appendix B), it indicates that factors other than salinity were responsible for variation 

in elements such as Sr. In this study, salinity was varied and care was taken to keep diet, 

photoperiod and temperature consistent among treatments. Furthermore the 

temperatures experienced by experimental medusae were similar to the daily range 

found in coastal habitats occupied by medusae. Comparisons among salinities were also 

not confounded with ontogenetic stage as all individuals were of a similar size and 

number of tentacles. Moreover, I did not confound sampling on bassanite that was 

outside of the experimental period as sampling pits were tiny when compared to width 

of statolith increments. Assuming that C. fleckeri growth increments in statolith are 

daily (Gordon and Seymour 2012), the analysed section of statolith material would 

equate to ~ 2.4 days (Mooney and Kingsford 2012; Appendix B), well within the four 
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days of salinity treatment exposure. Our analyses were robust and ANOVA allowed for 

potential step-functions in elemental incorporation.  

5.5.1 Sr/Ca 

 Statolith Sr/Ca did not increase across the tested salinity treatments as predicted 

and this was partly because C. fleckeri medusae die before they can be exposed to low 

salinities (i.e. < 20). Furthermore, Sr/Ca did not significantly differ between salinity 

treatments in water, statoliths or partition coefficient. The incorporation of Sr into 

C. fleckeri statoliths was however found to be directly comparable to several studies on 

fish otoliths that are made of CaCO3 (usually aragonite). Mean DSr ranged between 0.28 

and 0.33 across the four salinity treatments. This range is equivalent to mean DSr of 0.28 

seen in Acanthopagrus butcheri otoliths (De Vries et al. 2005), 0.29 recorded in 

Leiostomus xanthurus otoliths (Martin et al. 2004), 0.31 in Morone saxatilis (Phillis et 

al. 2011) and 0.33 in Anguilla anguilla (Tabouret et al. 2010). If DSr is so similar in 

C. fleckeri statoliths and some fish otoliths, why was no positive correlation between 

statolith Sr/Ca and salinity detected? 

 C. fleckeri medusae inhabit estuarine and coastal waters of salinity > 20. Major 

changes in Sr/Ca occur at salinities < 15 (Phillis et al. 2011). The clear close to linear 

positive relationship that can be seen between Sr/Ca and salinity, defined whatever the 

flow regime (i.e. low flow periods, spring runoff), occurs for salinities < 20 (Tabouret et 

al. 2010). Element/Ca ratios have been found to be almost constant at salinities between 

20 and 25 (Kraus and Secor 2004, Elsdon and Gillanders 2005, Tabouret et al. 2010). 

Elsdon and Gillanders (2005) found salinity was not correlated to ambient Sr/Ca in 

estuarine locations sampled and Miles et al. (2009) found it difficult to discriminate 

estuarine conditions when examining movements between fresh water and sea water for 
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five Australian riverine fishes. Indeed in most systems, Sr/Ca is said to be best suited to 

determine between fresh water and more saline waters (Phillis et al. 2011), not solely 

estuarine waters. I demonstrated that C. fleckeri medusae will only likely survive in 

higher salinity estuarine and coastal waters (Table 5.1), it is understandable, therefore, 

why statolith Sr/Ca was not significantly affected by salinity. Salinity is obviously not 

the explanation for the strong significant patterns found in C. fleckeri statolith Sr/Ca 

(Mooney and Kingsford 2012; Appendix B).  Although absolute concentrations of Sr 

varied with salinity in water, the same was true for Ca.  As a result therefore there was 

little variation in Sr/Ca over the tested range.  

 There was strong evidence from the a posteriori comparison that temperature 

rather than salinity was a primary driver in altering the Sr/Ca values in C. fleckeri 

statoliths. Temperature has a strong and significant effect on Sr incorporation in fish 

otoliths (Bath et al. 2000, Martin et al. 2004) and corals (Marshall and McCulloch 

2002). It is highly likely that variation in temperature is causing the variation in Sr/Ca 

that is found in the statoliths of wild C. fleckeri (Mooney and Kingsford 2012; 

Appendix B). A comparison between statolith Sr/Ca from medusae collected from the 

Strand over four seasons, the calibration experiment and the 2010 field calibration and 

water temperature they were exposed to found a significant positive relationship – as 

water temperature rose, so too did statolith Sr/Ca (Fig. 5.5). Relationships between 

temperature and Sr/Ca in the aragonite from animals of different taxa vary; positive 

(Bath et al. 2000, Martin et al. 2004), negative (Sadovy and Severin 1992, Secor et al. 

