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 22 
Abstract  23 

Fatty acid (FA) analysis can provide an effective, non-lethal method of 24 

elucidating the trophic ecology of fish. One method utilized in the field is to 25 

collect biopsied muscle tissue, but this can be problematic in live sharks due 26 

to a thick dermal layer with extensive connective tissue. The aim of this 27 

research was to determine whether fin and muscle tissue yield similar FA 28 

profiles in three species of tropical euryhaline sharks: Carcharhinus leucas, 29 

Glyphis garricki and Glyphis glyphis. Fatty acid profiles were detectable in fin 30 

clips as small as 20 mg (~5 mm x 6 mm) and muscle biopsies >10 mg mass. 31 

Overall profiles in relative (%) FA composition varied significantly between fin 32 

and muscle tissues for C. leucas and G. garricki (global R-values = 0.204 and 33 

0.195, P < 0.01), but not G. glyphis (global R-value = 0.063, P = 0.257). The 34 

main FAs that contributed to these differences were largely 18:0 for C. leucas, 35 

20:4Z6 for G. garricki and 20:5Z3 for G. glyphis, which reflect the different 36 

physiological functions and turnover rates of the two tissues. Notably, no 37 

significant differences were detected between tissue types for the major 38 

classes of FAs and abundant dietary essential FAs. It was concluded that FA 39 

profiles from either fin clips or muscle tissue may be used to examine the 40 

trophic ecology of these tropical euryhaline sharks when focusing on dietary 41 

essential FAs. Given that some non-essential FAs were different, caution 42 

should be applied when comparing FA profiles across different tissue types.  43 

 44 

Keywords: elasmobranchs, trophic ecology, Glyphis, Carcharhinus, 45 

biochemical tracers46 
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 47 

1. Introduction 48 

Many shark, ray and chimaera species (Class Chondrichthyes) are 49 

susceptible to severe population reductions as a result of negative 50 

anthropogenic influences such as over-exploitation and habitat destruction, 51 

with an estimated 24% of chondrichthyan species considered to be 52 

threatened (Dulvy et al., 2014). Reductions in the abundance of apex or 53 

meso-predators such as sharks can cause changes in ecosystems through 54 

competitive release, resulting in the alteration of fish population dynamics 55 

(Stevens et al., 2000). It is important, therefore, to understand the trophic 56 

ecology of sharks to evaluate the consequences of reductions in their 57 

abundance. Given the rarity and/or threatened status of many shark species, 58 

non-lethal and minimally intrusive methods for determining diet are often 59 

required.  60 

 61 

Prey consumption analyses in sharks have traditionally involved stomach 62 

content analyses, which require major intervention (e.g., gastric lavage) or 63 

lethal dissection (Barnett et al., 2010; Cortés, 1999). In recent times, less 64 

invasive, but still highly informative techniques have been used, such as 65 

stable isotopes (e.g., Hussey et al., 2011a; Speed et al., 2011) and lipid and 66 

fatty acid (FA) profiling (e.g., Couturier et al., 2013a; Rohner et al., 2013). 67 

Fatty acids have been validated in determining the dietary sources of sharks 68 

through comparisons with stomach content analysis (Pethybridge et al., 69 

2011a) and in vivo (Beckmann et al., 2013). This concept works due to the 70 

inability of most high-order predators to synthesize specific FAs, such as 71 
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 4 

22:5ω3 and 22:6ω3 (Iverson, 2009) that are only found in primary producers 72 

or lower order consumers. The detection of such FAs within the tissues of a 73 

consumer suggests direct or secondary consumption of specific taxa such as 74 

autotrophic algae, diatoms and bacteria (Dalsgaard et al., 2003; Parrish et al., 75 

2013). In addition to dietary information, FA analysis has been used to acquire 76 

information on elasmobranch (shark and ray) bioenergetics, life-history and 77 

physiology (Beckmann et al., 2014a; Pethybridge et al., 2014, 2011b).   78 

 79 

Fatty acids are vital for cell and organelle function in living organisms, 80 

especially essential FAs (EFA) that are involved in critical physiological 81 

functions (Tocher, 2003). While many FAs can only be assimilated by 82 

consumers through their diet, some FAs necessary for physiological and 83 

structural functions are produced de novo (Tocher, 2003). Given the variety of 84 

tissue structure and functionality within multicellular animals, FA profiles can 85 

vary among tissue types. For instance, different shark tissues have been 86 

found to preferentially store higher saturated fats (SAT) and polyunsaturated 87 

fats (PUFA) in structural tissues (e.g., muscle), while higher monounsaturated 88 

fats (MUFA) are often found in tissues used for energy storage (e.g., liver, 89 

(Pethybridge et al., 2010)). While liver tissue can provide the most temporally 90 

sensitive indicator of dietary change in sharks (Beckmann et al., 2014b), it 91 

requires lethal sampling. Muscle tissue provides dietary information integrated 92 

over longer time periods, but can be problematic to collect in live sharks due 93 

to a thick dermal layer with extensive connective tissue (Tilley et al., 2013). 94 

Although fin clips are used extensively in shark genetic studies (e.g., Lewallen 95 

et al., 2007), and are recognised as a viable tissue for stable isotope analysis 96 
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 5 

