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Abstract :   
 
Albacore tuna (Thunnus alalunga) is a highly economically important species in the western Indian Ocean. 
However, knowledge of its ecological and nutritional characteristics, essential for proper management of 
the species, is lacking in the region. The trophodynamics of the Indian Ocean albacore was thus examined 
using known fatty acid trophic markers (FATMs) of primary producers, nutritional condition indices (NCIs) 
(omega-3/omega-6 ratio and total fatty acid content (TFA)), and baseline and lipid corrected stable isotope 
of carbon (δ13Ccorr) and nitrogen (δ15Ncorr), measured in the muscle tissue. We applied generalized 
additive mixed models to understand the spatiotemporal patterns and drivers of these tracers, taking into 
consideration several intrinsic and extrinsic variables: fish size, fishing position, month, chlorophyll-a and 
sea surface temperature (SST). Both chlorophyll-a and SST were significant as single explanatory 
variables for all tracers with SST being the best predictor for docosahexaenoic acid/eicosapentaenoic 
acid ratio, the omega-6 protists FATM, omega-3/omega-6 ratio and δ15Ncorr. TFA was best predicted by 
fish size only. The best model for δ13Ccorr for males included fishing position only while that for females 
included fish size, fishing position and month. Higher primary productivity, as inferred by high δ13Ccorr 
values and diatom contribution, nutritional condition and trophic position, as inferred by high δ15Ncorr 
values, were observed in albacore from the temperate southern waters than in the northern tropical 
regions. Relationships between environmental variables and corrected stable isotopes, FATMs confirm 
that ocean warming and changes in primary productivity will impact nutrient flow and energy transfer in 
the marine food web which may have negative nutritional outcomes for albacore. This knowledge is 
particularly crucial in areas where oceanographic conditions and seawater temperatures are changing at 
a fast rate and should also be taken into consideration by fisheries managers. 
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Highlights 

► A multi-tracer approach was taken to examine the trophodynamics of albacore tuna. ► Albacore 
inhabiting temperate southern waters feed on a diatom-based food web. ► Albacore trophic position was 
lowest in the northern tropical waters. ► Ontogenetic shifts in stable carbon and nitrogen isotopes were 
observed. ► High seawater temperature lowers the nutritional condition of albacore. 
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1. Introduction 56 
57 

Albacore tuna, Thunnus alalunga (Bonnaterre, 1788), is a temperate and highly migratory species occurring in the 58 
tropical, sub-tropical and temperate regions worldwide (Collette and Nauen, 1983). In the western Indian Ocean, 59 
albacore is a very important commercial tuna species caught by various types of fishing gears (Coelho et al., 60 
2014; Dhurmeea et al., 2012; Kerwath et al., 2012) and as such is subject to considerable fishing pressure which 61 
has resulted in a continuous decline in its biomass over the past years (IOTC, 2019). From an environmental point 62 
of view, recent research has shown that the sea surface temperature (SST) in the Indian Ocean is increasing, 63 
especially in the western tropical part which has been warming faster than tropical areas in other Oceans (Dong et 64 
al., 2014; Du and Xie, 2008) with a rise of 1.2 ºC during the summer period 1901-2012 (Roxy et al., 2014). As the 65 
temperature of the ocean increases, picophytoplankton have a tendency to outcompete the larger phytoplankton 66 
(Suikkanen et al., 2013). Such size-structured changes are believed to impact the efficiency of energy transfer in 67 
marine food webs (Polovina and Woodworth, 2012). The impacts of climate change on the marine community 68 
structure, from primary producers to top predators, such as albacore, remain largely unknown but may have socio-69 
economic implications in terms of catchability and seafood quality (Parrish et al., 2015). Obtaining knowledge of 70 
the trophodynamics and nutritional condition of tunas may be an effective means of assessing and predicting the 71 
impact that both fisheries and climate can have on marine resources, as well as providing information to support 72 
an ecosystem approach to fisheries management (Sinclair et al., 2002).73 