1995) and no effect have been found (Gallahar and Kingsford 1996, Tzeng 1996). Sr/Ca 

in cuttlefish (Sepia officinalis) statoliths was found to show no relationship to salinity or 

temperature (Zumholz et al. 2007). Clearly, calibration experiments are required to 

determine how temperature may affect Sr incorporation into C. fleckeri statoliths. 
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 There are few other factors that are likely to cause large changes in Sr/Ca in 

calcium based structures. Some elements can be accrued through the diet (Sanchez-

Jerez et al. 2002), but C. fleckeri diet is thought to be similar among locations (i.e. 

prawns and small fish; Carrette et al. 2002). Although levels of Sr isotopes that 

contribute to the elemental signatures can vary in fresh water (e.g. based on source 

rocks with drainage systems), the isotopic composition of Sr in saltwater is very stable 

(McCulloch et al. 2005). Accordingly, greatest variation in Sr/Ca at salinities above 20 

would be from temperature. 

5.5.2 Other elements/Ca 

 Mg/Ca was the only element/Ca to significantly vary within statoliths among 

salinity treatments. Statolith Mg/Ca should be a great predictor of exposure of medusae 

to full seawater as it was significantly greater at salinity 34 than lower salinity 

treatments where Mg/Ca was barely detected. Mg is super abundant in seawater 

compared to requirements for many marine taxa and therefore its uptake and levels in 

body fluids and flesh are highly regulated (Watanabe et al. 1997). DMg was considerably 

less than one with a maximum mean value of 0.00063. Water Mg/Ca was consistently 

high for all four salinity treatments but statolith Mg/Ca showed very low levels at 

salinities of 22 and 26 and then increased as salinity treatment increased. DMg was also 

found to be much less than one in otoliths of L. xanthurus (Martin and Thorrold 2005). 

It was suggested by Martin and Thorrold (2005) that Mg ions were actively excluded 

from the otoliths, and that this occurred either during movement across membranes or in 

the endolymph at the site of aragonite precipitation. Branchial, intestinal or 

endolymphatic membranes isolate otoliths from sea water (Campana 1999) so 

physiological processes also influence otolith composition, and fish obviously control 

ion transport across membranes for osmoregulatory purposes (Martin and Thorrold 
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2005). Statolith formation occurs within the statocyst which consists of epidermis, 

mesoglea and gastrodermal cells (Sötje et al. 2011). It is unclear at which stage 

regulation of ions is occurring, but the very low values of DMg clearly demonstrated that 

this is happening.  

 No other element/Ca ratio significantly varied among salinity treatments. 

However, Ba/Ca and Zn/Ca showed strong trends across treatments with some potential 

to be useful in determining movements among salinities, but only with large sample 

sizes for each treatment (i.e. n of 14 – 20). Large numbers of C. fleckeri of similar size 

are very difficult to find in the field. The lack of sensitivity for these elements also 

suggests that the ability to reconstruct the salinity-based environmental conditions that 

individual jellyfish experience would be weak. 

 Barium was incorporated into C. fleckeri statoliths at greater levels than some 

marine fish otoliths or even cuttlefish statoliths. At a salinity of 34, mean C. fleckeri 

statolith Ba/Ca of 120 µmol/mol and DBa of 16.40 far exceeded examples of 15.8 

µmol/mol in L. xanthurus otoliths (Martin and Thorrold 2005) and ~ 16 µmol/mol 

reported in S. officinalis statoliths (Zumholz et al. 2007), or DBa of 0.043 in A. anguilla 

otoliths (Tabouret et al. 2010), 0.21 in Acanthochromis polyacanthus otoliths (Walther 

et al. 2010) and 0.27 in A. butcheri otoliths (Elsdon and Gillanders 2005). 

  Although mean statolith Ba/Ca and DBa increased across treatments of the 

current study, differences between salinities were not significant. As for the clear 

positive relationship between Sr/Ca and salinity, a clear negative relationship with 

salinity and Ba/Ca is most apparent at salinities < 20 (Tabouret et al. 2010). Some 

variations in Ba/Ca could be found over salinities 20 – 35 but appeared very small when 

compared to observed gradients between fresh water and sea water end members 
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(Tabouret et al. 2010). As C. fleckeri medusae only inhabit waters within the higher 

salinity interval > 20, it is no surprise that differences in statolith Ba/Ca were not 

significant. Otolith Ba/Ca has been found to be a useful proxy for salinity gradients (at 

salinities 4 – 23) in Solea solea (Tanner et al. 2013) and salinity affected DBa in 

L. xanthurus (Bath et al. 2000, Martin and Thorrold 2005), yet Ba/Ca had no significant 

relationship with salinity in S. officinalis statoliths (Zumholz et al. 2007).  