(e.g., Hussey et al., 2011b; Olin et al., 2014), their utility for FA analysis has 97 

not yet been determined.  98 

  99 

Shark fins consist of cartilage and some connective tissue, muscle and 100 

vascularisation, with an outer dermal layer covered with denticles. This 101 

composition of various tissue types has the potential to influence the FA 102 

profiles of fins versus muscle tissue, given the tissue-based differences 103 

reported for stable isotope analysis of G13C (Hussey et al., 2010). Here, FA 104 

profiles obtained from fin tissue and non-lethal muscle biopsies are examined 105 

to determine whether they differ from the same three species of tropical 106 

euryhaline elasmobranchs: Bull Shark Carcharhinus leucas, Northern River 107 

Shark Glyphis garricki, and Speartooth Shark Glyphis glyphis. River sharks 108 

(Glyphis species) are globally threatened and rare species (Pillans et al., 109 

2009) with little information available on their biology, including trophic 110 

ecology. In doing so, the utility of fin tissue was explored as a non-lethal 111 

method for examining FA profiles in future dietary analyses of potentially 112 

important apex predators in tropical river ecosystems. 113 

 114 

2. Methods 115 

2.1. Ethics statement 116 

This study was conducted with the approval of the Charles Darwin University 117 

animal ethics committee (Approval A12016 and A11041) in conjunction with 118 

permits from NT Fisheries and Kakadu National Park (Permit RK805).  119 

 120 

2.2. Tissue sampling and preparation 121 
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 6 

Sharks from each of the three target species (Table 1) were captured from the 122 

South Alligator River, Kakadu National Park, Australia, between March 2013 123 

and July 2014 using 4 or 6 inch gill nets, or hook and line. Tissues were 124 

collected from each temporarily restrained (<5 minutes) individual before they 125 

were released back into the water. All sharks were juveniles or sub-adults 126 

(Table 1). Muscle tissue biopsies (mean wet weight 0.025 g) were collected 127 

from the caudal peduncle using a 3–5 mm biopsy punch (Stiefel, USA), along 128 

with a fin clip sample (~15 mm2 and 0.03 g) from the rear tip of a pectoral fin 129 

(Lewallen et al., 2007). Tissue samples were immediately placed in liquid 130 

nitrogen (–196°C) for up to 1 week during fieldwork, then transferred to a –131 

20°C freezer. To avoid degradation of the sample from defrosting and 132 

refreezing, all frozen muscle samples were dissected in the freezer to remove 133 

dermal layers and as much connective tissue as possible to ensure only 134 

muscle tissue was sampled. While initial samples were extracted from wet 135 

tissue, these samples were freeze-dried for analysis. 136 

 137 

2.3. Lipid and fatty acid extraction  138 

Total lipid content was extracted using the modified Bligh and Dyer (1959) 139 

method using a one-phase dichloromethane (DCM):Methanol (MeOH):milliQ 140 

H2O solvent mixture (10:20:7.5 mL) which was left overnight. After 141 

approximately 12 hours, the solution was broken into two phases by adding 142 

10 mL of DCM and 10 mL of saline milliQ H2O (9 g sodium chloride (NaCl) L-143 
1) to give a final solvent ratio of 1:1:0.9. The lower layer was drained into a 50 144 

mL round bottom flask and concentrated using a rotary evaporator. The 145 

extract was transferred in DCM to a pre-weighed 2 mL glass vial. The solvent 146 
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was blown down under a constant stream of nitrogen gas, and the round 147 

bottom flask rinsed three times with DCM into the vial. The total lipid extract 148 

(TLE) was dried in the vial to constant weight and 200 μl of DCM was added. 149 

To release fatty acids from the lipid backbone, 10mg of TLE was added per 150 

1.5 mL of DCM and transmethylated in MeOH:DCM:hydrochloric acid (HCl) 151 

(10:1:1 v/v) for 2 hours at 800°C. After cooling, 1.5 mL Milli-Q water was 152 

added and FA were extracted three times with 1.8 mL of hexane:DMC (4:1 153 

v/v), after which individual tubes were vortexed and centrifuged at 2000 rpm 154 

for 5 mins. After each extraction, the upper organic layer was removed under 155 

a nitrogen gas stream. A known concentration of internal injection standard 156 

(19:0 FAME or 23:0 FAME) preserved in DCM was added before 0.2 Pl of this 157 

solution was injected into an Agilent Technologies 7890B gas chromatograph 158 

(GC) (Palo Alto, California USA) equipped with an EquityTM-1 fused silica 159 

capillary column (15 m x 0.1 mm internal diameter and 0.1 Pm film thickness), 160 

a flame ionization detector, a splitless injector and an Agilent Technologies 161 

7683B Series auto-sampler. At an oven temperature of 120°C, samples were 162 

injected in splitless mode and carried by helium gas. Oven temperature was 163 

raised to 270°C at 10°C min-1, and then to 310°C at 5°C min-1. Peaks were 164 

quantified using Agilent Technologies ChemStation software (Palo Alto, 165 

California USA). Confirmation of peak identifications was by GC-mass 166 

spectrometry (GC-MS), using an on-column of similar polarity to that 167 

described above and a Finnigan Thermoquest DSQ GC-MS system. Only fin 168 

and muscle tissue samples that were above 0.02 g and 0.01 g in mass, 169 

respectively, were used in these analyses, as lower sample masses 170 

compromised analytical detection.  171 
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 172 