74 
Trophic tracers such as fatty acids and stable isotopes (SIs) from the muscle tissue of predators are being widely 75 
used to obtain important ecological information (Dalsgaard et al., 2003; Revill et al., 2009) due to their ability to 76 
integrate feeding histories over an extended time period (months to seasons) (Logan et al., 2008; Madigan et al., 77 
2012). The tissues of marine organisms contain around 20 dominant fatty acids, the relative proportions of which 78 
may vary to a large extent within and between populations, species or even individuals of the same species from 79 
different regions (Pethybridge et al., 2015a; Sardenne et al., 2016). These variations may stem from a range of 80 
abiotic and biotic factors, such as individual size/age, maturity status, tissue, and environment (Dhurmeea et al., 81 
2018; Pethybridge et al., 2015a). Long-chain polyunsaturated fatty acids (PUFAs), especially those of the omega-82 
6 ( 6) and omega-3 ( 3) types, such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are 83 
known to promote fecundity, egg viability, hatching and fertilization rates, and survival of fish larvae (Furuita et 84 
al., 2002; Rainuzzo et al., 1997). The incorporation of fatty acids in the marine food web can only be achieved 85 
after synthesis by primary producers, such as algae, diatoms and dinoflagellates which have unique fatty acid 86 
signatures (Parrish, 2013). These unique markers can then be traced in higher order consumers to provide insights 87 
into predator-prey relationships, food web, energy and nutrient transfer (Dalsgaard et al., 2003; Iverson et al., 88 
2004). For albacore tuna in the south west Pacific Ocean, Parrish et al. (2015) explored the trophic variations 89 
using signature fatty acids while Pethybridge et al. (2015a) investigated the spatio-temporal distribution of key 90 
fatty acid trophic markers (FATMs) and nutritional condition indices (NCIs) with the aim to identify potential 91 
impacts of environmental change on primary producers and higher order consumers. These studies found that 92 
projected ocean warming and shifts in primary producer communities, known as tropicalization, is likely to 93 
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adversely affect the supply and availability of essential fatty acids and thus the dietary intake and nutritional 94 
condition of albacore, especially in temperate waters.95 

96 
SI of carbon ( 13C) and nitrogen ( 15N) vary among organisms as a result of the selective retention of heavier 97 
isotopes and excretion of the lighter ones obtained from the diet (Das et al., 2000). Past trophic studies 98 
demonstrated that 13C and 15N values of primary producers are expressed in consumers that inhabit regions 99 
longer than their tissue isotopic turnover rates (Lorrain et al., 2015; Olson et al., 2010). 15N values typically 100 
depicts enrichment (3-4‰) from one trophic level to another (Popp et al., 2007) and are useful in the estimation of 101 
trophic position (TP) of consumers within a food chain (Post, 2002). On the other hand, 13C values are close to 102 
the diet of an organism and are conservative throughout trophic levels with small variations (around 1‰) between 103 
diet and consumer (Das et al., 2000). 13C values are useful in distinguishing between the lower or higher-latitude 104 
plankton, and pelagic or benthic contribution to food intake (Hobson et al., 1994; Smith et al., 1996). However, 105 
the use of SIs to evaluate the trophic dynamics of consumers from various geographic areas may be limited by the 106 
variation of seawater isotopic composition which is in turn influenced by the local physical and chemical 107 
processes (Vander Zanden and Rasmussen, 1999). This may therefore lead to elevated isotopic variability of 108 
primary producers which are at the base of the marine food web. The estimation of TP requires that this 109 
variability be taken into account as the natural range of seawater nitrogen isotopes (around 0-12 %) is higher than 110 
the increase per TP (Somes et al., 2010). One way to overcome this is by adjusting the SI values of consumers by 111 
that of the primary producers such as phytoplankton (Post, 2002). This adjustment has been applied to both 15N 112 
values (Pethybridge et al., 2018; Young et al., 2015) and 13C values (Logan et al., in press) for the examination 113 
of large-scale spatial patterns in the trophic structure of marine ecosystems of marine predators. 114 