 Water Zn/Ca was found to significantly differ between salinity treatments 

displaying a distinct decline in levels as salinity increased (Table 5.3a, Fig. 5.3). Zn 

presents at very low levels in clean sea water, presenting in sub-ppb concentrations 

following a simple 10-fold dilution prior to SO-ICPMS. Determination of Zn by SO-

ICPMS is difficult mainly due to sea water salts giving complicated interferences on all 

Zn isotopes for which the quadrupole ICPMS is unable to resolve (pers. com. Hu at 

AAC). As high Zn background levels can also hamper Zn determination in sea water 

samples, results for water Zn/Ca should be treated with caution. Despite this, there was 

a strong but not significant trend for statolith Zn/Ca, and more drastically DZn, to 

increase with salinity. Mean DZn was much greater than 100 at the highest salinity 

treatment of 34. A possible explanation could be that adsorption of elements may 

increase at lower ambient concentrations, while binding sites become saturated as 

elemental concentrations rise and equilibrium is reached in the solution interface and 

growing crystal surface (Watson 1996). Another possible explanation was suggested by 

Templeman and Kingsford (2010) when Zn concentrations were found at high levels in 

tissue of the scyphozoan Cassiopea sp. even though Zn concentrations in ambient 

seawater were below detection limits. Templeman and Kingsford (2010) suggested that 

Cassiopea sp. was efficient at either obtaining Zn from their food or water, or recycling 

Zn. The exact mechanism in C. fleckeri is not known, but the ability to accumulate Zn 
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probably limits the utility of Zn as discriminator of the conditions that jellyfish 

experience. 

 The remaining element/Ca ratios showed little potential for discrimination 

between conditions experienced, either actively regulating or accumulating elements. 

Mn/Ca showed no consistent pattern across salinity treatments. Mean DMn were > 1, 

reaching up to 25.33 at salinity 34. Mn was found to accumulate more than ten times 

above ambient sea water concentrations in tissue of the scyphozoan Cassiopea sp. 

(Templeman and Kingsford 2010), and up to 100 times greater than typical sea water 

concentrations in tentacles of the scyphozoan Pelagia noctiluca (Cimino et al. 1983). 

Mn is perhaps an essential element for medusae existence. Li/Ca also showed no 

apparent pattern across the tested salinity treatments. DLi however was < 1, indicating 

elemental discrimination. Templeman and Kingsford (2010) found Li to be the only 

element present at lower tissue concentrations than ambient sea water concentration in 

Cassiopea sp., suggesting Li to be actively regulated within the body although 

mechanisms and requirements for regulation were not known. Li is perhaps quite the 

opposite to Mn, and a non-essential element for medusae existence. 

 Templeman and Kingsford (2012) published elemental concentrations of 

C. fleckeri bell tissue. Element/Ca ratios calculated from mean tissue concentrations of 

standalone elements (after Table 2; Templeman and Kingsford 2012) showed similar 

levels to either water or statolith element/Ca of the current study. Templeman and 

Kingsford (after 2012) reported tissue Sr/Ca = 9.66 mmol/mol which relates much 

closer to water concentrations than statolith concentrations of the current study. 

Interestingly, statoliths from the same three medusae assessed by Templeman and 

Kingsford (2012) were those from Cardwell in Mooney and Kingsford (2012; Appendix 

B) where statolith edge Sr/Ca = 3.32 ± 0.23 mmol/mol, three times lower than tissue 
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values, suggesting some form of active Sr regulation between C. fleckeri bell tissue and 

statolith matrix. Tissue Mg/Ca = 5392.15 mmol/mol (after Templeman and Kingsford 

2012) is much closer to water Mg/Ca than statolith Mg/Ca of the current study, also 

suggesting heavy regulation of Mg somewhere between bell tissue and statolith 

formation. Tissue Ba/Ca = 21.94 µmol/mol, Mn/Ca = 0.18 mmol/mol, Zn/Ca = 1.42 

mmol/mol and Li/Ca = 1.96 mmol/mol (after Templeman and Kingsford 2012) are all 

within the ranges of statolith element/Ca found within the current study, suggestive of 

near equilibrium between C. fleckeri bell tissue and statolith concentrations for these 

element/Ca ratios. Templeman and Kingsford (2012) also presented data on several 

scyphomedusae and one other cubomedusa and concluded that the accumulation of 

elements in tissues is likely to vary by species, uptake route, speciation of the metal and 

organism sensitivity.  

 Multivariate (MV) salinity signatures [using log (Ba/Ca), log (Mg/Ca) and log 

(Zn/Ca)] were found within C. fleckeri statoliths across the tested range. Highest 

success in classification of samples post cross validation was to salinity of 30 and then 

22 and 26 with low successful classification to salinity 34. MV salinity signatures in 

statolith chemistry thus show potential to distinguish exposures of wild medusae to 

water masses of different salinities. Given the tight salinity gradient C. fleckeri medusae 

inhabit, reconstructing movements among salinities would be of highest utility where 

known salinity gradients exist. Future experiments need to explore variation in 

element/Ca with orthogonal combinations of temperature, dietary and salinity 

treatments. The experimental findings and a posteriori comparisons with field studies 

strongly indicated that temperature rather than salinity will influence Sr/Ca profiles and 

therefore can be used to map thermal variation within local populations (sensu 
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Kingsford and Mooney 2014; Appendix A) and help to resolve local movements in the 

wild populations.  