Total FAs were determined in mg/g and calculated based on the total area of 173 

peaks of all FAs divided by the internal standard, times, the mass and volume 174 

of internal standard, the mass of the tissue and dilution factors.  175 

 176 

2.4. Statistical analyses  177 

Fatty acids were expressed as a percentage of total FAs in the sample, and 178 

FAs that accounted for less than 0.5% were excluded from statistical 179 

analyses. Paired t-tests were used to detect significant differences in the 180 

means of the major classes of total FAs (SAT, PUFA, MUFA) and four 181 

abundant EFAs within matched pairs of fin and muscle tissues from each 182 

individual for each shark species. t-tests were carried out on these EFAs to 183 

determine the extent of their influence in causing the differences between the 184 

tissues. Analysis of similarity (ANOSIM) was then applied to the multivariate 185 

FA profiles (31 FAs) obtained from each tissue type in a single factorial design 186 

to examine differences in overall FA profiles from the two tissue types. As fin 187 

and muscle tissues were extracted from the same individual, a dissimilarity 188 

matrix was used based on binomial deviance to accommodate the non-189 

independence of samples (Clarke and Warwick, 2001). Where differences 190 

were detected by ANOSIM, similarities of variance (SIMPER) were used to 191 

determine the dietary FAs that contributed most to these differences, by 192 

indicating the percentage contribution of each FA based on the Euclidian 193 

dissimilarity of each pair. All multivariate analyses were performed using 194 

PRIMER (v6), while univariate analyses were performed using the base 195 

package of R (R Core Development Team, 2014). 196 
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 197 

3. Results  198 

A total of 65 FAs were identified across the three shark species, with 31 FAs 199 

having relative mean values greater than 0.5% (Table 2). These 31 FAs made 200 

up 68–97% of total FAs, whereas the mean sum of the remaining 34 minor 201 

FAs ranged from 4–8%. Total FA was higher in muscle than fin in all sharks 202 

with large standard deviations in C. leucas and G. garricki whilst G. glyphis 203 

had less variation (Table 2).  204 

 205 

3.1 Intraspecific tissue differences 206 

No significant differences in the proportions of the main FA classes were 207 

detected between fin and muscle for these three species, with the exception 208 

of MUFA in C. leucas where higher amounts were found in muscle (Table 3; 209 

Fig.1). For all species, large intraspecific variability (standard deviations [SD]) 210 

in the major FA classes was observed in both fin and muscle tissues (Table 2; 211 

Fig 1). Standard deviations for most FAs were similar for both muscle and fin 212 

for a given species. There were, however, substantial differences in the 213 

degree of intraspecific variability in several FAs between muscle and fin. In C. 214 

leucas, for example, 16:0FALD, 17:0, 18:2ω6, 20:4ω6, 20:1ω5 and 22:4ω6 215 

were more variable in muscle than fins, whilst the opposite was the case for 216 

20:5ω3 and 20:2. In G. garricki, i17:0, 18:2b, 18:1ω9 were more variable in 217 

muscle, while16:0FALD, 17:1 and 18:0FALD were more variable in fins. In G. 218 

glyphis, 16:0FALD, 17:1, and 22:4ω6 were more variable in muscle, while 219 

18:2b, 20:5ω3 and 24:1ω9 were more variable in fins. 220 

 221 
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 10 

In both the muscle and fin clips of C. leucas, the FAs with highest relative 222 

amounts were 18:0, 18:1ω9, 16:0, and 20:3ω9, in order of decreasing relative 223 

importance (Table 2). In G. garricki muscle, the 4 dominant FAs were 18.0, 224 

18:1ω9, 16:0 and 20:4ω6, and although the same FAs were dominant in the 225 

fins, the order of importance was different (18:0, 20:4ω6, 18:1ω9 and 16.0; 226 

Table 2). For G. glyphis muscle and fin, the two dominant FAs were 227 

consistently 18:0 followed by 20:4ω6, however, the muscle had higher levels 228 

of 18:1ω9 than 16:0; the opposite was true for fins for this species. t-tests of 229 

the major EFAs (20:4Z6, 22:6Z3, 20:5Z3, 20:3Z9) found in the fins and 230 

muscles indicated no significant difference among tissue types, except for 231 

20:4Z6 in G. garricki (Table 4, Fig 2).  232 

 233 

Multivariate analysis revealed a large amount of overlap in the overall FA 234 

profiles obtained from the fins and muscles of each species (Fig. 3). The 235 

overall FA profile, however, had significant but weak differences that were 236 

detected between fins and muscles for C. leucas (global R-value = 0.204, P < 237 

0.01) and G. garricki (global R-value = 0.195, P < 0.01), but not in G. glyphis 238 

(global R-value = 0.063, P = 0.257).  239 

 240 

3.2 Interspecific differences  241 

Similar relative amounts of SAT were observed in all three species (range 242 

29.46 to 33.97%), while C. leucas had higher amounts of MUFA and lower 243 

amounts of PUFA than G. garricki and G. glyphis. Both Glyphis species had 244 

less variation in the SD of FAs between fin and muscle tissues than C. leucas. 245 