115 
Whilst the trophic dynamics of albacore have been extensively studied in other regions, little information is 116 
available for the Indian Ocean. In the western Indian Ocean, most of the top predator trophodynamics studies 117 
undertaken were focused on tropical tunas such as yellowfin (Thunnus albacares), skipjack (Katsuwonus pelamis) 118 
and bigeye (Thunnus obesus) tunas, and swordfish (Xiphias gladius) (Ménard et al., 2007; Sardenne et al., 2016; 119 
Zudaire et al., 2015). Here, for the first time, using known trophic tracers (SIs, FATMs, NCIs) from previous 120 
studies (Parrish et al., 2015; Pethybridge et al., 2015a, 2015b), we examine the trophodynamics of albacore 121 
caught in the western Indian Ocean in relation to their biology and environmental variability, and discuss the 122 
potential nutritional and ecological implications of a changing climate. More specifically, we use neutral fatty 123 
acids (NFAs), which are derived from storage (i.e., neutral) lipids and are subject to only slight modifications 124 
from prey to predator, in comparison to structural fatty acids (Robin et al., 2003). Using an ocean circulation-125 

biogeochemistry-isotope model, baseline isotopic variability was adjusted for 15N and 13C SI values to examine 126 
albacore TP and the carbon sources, respectively. As both SIs and fatty acids have their strengths and limitations 127 
(El-Sabaawi et al., 2009), combining both trophic tracers produces a more robust picture of the trophodynamics. 128 

129 
2. Materials and Methods130 
2.1. Field sampling 131 

132 
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Albacore was sampled in five different regions in the western Indian Ocean from 2013 to 2015 (Fig 1). Fish from 133 
the waters of Seychelles (region A) (June-July 2013, April 2014) and Mozambique Channel (region B) (April 134 
2014) were caught by commercial purse-seiners landing in Seychelles and were sampled during processing. 135 
Albacore caught by purse-seiners had been stored frozen onboard. All the albacore from Mauritius waters (region 136 
C1) were caught by professional artisanal fishermen along the coast of the island using vertical longlines. Samples 137 
from region C1 were caught during several periods throughout the year: January-February, May-June and 138 
November-December 2014, and January 2015. Albacore in the waters of Reunion Island (region C2) were 139 
sampled at sea onboard a commercial longliner chartered in November and December 2013 and from longliners 140 
targeting swordfish from May to July 2014. The tuna samples were kept chilled onboard the fishing vessels 141 
during the two-week fishing campaign. Albacore from the South African waters (region D) were sampled from 142 
November to December 2013 and from April to May 2014. The fresh samples from region D were obtained partly 143 
from the catch landed by the commercial pole-and-line fishing boats and at sea by observers. All sampling on land 144 
was conducted at processing plants except for those caught by the artisanal fishermen in region C1 which were 145 
sampled directly at fish landing sites. Fresh samples were also thus obtained through this artisanal fishery. No 146 
ethical approval was required as all fish sampled were dead by sampling time. Samples for NFA analyses 147 
excluded samples for region C1 as these were subject to a different fatty acid extraction methodology for another 148 
study (Dhurmeea et al., 2018). For each fish, the projected straight distance from the tip of the upper jaw (snout) 149 
to the fork of the tail (fork length; LF, cm) and pectoral length (cm; projected straight distance measured with a 150 
caliper between the cranial insertion of the pectoral fin and the fork of the tail) were measured. The weight of the 151 
viscera, gonads and the total fish weight (kg) were also recorded. Somatic-gutted weight (WS, kg) was calculated 152 
as total fish weight (kg) minus visceral and gonadal weights. When LF was unavailable but pectoral length was 153 
known, an estimated LF was used (i.e., for regions A, C1 and C2) by using length-length linear regressions 154 
estimated by Dhurmeea et al. (2016a). Sex of individual fish was determined by macroscopic examination of the 155 
gonads. Tissue samples of around 2 g (wet weight, ww) were collected from the white muscle (on the dorsal part 156 
of the head) and stored frozen at -80°C for subsequent biochemical analyses. Fishing date and position were 157 
obtained from the fishing vessels and artisanal fishermen. 158 

159 
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Fig 1. Map of the western Indian Ocean showing positions of sampled albacore tunas by region and gear. Region 160 
A: Seychelles waters, region B: Mozambique Channel, region C: Mauritius (C1, blue) and Reunion Island (C2) 161 
waters, and region D: South Africa waters. Black crosses: pole-and-liner (PL), grey triangles: purse-seiner (PS), 162 
blue dots: coastal fishermen operating in region C1 using longlines (LLCO), grey crosses: longliner (ELL) 163 
operating in region C2. Regions are separated by grey dotted lines. (Color to be used in print)164 