5.6 CONCLUSION 

 Chironex fleckeri medusae became immobile and quickly died at salinities < 20, 

this suggests a hidden vulnerability to strong riverine runoff (Kingsford et al. 2012) that 

had not been demonstrated experimentally until this study. Statolith Sr/Ca did not 

increase across salinity treatments, yet Mg/Ca, DMg and multi-element/Ca signatures 

varied significantly at salinities from 22 - 34. No other element/Ca significantly varied 

among treatments. DMe was element dependent: DSr, DMg and DLi were all < 1 indicating 

elemental discrimination and DBa, DMn, and especially DZn, were > 1, some far exceeding 

values recorded in CaCO3 structures, indicating active elemental uptake. There was 

strong correlative evidence the Sr/Ca patterns seen in C. fleckeri statoliths (Mooney and 

Kingsford 2012; Appendix B) are likely the result of changes in temperature and not 

salinity. Reconstruction of medusa movements by statolith elemental chemistry has high 

potential where there is a known salinity and/or temperature gradient. Further, LA-

ICPMS remains a promising tool for medusae population differentiation. 
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Chapter 6: General discussion 

 The objective of this thesis was to utilise the shape and elemental chemistry of 

cubozoan statoliths to gain knowledge on identification, population structure and 

sources and dispersal of cubomedusae. Morphometrics were used on statoliths to 

differentiate species and populations of multiple species while statolith elemental 

chemistry was used to identify population structuring of, and experimentally calibrate 

the effect of salinity on, the potentially fatal Chironex fleckeri. The specific aims for 

this project were to: 

1. Determine the effectiveness of cubozoan statolith morphometrics to discriminate 

among taxa; 

2. Distinguish  populations of Carukia barnesi, Copula sivickisi and Chironex 

fleckeri medusae using statolith morphometrics; 

3. Use statolith microchemistry determined by LA-ICPMS to differentiate 

Chironex fleckeri medusae populations at different spatial and temporal scales; 

4. Experimentally calibrate elemental incorporation into Chironex fleckeri 

statoliths resulting from changes in salinity. 

6.1 STATOLITHS AS A TOOL 

 This thesis has demonstrated that cubozoan statoliths are of high utility for 

studies on taxonomy and ecology of cubozoans. Previous research on cubozoan 

statoliths has mostly focussed on concentric growth increments. Since the discovery of 

concentric growth rings in the carybdeid Carybdea rastonii (Ueno et al. 1995), 

concentric increments in the statoliths of the chirodropids Chironex yamaguchii (as 

Chiropsalmus quadrugatus in Kawamura et al. 2003), Chiropsella bronzie (as 

Chiropsalmus sp. in Gordon et al. 2004) and Chironex fleckeri (Gordon and Seymour 
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2012), and the carybdeid Copula sivickisi (Hopf 2011), have been the focus of age 

based assays assuming the concentric increments to be deposited daily. This has 

allowed hypotheses to be tested on the timing of metamorphosis from benthic polyp to 

pelagic medusa, estimates of growth rates and potential associations with environmental 

events via back counting of rings in statoliths. These have contributed to significant 

advances in our understanding of cubomedusae life histories. My findings, however, 

have demonstrated that statoliths can tell us much more. Statolith shape can contribute 

to accurate species and family identification, phylogeny and within metapopulation 

population structure. Further, statolith microchemistry can provide additional 

information on population structure and in C. fleckeri has the potential to elucidate 

movements of medusae between different water masses of known salinity and 

temperature. 

6.1.1 Statolith morphometrics 

 Chapters 2 and 3 used the approach of statolith morphometrics: Chapter 2 to 

discriminate among taxa; Chapter 3 to discriminate among distinct populations of 

Carukia barnesi, Copula sivickisi and C. fleckeri. Qualitatively it appeared likely that 

statoliths were species specific, or at least genus specific as suggested by Gershwin et 

al. (2013). The accuracy of the approach was greatly enhanced with quantitative 

analyses. I concluded that statolith shape was indeed a useful taxonomic tool for 

discriminating families and species. The shape of statoliths clearly varied in three 

dimensions and this emphasised the importance of assessing multiple faces in 

comparisons among taxa (Fig. 2.1). Successful classification of samples to their correct 

species group improved with the number of faces included; i.e. statolith proximal, oral 

and lateral faces. Best discrimination was achieved when proximal + oral + lateral faces 

were assessed in combination. Both traditional Length: Width (L: W) and modern 
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geometric Elliptical Fourier Analysis (EFA) were applied to statolith silhouettes. Both 

were capable of quantitatively discriminating species using statolith shape but EFA 

clearly outperformed L: W, which was not surprising as L: W gave no account of the 

curvature of the statolith, a conclusion which agreed with recent findings comparing the 

two techniques when discriminating among seed shapes of wheat (Williams et al. 2013). 

 Shape descriptors among species within families were often similar and 

statoliths could easily be assigned to family even by L: W comparison of statolith faces. 