There were 11 EFAs that were detected in all species that were >0.5% and 10 246 
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EFAs that had minor contributions (<0.5%) for C. leucas and G. glyphis, and 8 247 

in G. garricki (Table 2). Notably, the muscle of C. leucas consistently had 248 

higher relative amounts of all four EFAs, while in G. garricki and G. glyphis the 249 

relative amounts varied according to the specific EFA (Fig 2).  250 

 251 

The FAs contributing to these significant but weak differences in the 252 

multivariate analysis varied among species (Table 2; Fig.4). In C. leucas, 253 

18:0, 20:3Z9, 18:1Z9 and 16:0  contributed to 58% of the differences between 254 

fin and muscle, whereas in G. garricki, 56% of the differences were due to 255 

20:4Z6, 18:1Z9, 20:3Z9 and 22:6Z9. The FAs contributing 60% of the 256 

difference between tissue types in G. glyphis were all EFAs, as well as 257 

20:5Z3, 20:4Z6 and 22:4Z6. Fatty acids that appeared to be in similar 258 

amounts among tissue types were 16:0, 18:0, 20:0, 19:1, 20:1ω9, 20:1ω5, 259 

20:3ω6 and 24:1ω9. There was considerable variation amongst individuals as 260 

shown by the large standard deviations for 20:5Z3 in G. glyphis (fin and 261 

muscle) and C. leucas (muscle), 20:4Z6 and 22:4Z6 in the fin of C. leucas, 262 

and 20:3Z9 in both tissue types in G. garricki. The mean ratio of ω3/ω6 FAs 263 

was higher in the muscle compared to the fins of all species. 264 

 265 

4. Discussion  266 

Overall FA profiles did appear to differ according to tissue type within the two 267 

shark species C. leucas and G. garricki, but not G. glyphis, which suggests 268 

caution must be applied when selecting which tissue type to use for future 269 

dietary studies in these and other chondrichthyan species. Sample size for G. 270 

glyphis was low which may partially account for the differences between the 271 
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species, however this species was included due to its rarity (Pillans et al., 272 

2009). Differences in the overall FA profiles among tissue types were 273 

expected and are likely due to functional and dietary differences of certain 274 

FAs and their affiliation with different structural tissue types, which can be 275 

difficult to separate. Most of these differences in fin and muscle tissue were 276 

due to non-essential FAs and there were some important similarities that were 277 

apparent among the two tissue types in terms of key FAs. This included 278 

important EFAs, which suggests that the potentially less intrusive use of fin 279 

tissues may be effective for future studies wishing to explore dominant trophic 280 

patterns in these tropical euryhaline sharks.  281 

 282 

Similarity in the proportions of major classes of FAs among tissues types and 283 

species suggest they are most likely involved with structural or physiological 284 

functions common to tropical sharks. Conversely, FAs in higher quantities in 285 

either the muscle or fin (e.g., 17:0, 22:4ω6 and 20:3ω9) could be linked to 286 

specific structures, physiology or functions (e.g., locomotion) of those tissues 287 

(Pethybridge et al., 2010) or indicate temporal differences in diet (discussed 288 

below). Notably, our study species’ muscle tissues were dominated by PUFA, 289 

as has been found in the Port Jackson Shark Heterodontus portusjacksoni 290 

(Beckmann et al., 2014b) and deep water shark species (Pethybridge et al., 291 

2010). Polyunsaturated FAs also dominates in the sub-dermal tissue of the 292 

Reef Manta Ray Manta alfredi and the Whale Shark Rhincodon typus 293 

(Couturier et al., 2013b) and, typically in the muscle tissues of teleost fish 294 

(Belling et al., 1997; Økland et al., 2005). In contrast, shark liver tissue, which 295 
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has been shown to be more representative of diet (Beckmann et al., 2014b), 296 

is typically dominated by energy-rich MUFA.   297 

 298 

Using signature FA analysis to better understand a species’ trophic ecology 299 

should take into account known trophic markers and EFA, particularly if they 300 

show highly variable patterns among tissues types. Commonly used 301 

estuarine-based trophic markers, detected in this study that were variable 302 

between fin clips and muscle, included those produced by bacteria (17:0, 303 

i17:0), diatoms, algae, mangroves and terrestrial plants (18:2Z6, 20:4Z3, 304 

20:4Z6, and 20:5Z3), and dinoflagellates (22:6Z3; (Alfaro et al., 2006; Kelly 305 

and Scheibling, 2012; Sargent et al., 1989)). Many other FAs are considered 306 

to be trophic markers for particular taxon or trophic groups and were also 307 

variable between the fin clips and muscles. For example, 18:1Z7 is 308 

characteristic of bacteria (Kelly and Scheibling, 2012), 20:1Z9, 20:1Z11 and 309 

22:1Z11 of copepods (Falk-Petersen et al., 2002; Kelly and Scheibling, 2012), 310 

16:1Z7 of diatoms and mangrove (Kelly and Scheibling, 2012; St. John and 311 

Lund, 1996), and 22:0 and 24:0 of mangrove and terrestrial plants (Joseph et 312 

al., 2012; Rossi et al., 2008). That these particular FAs were variable between 313 

the tissue types indicates tissue differences, however the fact that these 314 

known markers were found in the fins supports their utility for dietary studies.  315 