165 
2.2. Analysis of trophic tracers 166 

167 
In view of the variation in fatty acids during the reproductive cycle in female albacore (Dhurmeea et al., 2018) 168 
and the fact that samples were also collected within the reproductive period and spawning ground of albacore 169 
(Dhurmeea et al., 2016b), we tried to limit the effect of reproduction through the analysis of lipids derived from 170 
the muscle tissue from male albacore only. However, a larger number of both males and females were examined 171 
for SI analysis. Thus, a total of 54 muscle samples from male albacore caught in the regions A, B, C2 and D were 172 
analyzed for their NFA content, including FATMs and NCIs. Lipids were extracted in the laboratory in Sète, 173 
France, as per Bodin et al. (2009) under high pressure and temperature using dichloromethane. Samples were first 174 
freeze-dried and ground using a mixer mill (Retsch MM 200). NFAs were separated using TRACE 1310 gas 175 
chromatograph equipped with a FAMEWAXTM column (30 m, 0.32 mm internal diameter, Restek) and a flame-176 
ionization detector (FID) (Thermo Scientific), as described in Sardenne et al. (2016). NFAs were expressed as 177 
area % of the total fatty acids in neutral lipids. NFAs that were <0.8% in all samples were excluded from the 178 
analyses and thus a total of 20 NFAs were analyzed.  179 

180 
The lipid-free samples obtained using the above extraction method were analyzed for 13C and 15N using a Delta 181 
V Advantage isotope ratio mass spectrometer interfaced to a Flash EA 1112 elemental analyzer (Thermo 182 
Scientific) following the method by Sardenne et al. (2015). Muscle tissue samples from 313 fish (226 male and 183 
274 female) were analyzed for corrected SIs. 184 

185 
Albacore of variable size range were sampled (LF: 76-118 cm, WS: 8.43- 28.6 kg for NFA samples and LF: 74-118 186 
cm, 7.39-28.6 kg for SI samples).  187 

188 
2.3.  Stable isotope analysis and estimation of trophic position  189 

190 
Phytoplankton 15N and 13C values were estimated using a model of biogeochemical isotopes (Somes et al., 191 
2017). Baseline corrections from year 2000 of a hindcast simulation include increasing atmospheric CO2 and 192 
decreasing 13CO2 (i.e. Suess effect). The model comprises a three-dimensional (1.8° x 3.6° x 19 vertical levels) 193 
ocean circulation model forced with fixed monthly climatological winds (Weaver et al., 2001). The 194 
biogeochemical component includes 2 nutrients, 2 phytoplankton, 1 zooplankton, sinking detritus, dissolved 195 
oxygen and inorganic carbon, alkalinity, and 13C (Somes and Oschlies, 2015). The SI adjustments were then 196 
applied by subtracting the modeled phytoplankton 13C and 15N values from that of the muscle tissue of 197 
individual fish, following Pethybridge et al. (2018). Thus, using the equation by Post (2002), TP was estimated as: 198 
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199 
200 
201 

202 
where 15NALB is the 15Ncorr of individual fish, 15Nbase is the model predicted phytoplankton value and TEF is 203 
the trophic enrichment factor (TEF). We employed a TEF of 2.4‰ following methods of Olson et al. (2010) and 204 
Lorrain et al. (2015), applied to yellowfin tuna muscle tissue. The baseline trophic position (TPbase) was set at 1 as 205 
phytoplankton form the base of food webs.  206 

207 
2.4. Fatty acid trophic markers and nutritional condition indices 208 

209 
Known FATMs, distinctive of primary producers, were used based on the proportion and ratio of these fatty acids 210 
in the tissue of male albacore: detritivorous and grazing primary consumers which include long-chain PUFA 211 
protists (20:4 6 + 22:5 6 + 22:4 6) (Dalsgaard et al., 2003; Parrish et al., 2012), and the ratio of DHA/EPA 212 
which was used to discriminate between a food web based on dinoflagellate (high DHA) versus diatom (high 213 
EPA) (Parrish et al., 2015). Both the summed individual fatty acids and DHA/EPA have been shown to be 214 
connected to the spatial distribution of fatty acids in albacore tuna (Parrish et al., 2015). The authors also 215 
identified other fatty acids indicative of a dinoflagellate (higher 20:4 6 (arachidonic acid, AA) and 22:5 6) 216 
versus diatom (higher 18:1 7 and 16:1 7) food web. The calculated ratio of 3/ 6 and total fatty acid content 217 
(TFA, % of tissue ww) (Parrish et al., 2015; Pethybridge et al., 2015a), which has a positive linear correlation with 218 
lipid content (Parrish et al., 2012), were used as nutritional condition indices (NCIs). Larger values of these NCIs 219 
indicated better fish nutritional condition (Loef and Walach, 2013). 220 