This means visual inspection of statoliths, making sure to look at all three faces, could 

quickly assign an animal to its family. Not only is this useful for studies on phylogeny 

(e.g. Bentlage et al. 2010), but it is a very useful diagnostic for risk management as the 

severity of envenomation is family dependent. Successful classification rates of samples 

to their correct species group dropped markedly following leave-one-out jackknife cross 

validation in some cases. This was likely an artefact of the leave-one-out technique 

when using small sample sizes when differences in parameters were only subtle. 

Statoliths on their own could identify some cubomedusae, but the accuracy of 

identification will be increased when statolith morphology is combined with other 

body/tentacle morphological features.  

 As Chapter 2 found EFA of proximal + oral + lateral statolith faces highly 

successful at discriminating interspecific statolith shape, Chapter 3 used EFA to attempt 

to distinguish among distinct populations of cubomedusae. Statolith shape parameters 

were capable of discriminating sampling populations in two of three study species. 

Interestingly, in contrast to Chapter 2, the combination of proximal + oral + lateral faces 

was not the best discriminator of intraspecific shape variation. Statolith proximal face 

could successfully distinguish among C. sivickisi sampling populations and oral + 

lateral faces among C. fleckeri sampling populations. No other statolith face or 
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combination of faces could discriminate among sampling groups and statolith shape 

parameters could not be used in any way to successfully separate C. barnesi sampling 

populations. C. sivickisi and C. fleckeri had the two most distinguishable statolith 

shapes of all species analysed (see Chapter 2); both species have statoliths that are more 

elongated in their primary axis than the almost hemispherical C. barnesi for which no 

differences were detected. Species with greater significant variation in shape descriptors 

among locations allowed me to detect differences among species separated by ~ 250 km 

for C. sivickisi and for C. fleckeri by ~ 15 km. Ordination plots suggested successful 

discrimination among populations may have occurred more often if greater numbers of 

medusae could have been found by site. Twenty medusae per sampling population were 

included in analyses. A collection of > 20 individuals per sampling event is incredibly 

difficult for most cubozoan species, with many accepted species described from few, or 

even single specimens (e.g. Chirodectes maculatus; Cornelius et al. 2005). Even for 

species encountered more frequently such as C. fleckeri in Australia, collection of > 20 

medusae at once is relatively rare in most areas. As cubomedusae largely prove to be 

elusive, rare creatures displaying high spatial and temporal variation in abundance 

(Kingsford et al. 2012), statolith shape on its own may not be a suitable population 

discriminator for many taxa in this Class. 

6.1.2 Image analysis 

 Although challenging to acquire given the rarity of many species, but mostly due 

to the minute size of the statolith (see Table 2.1), once statolith silhouettes are digitised 

images can be logged and kept on file readily available for shape comparisons over long 

temporal scales or until enough images are acquired to run desired tests. Digital data can 

be easy to collate rapidly in large quantities and improved methods of digital image 

analysis and geometric morphometrics allows for sophisticated multivariate analyses of 
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such data (Lawing and Polley 2009, Lexer et al. 2009). R (R Core Team 2013) is a free 

software environment for statistical computing and graphics. Packages such as Momocs 

(Bonhomme et al. 2013a) mean that morphometric analyses including EFA are now 

freely and readily available to everyone, allowing for complex analyses without the cost 

of expensive software. 

6.1.3 Statolith elemental chemistry 

 Chapters 4 and 5 used the approach of statolith elemental chemistry: Chapter 4 

to elucidate population structure of C. fleckeri medusae; Chapter 5 to experimentally 

calibrate how salinity changes influenced elemental uptake into C. fleckeri statoliths. 

Chapter 4 analysed microchemistry of statolith core, statolith edge and whole statoliths 

separately over varying spatial and temporal scales. Whole statoliths were 

representative of the entire medusan phase and were found to be the best discriminators 

of population structure. They were capable of discriminating among regions separated 

by hundreds of kilometres and sites separated by kilometres within those regions; thus 

detecting significant substructure in C. fleckeri medusae populations which may 

correspond to biological units of stocks or local populations that were undescribed. 

Significant discrimination of whole statolith chemistry among sites separated by 

kilometres within all regions suggested that C. fleckeri medusae populations were 

highly localised with little mixing between. Sr/Ca of whole statoliths significantly 

varied at short temporal scales within a season, and at larger temporal scales across four 

seasons and was found to show a significant positive relationship to water temperature 