 316 

Determining the importance of FA profile differences between fins and muscle 317 

for dietary analysis requires differentiation between FAs that are assimilated 318 

from an individual’s diet (such as EFAs) from those produced de novo 319 

(Tocher, 2003). Essential FA profiles found in muscle and fin tissue of these 320 
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tropical shark species were dominated by the Z6 FAs, which are formed 321 

through the linoleic pathway. In this pathway, 20:4Z6 is elongated to 22:4Z6 322 

(Tocher, 2010) and as there are only small amounts of precursors to 20:4Z6 it 323 

is likely that it has been accumulated by diet. Importantly, the differences 324 

between tissues in 20:4Z6 and 22:4Z6 were proportional across tissues within 325 

species, suggesting similar processes are occurring in the fin and muscle. 326 

These processes may be occurring at different rates since 20:4Z6 in G. 327 

garricki was the only significantly different EFA in univariate analysis. As only 328 

one EFA differed the combination of non-essential FAs may be more 329 

important in influencing differences than individual EFAs. Therefore the lack of 330 

significant differences between most fin and muscle EFAs, the low r values in 331 

the ANOSIM and that similar processes are likely occurring in fin and muscle 332 

suggests that both tissue types are appropriate for trophic studies.  333 

 334 

Variation in a range of FAs among tissue types can indicate variable uptake of 335 

particular tissues over time. For example, the EFA 20:3Z9 was a major 336 

contributor to differences between fin and muscle in both C. leucas and G. 337 

garricki. This unusual FA has also been detected in some C. leucas in the 338 

Florida Everglades and, along with other Z6 and Z3 PUFA were linked to 339 

deficiency in EFA in these sharks (Belicka et al., 2012). It was also found that 340 

18:1Z9 contributed to the dissimilarity of fin and muscle FA profiles in C. 341 

leucas and G. garricki. Present in high relative levels in a range of organisms, 342 

this FA can often be an indication of carnivory (Falk-Petersen et al., 2002; 343 

Kelly and Scheibling, 2012). 344 

 345 
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The fins in all species did accumulate FAs that are linked to diet and many of 346 

the FAs, particularly the EFAs, varied between the fin clips and muscle in 347 

similar ways. This suggests that the same processes are occurring in both 348 

tissues. Differences in the FA profiles of various elasmobranch tissues is now 349 

becoming well established (Beckmann et al., 2013; Pethybridge et al., 2010), 350 

with the first controlled experiments indicating the uptake of FA can vary 351 

considerably across shark muscle, liver and blood serum (Beckmann et al., 352 

2014b). 353 

 354 

Saturated FAs (SFA), such as 16:0 and 18:0, also contributed to differences 355 

between fins and muscle in C. leucas (and to some extent G. garricki), which 356 

is interesting because these SFA are ubiquitous in animals and variations are 357 

expected among tissue types according to rates of cellular metabolism 358 

(Tocher, 2003). Most fin tissue is cartilage, and so would be expected to have 359 

slower metabolism and tissue turnover rates than muscle (Malpica-cruz et al., 360 

2012). Certainly, studies measuring stable isotopes have found that cartilage 361 

and fin have a slower turnover rate than muscle and blood (MacNeil et al., 362 

2006; Malpica-cruz et al., 2012). It is therefore likely that the FA profiles of fins 363 

are representing another time period in the diet and habitat usage of these 364 

sharks. Such variances in FA profiles among fins and muscle could be 365 

particularly useful in providing scientists with key insights into the trophic 366 

ecology of species occupying dynamic tropical river environments that 367 

experience a monsoonal wet–dry cycle (Warfe et al., 2011).  368 

 369 
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This study found highly variable amounts of total FA in the muscle and fin 370 

both within and between species emphasising the importance of adequate 371 

sample sizes. Researchers could maximise the utility of such tissue samples 372 

in rare/threatened species, especially when sampling adults with larger shark 373 

fins, as some of the muscular tissue layers could be dissected and used to 374 

obtain stable isotope evidence (Hussey et al., 2011a). Moreover, comparisons 375 

could be made between muscle tissue profiles and connective tissue/cartilage 376 

profiles to explore temporal differences.  377 

 378 

Apart from intraspecific differences across FA profiles there were also 379 

interspecific differences such as the variation in 20:4Z6 across species. 380 

These differences may be indicative of dietary and perhaps environmental 381 

change as Z6 have been identified as environmental indicators of 382 

temperature and increases in the relative amounts of the FA, 20:4Z6, and 383 

dominance of Z6 pathways have been linked to tropical waters (Couturier et 384 

al., 2013b; Sinclair et al., 1986). Furthermore, experimental work with seals 385 

and salmon found 18:1Z9 was assimilated into muscle and adipose fins 386 

directly from their diet (Budge et al., 2004; Skonberg et al., 1994). Therefore 387 

the differences in the amount of 18:1Z9 in these shark species may suggest 388 

separation between their trophic levels. Since more 18:1Z9 was found in the 389 

muscle than the fin, this could indicate an increase in consumption of higher 390 

order consumers with age. It could, however, also be due to de novo 391 

synthesised 14:0 and 16:0 (Dalsgaard et al., 2003). 392 

 393 
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Ontogeny, sex-based physiology and different movement patterns can all be 394 

reflected in FA profiles of different tissues (Belicka et al., 2012; Parrish et al., 395 