221 
2.5. Environmental variables  222 

223 
Surface environmental variables, available during the sampling years (2014-2015) were selected to assess their 224 
impact on trophodynamics of albacore: SST (°C) and surface concentration of chlorophyll-a (Chla, mg m-3). 225 
Monthly SST observations were derived from the U.S NOAA National Centre for Environmental information 226 
using AVHRR version 2 (Reynolds et al., 2007). Monthly Chla observations were obtained from GlobColour 227 
(ACRI-ST, France). Both SST and Chla observations have a spatial resolution of 0.25º grid and spatial linear 228 
interpolation was used to collocate the observations to the sample location. 229 

230 
2.6. Data analysis 231 

232 
Based on the minimum length-at-maturity of albacore in the Indian Ocean (Dhurmeea et al., 2016b), fish were 233 
classified as either small and immature (WG <16kg and LF 94 cm) or large and mature (WG 16 kg and/or LF > 94 234 
cm). Most small albacore were encountered in region D (n = 173) with a small proportion also being caught in 235 
regions A (n = 6), B (n = 1) and C2 (n = 3) for which corrected SIs were analyzed. With regards to the fish for 236 
which NFA analysis was made, region D was the only region where small fish were encountered. In addition, in 237 

base
baseALB

TEF
TP)NN(TP

1515

+−=
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the western Indian Ocean, the monsoon circulation largely influences the oceanographic conditions and biological 238 
productivity (Schott and McCreary Jr., 2001), which in turn affects the prey of large pelagic predators such as 239 
tunas (Vipin et al., 2012). Thus, the following four distinct seasons were taken into consideration in our analyses: 240 
the North-Eastern Monsoon (NEM, from mid-November to mid-March), Spring Inter-Monsoon (SIM, from mid-241 
March to mid-May), South-Western Monsoon (SWM, from mid-May to mid-September) and Autumn Inter-242 
Monsoon (AIM, from mid-September to mid-November). Fish from regions A and B were caught only during 243 
SWM and SIM. In regions C1 and C2, fish sampled were captured during AIM, NEM and SWM. In region D, 244 
fish were caught in AIM, NEM and SIM. 245 

246 
Using Spearman’s ranked correlation, the relationships between NFA and SI trophic tracers were investigated. 247 
We also used permutational multivariate analysis of variance (PerMANOVA) to examine the NFA profile of male 248 
albacore muscle tissue and to identify potential interactions between region and season, region and LF. Since the 249 
NFA data included small fish originating from region D only, analysis of FATMs and NCIs was carried out by 250 
regional group (regions A, B, C2, large albacore from region D and small albacore from region D) using analysis 251 
of co-variance (ANCOVA). The variations in corrected SI of carbon ( 13Ccorr) and nitrogen ( 15Ncorr) were 252 
analyzed between the five regions (A, B, C1, C2 and D) using analysis of variance (ANOVA), followed by post-253 
hoc Tukey tests. Interactions between region, size class, sex and season were first analyzed prior to the selection 254 
of the best ANOVA model for the corrected SIs in the muscle tissue. The results of the interaction between region 255 
and season were interpreted carefully because sampling was unbalanced between season and region.  256 

257 
All analyses were conducted using R version 3.2.2. (R Development Core Team, 2017). The vegan package 258 
(Oksanen et al., 2018) was used to perform PerMANOVA on the NFAs prior to additional transformation into a 259 
distance matrix.   260 