(Fig. 4.11). Statolith chemistry was capable of elucidating potential population units, 

and differences in statolith microchemistry were robust enough to significantly 

discriminate groups using small sample sizes. 
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 Hartwick (1991b) proposed that different life stages of C. fleckeri were 

associated with shifts in preferred habitat from polyps in protected estuaries over the dry 

season to emerge as medusae to the coast with a change to the monsoonal season. This 

evolved to the largely anecdotal paradigm that C. fleckeri medusae were flushed from 

creeks with the onset of the tropical wet season. It was hypothesised that elemental 

signatures in statoliths could provide a Sr – based measure of movements in statoliths 

and the purpose of Chapter 5 was to experimentally calibrate significant patterns found 

in Sr/Ca in C. fleckeri statoliths (Mooney and Kingsford 2012; Appendix B). Mooney 

and Kingsford (2012; Appendix B) used Sr/Ca as a proxy for salinity to test the 

hypothesis that C. fleckeri medusae emerge from lower salinity estuarine waters to 

coastal sea water. Significant patterns were found with site dependent changes in rank 

from statolith core to edge and it was concluded that suitable habitat for C. fleckeri was 

likely much broader than previously thought. Changes in statolith Sr/Ca, assumed to be 

the result of exposure to different salinities, were however gauged on field calibration 

and experimental calibration was required.  

 Prior to the calibration experiment a suitable salinity range had to be determined.  

The critical salinity of around 20 (see Table 5.1) is the first recorded critical salinity 

level for C. fleckeri medusae and suggests that C. fleckeri medusae are highly 

susceptible to large rain events and freshwater runoff. The calibration experiment run 

over a salinity range that healthy medusae would likely inhabit (salinities of 22, 26, 30 

and 34) found no significant variation in statolith Sr/Ca over this range. An a posteriori 

comparison of statolith Sr/Ca from medusae collected from the Strand over four seasons 

(from Chapter 4), the calibration experiment and the 2010 field calibration (from 

Appendix B) and the water temperature they were exposed to found a significant 

positive relationship displaying increased levels of Sr/Ca in statoliths as water 
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temperature increased (Fig. 5.5); suggesting that significant patterns found within 

C. fleckeri statolith Sr/Ca were likely the result of changes in water temperature and not 

salinity. The calibration experiment also provided the opportunity to assess how other 

elements were incorporated into C. fleckeri statoliths as a result of changes in salinity, 

finding that Mg/Ca and corresponding partition coefficients, and multi-element/Ca 

signatures significantly varied across the tested range. The discovery of salinity and 

temperature dependent elemental signatures in statoliths shows great promise for 

resolving movements of medusae through differing water bodies where known salinity 

and temperature gradients exist as has been done for other taxa [e.g. otoliths in rainbow 

trout (Oncorhynchus mykiss; Veinott and Porter 2013) and statoliths in Japanese 

common squid (Todarodes pacificus; Ikeda et al. 2003)]. 

6.1.4 LA – ICPMS 

 LA-ICPMS has proven a reliable technique for extracting C. fleckeri statolith 

microchemistry and capable of high resolution analysis of distinct zones within the 

statolith. The studies within this thesis (incorporating Appendix B) are the first 

application of this technique to the statoliths of medusae. The bassanite construct and 

size of statoliths posed distinct challenges in both preparation and LA-ICPMS 

processes. The results however show that although the process is indeed labour 

intensive and expensive, complex questions of medusae can be addressed using statolith 

microchemistry.  

6.2 CUBOMEDUSAE POPULATION ECOLOGY 

 Most of what was known on cubomedusae ecology stems from novel 

characteristics unique to the Class (for review see Appendix A). Very few quantitative 

sampling studies have been conducted on abundances (but see Bordehore et al. 2011, 
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Kingsford et al. 2012), and none conducted on population structuring prior to this thesis. 

This is likely due to the rarity of many taxa, high spatial and temporal variation in 

abundances (Kingsford et al. 2012), and potential hazards associated with sampling for 

harmful jellyfish in tropical waters (i.e. crocodiles, sharks, remote areas). The cubozoan 

statolith acts as a life recorder or natural tag similar to statoliths in squid (Arkhipkin 

2005) or otoliths in fish (Campana 1999). It provides an account of the cubozoan 

medusa phase and potential sources of polyp populations, and has the capability of 

elucidating this from a simple collection of medusae without the need for mark-

recapture methods.  

 Statolith morphometrics and elemental chemistry are excellent tools to resolve 

population structure of cubomedusae. However, the resolving ability of statolith shape 

varied by species. Statolith shape found that there was significant substructuring of 

cubomedusan metapopulations at scales of hundreds of kilometres in C. sivickisi down 

to tens of kilometres in C. fleckeri. Statolith microchemistry added to that and detected 

that C. fleckeri displayed significant substructuring among regions separated by 

hundreds of kilometres and further among sites separated by kilometres within those 

regions. It is now apparent that cubomedusae populations (in particular C. fleckeri) 

could be highly localised, potentially capable of maintaining geographically robust 

populations where there is suitable habitat and prey. The ability of medusae to maintain 

position within an area is supported by short term acoustic tracking of large C. fleckeri 

medusae that found medusae mostly remained in the habitat that they were tagged in 

(Gordon and Seymour 2009).  
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6.2.1 Medusae population genetics 

 The use of genetics would add an extra tool to the resolution of populations. 