2013). All the sharks studied here were juvenile to sub-adult individuals and 396 

as such were not sexually mature, with some individuals showing open 397 

umbilical scars indicating they were neonates, which implies a short period of 398 

active feeding. Consequently, it is highly likely that the fins of some small 399 

individuals (e.g. <100 cm total length) may be reflecting a stronger maternal 400 

signature than muscle tissue, due to differences in metabolism and structural 401 

turnover among the two tissues types (Belicka et al., 2012). Such effects may 402 

also explain some of the high degree of variation found within species, as 403 

these sharks were not only sampled from different stages of ontogeny, but 404 

also across a range of seasons (Sargent et al., 1999; Tocher, 2010). While it 405 

is difficult to obtain a fully replicated stratified sample of tissues among a 406 

range of developmental stages and body sizes in rare and/or difficult to 407 

sample animals, the potential for ontogenetic and sex-based influences upon 408 

FA profiles should be considered in future studies, where possible. 409 

 410 

5. Conclusions  411 

An understanding of differences in FA profiles obtained from different tissue 412 

types is important when utilizing FAs to elucidate the trophic ecology of higher 413 

order consumers such as sharks. Fatty acid profiles in the fins and muscles 414 

reflected FAs, which have previously been used as biomarkers in trophic 415 

studies of marine predators (Dalsgaard et al., 2003; Kelly and Scheibling, 416 

2012). Similar proportions of dominant FAs, particularly EFAs, were found to 417 

occur among the muscle and fin tissues from these tropical euryhaline shark 418 
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species, along with some strong similarities between the two Glyphis species 419 

(which potentially could be explained by their genetic similarity (Wynen et al., 420 

2009)). Collectively, this suggests comparable assimilation and usage 421 

processes may be occurring in both tissue types for these major FAs. Whilst 422 

muscle and fins are not directly interchangeable in dietary analyses, both 423 

tissue types have measurable quantities of dietary EFAs in the FA profiles of 424 

both tissues, suggesting that diet is being reflected and should have utility in 425 

future shark trophic studies.  426 

 427 

Slight differences in the proportion of some EFAs within the different tissue 428 

types can provide key opportunities (e.g., temporal hindcasting of seasonal 429 

prey consumption), but also signal caution in applying these analyses to 430 

understanding patterns of diet. As fins consist of multiple tissues, each tissue 431 

type may have slightly different proportions of FAs dependent on the 432 

physiological needs of that tissue as compared to muscle where only one 433 

tissue type is present. Temporal variations in habitat usage and ontogeny will 434 

be reflected at different time scales of tissues due to turnover rates of FA that 435 

are not yet well understood. A priority for future research should be exploring 436 

links between FA profiles in these tissues and rates of assimilation in the 437 

various chondrichthyan tissues, to provide opportunities for temporal 438 

exploration of diet. Where possible, this should also include investigation of 439 

potential prey sources in controlled settings to validate the dietary links and 440 

examine FA synthesis pathways. What is clear is the need for further work on 441 

elucidating fine scale differences between tissues in order to determine the 442 

suitability of tissue FA analysis for dietary studies. 443 
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 653 

 654 

 655 

 656 

 657 

Table 1. Number and total length (TL) of specimens from which samples of fin 658 

and muscle tissue were taken for fatty acid analysis in three shark species 659 

from the South Alligator River, Australia (Size range +/- SD) .  660 

Species n Min TL 

(cm) 

Max TL 

(cm) 

Mean TL   

(cm) 

Sex ratio 

M:F 

Carcharhinus leucas 17 74.5 82.5 78.49r3.48 8:9 

Glyphis garricki 11 75.5 140.5 96.45r19.60 7:4 

Glyphis glyphis 4 71.0 85.0 76.80r6.25 1:3 

 661 
 662 

 663 
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 664 

 665 

 666 

 667 

 668 

 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

Table 2. Comparisons of the relative abundance of fatty acids (FA) (mean % 678 

r standard deviation) between fin and muscle tissue in Carcharhinus leucas, 679 

Glyphis garricki and G. glyphis, from the South Alligator River, Australia. 680 

 
C. leucas G. garricki G. glyphis 

 
Muscle Fin Muscle Fin Muscle Fin 

16:0 10.63 ±5.12 10.00 ±4.92 11.13 ±2.68 10.24 ±2.99 9.54 ±1.80 11.29 ±3.63 

17:0 0.51 ±0.44 0.91 ±0.35 0.71 ±0.12 1.13 ±0.39 0.80 ±0.17 1.14 ±0.31 

18:0 17.94 ±5.54 19.85 ±5.69 17.51 ±4.04 17.18 ±2.63 17.64 ±1.93 17.01 ±2.55 

20:0 0.63 ±0.64 0.59 ±0.26 1.30 ±2.81 1.01 ±2.02 0.32 ±0.03 0.32 ±0.09 

22:0 0.51 ±0.37 1.43 ±2.14 2.08 ±3.74 0.81 ±0.63 0.59 ±0.16 0.67 ±0.21 

24:0 0.42 ±0.28 1.17 ±0.63 0.30 ±0.08 0.74 ±0.29 0.54 ±0.19 0.78 ±0.3 

15:1 1.35 ±1.33 0.96 ±0.81 2.30 ±1.53 0.94 ±0.61 1.42 ±0.56 0.57 ±0.3 
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16:1Z7 1.89 ±1.44 1.53 ±1.18 0.94 ±0.40 1.03 ±0.51 0.90 ±0.28 0.93 ±0.36 