Diagnostic assays using molecular markers can identify individuals, populations, and 

taxa levels (Schwartz et al. 2007) and are common place in modern science. There have 

been several genetic assessments of gelatinous, pelagic organisms in recent years. Using 

seven microsatellite loci discovered by Reusch et al. (2010) multiple populations of the 

invasive ctenophore Mnemiopsis leidyi were discriminated at the scale of sea basin; i.e. 

between North Sea and Baltic Sea (Bolte et al. 2013). Genetic investigations into 

population structure of the holoplanktonic scyphozoan Pelagia noctiluca found a lack of 

geographical structure in European seas (Stopar et al. 2010), but did find significant 

population structuring at a scale of thousands of kilometres between South African and 

European waters (Miller et al. 2012). Recent investigation into genetic structuring of 

Rhizostoma octopus, a scyphozoan with a bipartite lifecycle of benthic polyps and 

pelagic medusae, discovered that medusae populations were genetically differentiated at 

a scale of a few hundred kilometres with genetically distinct blooms at different 

locations (Lee et al. 2013). Similar scales of genetic structuring were found for the 

scyphozoan Catostylus mosaicus (Dawson 2005). From these studies it becomes 

apparent that jellyfish species spending their entire life suspended in the water column 

(holoplanktonic) may have enough susceptibility to currents and genetic mixing that 

genetic population structuring may reveal substructure over large spatial scales of 

hundreds to thousands of kilometres. In contrast, jellyfish with a bipartite lifecycle with 

benthic polyps could show population substructuring at more local scales, possibly 

because of a requirement for suitable habitat for polyps. 

 Genetic investigations into cubomedusae are few, with no studies yet published 

on population genetics. Genetic assays have proven useful for elucidating taxonomy and 
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evolutionary links of cubozoans (e.g. Bentlage et al. 2010) and a complete 

mitochondrial DNA genome sequence has been presented for Alatina moseri (Smith et 

al. 2011). Microsatellite markers have been discovered for C. fleckeri (seven 

microsatellite loci; Coughlan et al. 2006) and C. barnesi (eight microsatellite loci; 

Peplow et al. 2009) in readiness for population structure studies in tropical Australian 

waters, however population investigations are yet to be done. Cubozoans have a 

bipartite lifecycle with benthic polyps (Fig. 12.4; Appendix A) similar to scyphozoans 

such as R. octopus and C. mosaicus, and populations are likely restricted by suitable 

habitat for polyps and the scales of movement by medusae. It would be interesting to 

see at what scale genetic differentiation can be made among local cubomedusae 

populations and how this compares with highly localised C. fleckeri medusae 

populations (separated by kilometres) elucidated from statolith microchemistry (Chapter 

4) and shape (Chapter 3). The results of my study have provided a spatial construct for 

testing hypotheses with genetic techniques that can address time scales beyond 

ecological time scales of years and decades. 

6.2.2 A multi - technique approach 

 Studies which incorporate multiple techniques generally obtain the best 

population discrimination (Begg and Waldman 1999). Madeira et al. (2012) found the 

combined application of genetics and thin plate splines very valuable when tracing 

geographical patterns of population differentiation in the gastropod Cerithidea 

decollate. Zischke et al. (2012) used morphometric measurements and parasites to 

successfully separate wahoo (Acanthocybium solandri) into separate stocks from east 

and west Pacific Ocean and suggested the incorporation of otolith microchemistry and 

genetic microsatellites to further studies. Ferguson et al. (2011) found otolith 

microchemistry and shape complementary when successfully discriminating mulloway 
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(Argyrosomus japonicas) from three regions of South Australia; trace elements of 

otolith edge provided very high classification success and gave a snapshot between 

groups from different geographical areas while shape analysis indicated discrete groups 

of fish experienced different environmental conditions over a longer period of time.  

 Both statolith shape and microchemistry were used within this thesis, however 

despite sampling at many locations over three years it was often difficult to detect 

cubozoans at all, let alone in large numbers. Shape analysis required relatively high 

sample sizes and greater resolution by species or population would be obtained with an 

increase in sample size. Elemental chemistry showed great promise in that precision 

with low sample sizes allowed me to detect differences among locations. Future 

investigations into cubomedusae population structure should attempt to incorporate 

statolith shape, statolith microchemistry and genetics to determine mixing or lack 

thereof of local populations over both ecological and longer genetic time scales. 

6.3 CONCLUSIONS 

 Statoliths of cubozoan jellyfishes are of high utility for the study of taxonomy, 

phylogeny, demography and population studies. Statolith shape allowed the 

discrimination of cubozoan families and species. As the only hard structure of 

cubomedusae the statolith provides a robust taxonomic tool useful if the soft bodied 

medusa or tentacles are damaged, or in combination with bell and tentacle morphology. 

Statolith proximal, oral and lateral faces should be incorporated in the description of all 

cubozoan species. High similarities in shape were found among species within families 

and even basic L: W of all three statolith faces could quickly assign samples to family; a 

useful characteristic for risk management as the severity of envenomation is family 

dependent. Statolith shape descriptors could also discriminate among medusae from 
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sampling locations separated by tens of kilometres to hundreds of kilometres in two of 

three species studied. The technique may have limited application to many cubozoan 

species as it is reliant on relatively large sample sizes and these are difficult to obtain 

for most taxa. In Australia, the approach shows greatest promise for C. fleckeri and 

C. sivickisi.  

 LA-ICPMS proved a reliable technique for extracting C. fleckeri statolith 

microchemistry, capable of high resolution analysis of distinct zones within the 

statolith. Analysis across whole statoliths (i.e. entire life as a medusa) elucidated 

significant substructuring of C. fleckeri medusae metapopulations at scales of regions 

separated by hundreds of kilometres, and further among sites separated by kilometres 

within those regions; cubomedusae population differentiation at scales never quantified 

previously. These data combined with that on statolith shape indicated that C. fleckeri 

medusae populations are likely highly localised with little mixing between. Restricted 

geographic ranges of population units may be due to mobility that reduces dispersal, 

availability of suitable habitat and potentially suitable habitat for polyps. This 

conclusion corroborated with great variation in abundance patterns that has been found 

at large and small spatial scales (e.g. Kingsford et al. 2012). 

  C. fleckeri medusae were found to inhabit waters of salinity > 20, as they 

quickly deteriorated at salinities below this. This finding is highly relevant to 

predictions on how cubozoan populations will vary with respect to climate change and 

other physical forcing (Kingsford and Mooney 2014; Appendix A). Statolith Sr/Ca was 

found to be insensitive to salinity changes among salinities of 22, 26, 30 and 34, and 

significant patterns found in statolith Sr/Ca (Mooney and Kingsford 2012; Appendix B) 

are likely the result of changes in exposure to varying water temperatures, not salinity as 

inferred, as a significant positive relationship was observed between water temperature 
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and C. fleckeri statolith Sr/Ca. Statolith Mg/Ca and multi-element/Ca signatures 

significantly varied across the tested range. Statolith microchemistry shows promise to 

elucidate movements of C. fleckeri medusae among different water bodies where known 

salinity and thermal gradients exist and experimental calibration is now required for 

changes in Sr/Ca as temperature changes as for the salinity calibration conducted here. 

 This thesis has focussed heavily on cubomedusae of tropical Australia where 

box jellyfishes are well known. Cubomedusae are however known from around the 

world (see Fig. 12.3, Table 12.1; Appendix A).Globally they are generally rare, elusive, 

and many are potentially harmful. The statolith provides a tool to help us understand 

them in that the techniques applied here could assist in identification and population 

studies of cubomedusae worldwide. 
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### Measuring statolith Length and Width using locator landmarks ### 

 

#load packages 

library (pixmap) 

library (rtiff) 

 

#import image, by choosing image file from folder 

statolith <- readTiff(choose.files(), reduce=0) 

#convert to greyimage 

statolith <- as(statolith, "pixmapGrey") 

str(statolith) 

plot(statolith) 

 

#calibrating to scale 

#using locator function 

a <- locator (2, type="p", pch=3) 

#use mouse to click ends of 100um scale bar 

scale100um <- sqrt(sum(diff(a$x)^2+diff(a$y)^2)) 

 

#mark landmarks i - iv using locator with mouse, then calibrate to 

scale 

d <- locator (4, type="p", pch=21, bg="white") 

d <- rbind (d$x, d$y)/scale100um 

 

#name landmark coordinates 

i <- c(d[1,1], d[2,1]) 

ii <- c(d[1,2], d[2,2]) 

iii <- c(d[1,3], d[2,3]) 

iv <- c(d[1,4], d[2,4]) 

 

#use ild function to measure distances between landmarks 

ild <- function(i,ii) {sqrt(sum((i-ii)^2))} 

#measure length & width giving output in microns 

length <- (ild(i,ii))*100; length 

width <- (ild(iii,iv))*100; width 
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### Using Momocs for Normalised Elliptical Fourier Analysis of 

statolith silhouettes ### 

 

##load Momocs package 

library(Momocs) 

 

#import .jpg image by choosing file from folder and convert to 

coordinates of outline 

statolith <- import.jpg(choose.files()) 

 

#create Coo object using outline coordinates 

coostat <- Coo(statolith) 

 

#estimate number of Fourier harmonics to retain by >99% total 

cumulative power 

hpow(coostat) 

 

#perform elliptical fourier analysis (normalised) on Coo object, for 

20 harmonics, 300 smoothing iterations 

ef <- eFourier(coostat, 20, 300, T, F) 

ef 

 

#write table of harmonic coefficients to clipboard for export to excel 

write.table(ef@coe, "clipboard", sep="\t", col.names=NA) 

 

#plot outline to check correct silhouette 

coo.plot(coostat) 
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