17:1 1.12 ±0.77 2.59 ±1.48 1.10 ±0.32 3.04 ±1.86 2.66 ±1.95 2.64 ±1.26 

18:1Z9 16.50 ±6.35 14.52 ±3.43 12.19 ±5.51 10.97 ±2.49 10.35 ±1.7 10.34 ±0.92 

18:1Z7 5.36 ±2.49 3.71 ±1.37 5.53 ±1.72 3.64 ±1.54 5.47 ±0.84 3.79 ±0.53 

17:1Z6 0.51 ±0.19 1.00 ±0.46 0.64 ±0.25 0.65 ±0.18 0.83 ±0.40 0.74 ±0.20 

19:1 0.41 ±0.19 0.67 ±0.25 0.35 ±0.12 0.34 ±0.08 0.30 ±0.23 0.41 ± 07 

20:1Z9 1.21 ±0.66 0.83 ±0.35 0.86 ±0.60 0.78 ±0.66 0.57 ±0.26 0.68 ±0.20 

20:1Z5 0.54 ±1.08 0.48 ±0.37 0.18 ±0.14 0.17 ±0.07 0.16 ±0.03 0.24 ±0.19 

22:1Z11 2.13 ±5.76 0.25 ±0.51 0.19 ±0.24 0.18 ±0.16 0.12 ±0.40 0.07 ±0.02 

24:1Z9 0.83 ±0.43 0.64 ±0.32 0.57 ±0.23 0.65 ±0.25 0.96 ±0.66 1.02 ±0.25 

18:2b  0.62 ±0.33 2.60 ±0.98 0.28 ±0.21 1.38 ±0.53 0.49 ±0.13 1.32 ±0.69 

18:2c  0.97 ±0.74 0.51 ±0.58 0.13 ±0.32 0.31 ±0.41 0.12 ±0.09 0.14 ±0.02 

18:2Z6 0.55 ±0.91 0.56 ±0.55 2.34 ±1.14 1.83 ±0.68 2.36 ±0.97 1.58 ±0.38 

20:2 3.02 ±2.23 1.00 ±1.29 0.55 ±1.02 0.56 ±1.12 0.29 ±0.15 0.21 ±0.07 

20:2Z6 0.59 ±0.87 0.27 ±0.5 0.76 ±0.28 0.42 ±0.16 0.83 ±0.23 0.51 ±0.22 

20:3Z9# 8.36 ±6.41 7.91 ±4.43 1.80 ±4.70 1.52 ±3.66 0.35 ±0.18 0.29 ±0.10 

20:3Z6 0.32 ±6.41 0.28 ±0.25 0.67 ±0.33 0.56 ±0.20 0.55 ±0.26 0.65 ±0.37 

22:3 0.94 ±0.79 0.82 ±0.71 1.33 ±1.13 2.29 ±1.17 2.57 ±1.37 1.45 ±0.85 

20:4Z6 3.18 ±4.38 5.66 ±3.37 10.47 ±4.68 15.46 ±5.46 14.76 ±3.96 12.43 ±4.74 

22:4Z6 1.51 ±2.09 2.50 ±1.26 4.44 ±1.85 6.07 ±2.48 3.91 ±3.00 6.96 ±2.28 

20:5Z3 0.52 ±0.20 1.30 ±3.27 0.89 ±0.71 0.97 ±0.75 0.94 ±0.32 4.74 ±7.22 

22:5Z3 1.91 ±1.40 3.01 ±2.12 0.80 ±1.27 0.34 ±0.72 1.47 ±1.92 0.24 ±0.42 

22:5Z6 0.89 ±0.61 1.01 ±0.46 1.87 ±0.67 1.52 ±0.55 1.76 ±0.15 1.97 ±1.11 

22:6Z3 4.25 ±2.39 2.22 ±1.37 7.38 ±3.82 4.10 ±1.90 7.97 ±2.99 4.32 ±2.28 

 
  

     
ΣFAs <0.5%* 8.38 ±8.74 5.04 ±1.67 4.13 ±1.84 5.31 ±1.22 5.03 ±1.25 4.99 ±1.37 

ΣSAT 30.66 ±8.75 33.97 ±17.81 33.05 ±7.54 31.14 ±6.18 29.46 ±3.16 31.23 ±7.56 

ΣMUFA 32.01 ±6.71 27.26 ±5.15 24.55 ±7.99 22.09 ±4.31 23.18 ±4.44 20.74 ±1.17 
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 681 
FAs <0.5% include 14:0 15:0, a15:0, 15:0, 14:1, 16:1ω13, 16:1ω9, 16:1ω7, 16:1ω5, 682 
17:1ω8+a17:0, 18:1ω7, 18:1ω5, 18:1, 19:1, 20:1ω7, 20:1ω11, 20:1ω5, 22:1ω9, 22:1ω7, 683 
24:1ω11, 24:1ω7, 16:4+16:3, 18:2av, 18:4ω3, 18:3ω6, 18:3ω3, 20:4ω3/20:2, 21:5ω3, 21:3, 684 
22:2av, 22:2bv, i16:0, 18:1FALD 685 
# 20:3ω9 identified based on comparison with other C. leucas fatty acid literature; a standard 686 
was not available at the time of analyses. v = unable to identify bonds as standard was not 687 
available at the time of analyses. FA - Fatty acids, TFA – total fatty acids, SAT- saturated fatty 688 
acids, MUFA - monounsaturated fatty acids, PUFA - polyunsaturated fatty acids. FALD – fatty 689 
aldehyde analyzed as dimethyl acetal.  690 
 691 

Table 3. Paired t-tests comparing the concentrations of three major fatty acid 692 

(FA) classes detected within the fin and muscle tissues from each of three 693 

euryhaline shark species, Carcharhinus leucas, Glyphis garricki, and G. 694 

glyphis, from the South Alligator River, Australia. Significant (P<0.05) result 695 

shown in bold. 696 

 697 
Major FA Class Species t score df p-Value 

 

Saturated 

C. leucas -1.595 16 0.130 

G. garricki 0.649 10 0.531 

ΣPUFA 27.60 ±12.20 29.7 ±7.89 33.63 ±8.32 37.08 ±5.33 37.66 ±6.72 36.20 ±9.15 

Z3/Z6 0.99 ±0.45 0.65 ±1.20 0.44 ±0.65 0.23 ±0.33 0.43 ±0.61 0.38 ±1.08 

       
i17:0 0.71 ±0.34 1.95 ±1.08 1.78 ±4.06 0.75 ±0.73 0.87 ±0.31 0.97 ±0.44 

16:0FALD 0.61 ±0.64 0.57 ±0.34 1.46 ±1.01 1.25 ±0.62 1.44 ±1.43 1.64 ±1.12 

18:0FALD 0.88 ±0.40 1.49 ±1.02 0.86 ±0.46 1.74 ±1.80 0.98 ±0.58 2.82 ±0.99 

       

TFAs (mg/g) 2.56 ±4.16 1.76 ±1.35 4.21 ±5.95 3.66 ±03.71 1.06 ±0.23 0.56 ±0.37 
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G. glyphis -0.775 3 0.494 

Monounsaturated 

C. leucas 2.279 16 0.037 

G. garricki 1.237 10 0.244 

G. glyphis 1.429 3 0.249 

 

Polyunsaturated 

C. leucas -0.785 16 0.444 

G. garricki -1.541 10 0.154 

G. glyphis -0.990 3 0.395 

 698 
 699 

 700 

 701 

 702 

 703 

 704 

 705 

 706 

Table 4. Paired t-tests comparing the concentrations of four essential fatty 707 

acids detected within the fin and muscle tissues from each of three euryhaline 708 

shark species, Carcharhinus leucas, Glyphis garricki, and G. glyphis, from the 709 

South Alligator River, Australia. Significant (P<0.05) result shown in bold. 710 

 711 

Abundant 

EFA 
Species t score df p-Value 

20:5Z3 
C. leucas 0.97 16 0.34 

G. garricki 0.34 10 0.74 
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G. glyphis 0.89 3 0.44 

20:4Z6 

C. leucas 2.02 16 0.06 

G. garricki 2.29 10 0.04 

G. glyphis -0.58 3 0.59 

22:4Z6 

C. leucas 1.58 16 0.13 

G. garricki 1.74 10 0.11 

G. glyphis 1.20 3 0.31 

20:3Z9 

C. leucas -0.31 16 0.76 

G. garricki -0.14 10 0.89 

G. glyphis -0.37 3 0.74 
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Figure legends 719 

 720 

Fig. 1. Comparison of the relative means (± standard deviation) of (a) 721 

saturated, (b) monounsaturated, and (c) polyunsaturated fatty acid profiles 722 

based on fin and muscle tissues taken from three shark species 723 

(Carcharhinus leucas, Glyphis garricki and G. glyphis) from the South Alligator 724 

River, Kakadu National Park, Australia.  725 
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Fig. 2. Comparison of the fatty acid (a) 20:5Z3, (b) 20:4Z6, (c) 22:4Z6 and (d) 727 

20:3Z6 (%) relative means (± standard deviation) within fin and muscle 728 

tissues taken from three shark species (Carcharhinus leucas, Glyphis garricki 729 

and G. glyphis) from the South Alligator River, Kakadu National Park, 730 

Australia. 731 

 732 

Fig. 3. Ordination (nMDS) of fatty acid profiles from the fin and muscle tissues 733 

of the three shark species (a) Carcharhinus leucas, (b) Glyphis garricki, (c) G. 734 

glyphis from the South Alligator River, Kakadu National Park, Australia.  735 

 736 

Fig. 4. % Contribution of fatty acids that caused the main differences between 737 

fin and muscle profiles from SIMPER analysis in (a) Carcharhinus leucas (b) 738 

Glyphis garricki and (c) G. glyphis from the South Alligator River, Kakadu 739 

National Park, Australia.  740 
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