261 
2.7. Modeling 262 

263 
Using the gamm4 (Wood and Scheipl, 2017) package in R, we conducted generalized additive mixed models 264 
(GAMMs; Wood, 2006) to identify the best predictors for FATMs, NCIs and corrected SI values in the muscle 265 
tissue of albacore. Different models incorporating biological (LF), geographical position (latitude and longitude) 266 
and environmental parameters (SST and Chla) were tested. LF was included to account for the spatial distribution 267 
pattern of different-sized individuals, which is characteristic of albacore tuna. The fishing "sites" within each 268 
sampling region, were used as random intercept in the models to account for spatial variation unexplained by the 269 
main effects. SST and Chla were separated in the GAMMs because of colinearity (R2 = 0.51, P < 0.0001). Time 270 
(month) was also included in the models to account for seasonal variation. Different combinations of the variables 271 
were then modeled and the best model was identified based on the minimal Akaike Information Criteria (AIC; 272 
Burnham and Anderson, 2004) using the AICcmodavg package. The performance of each model was tested using 273 
standard diagnostic check on the residuals of the model. Since ANOVA showed that sex had a significant effect 274 
on 13Ccorr, GAMMs for this variable were run for males and females separate.275 

276 
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All GAMMs and statistical analyses were conducted on arcsine root squared transformed NFAs for normality and 277 
homoscedasticity (Underwood, 1997), except for the calculated ratios, corrected SIs and TP which did not 278 
necessitate transformation.  279 

280 
3. Results 281 

282 
Spearman’s ranked correlation revealed highly significant negative correlations between DHA/EPA and both 283 
corrected SIs (  values for 13Ccorr = -0.75 and 15Ncorr = -0.72, both P < 0.0001) and NCIs (  values for 3/ 6 = -284 
0.42, P < 0.01, and TFA = -0.82, P < 0.0001) (Fig 2). Likewise, significant negative correlations were observed 285 
between 6 protists FATM and both corrected SIs (  values for 13Ccorr = -0.66 and 15Ncorr = -0.72, both P < 286 
0.0001) and NCIs (  values for 3/ 6 = -0.67 and TFA = -0.74, both P < 0.0001). However, significant positive 287 
correlations were found between NCIs and corrected SI values: 13Ccorr (  values for 3/ 6 = 0.44, P < 0.01, and 288 
TFA = 0.68, P < 0.0001) and 15Ncorr (  values for 3/ 6 = 0.61 and TFA = 0.79, both P < 0.0001). 289 

290 

291 
Fig 2. Plots of docosahexaenoic acid/eicosapentaenoic acid (DHA/EPA) with (a) corrected stable isotopes of 292 
carbon ( 13Ccorr, ‰; white circles) and nitrogen ( 15Ncorr, ‰; dark circles), and (b) nutritional condition indices 293 
(omega-3/omega-6 polyunsaturated fatty acid ( 3/ 6 PUFA): white squares and arcsine-transformed total fatty 294 
acid content (TFA), % wet weight: dark squares) in the muscle of male albacore tuna from the western Indian 295 
Ocean. Dashed and solid lines in each plot represent relationships for white and dark-colored symbols, 296 
respectively.  297 

298 
3.1.  Variations of fatty acid profile and fatty acid trophic markers 299 

300 
A total of 20 NFAs (> 0.8% of the total NFAs) from the lipids of muscle tissue of male albacore was analyzed 301 
(Table 1). PerMANOVA results showed that the NFA profiles of albacore muscle tissue varied significantly with 302 
region, LF and season, with a slight significant interaction between region and season only (Table 2). Thus, season 303 
was used as a covariate when comparing between region and size. SIMPER analysis of dissimilarity revealed that 304 
the proportion of DHA was the main contributor to the observed dissimilarity between regions as it is lower in 305 
albacore from region D (Table 1). Moreover, ANCOVA identified significant differences in albacore NFA profile 306 

(a) (b) 
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between different regions such as 18:1 7 and 16:1 7 which were significantly higher in fish from Region D 307 
while DHA, AA and 22:5 6 were significantly higher in fish caught in the other regional groups (Table 5.1; all P308 
< 0.05).  309 

310 
Table 1. Sample sizes, season and mean ± SD results of biological and neutral fatty acid data (as % of total fatty 311 
acids) for muscle tissue from large and small male albacore tuna collected from different regions from 2013 to 312 
2014 in the western Indian Ocean. Regions A: Seychelles waters, B: Mozambique Channel, C2: Reunion Island, 313 
and D: South Africa. n: number of individuals, LF: fork length (cm), WS: fish somatic-gutted weight (kg), NEM: 314 
north-eastern monsoon, SIM: spring inter-monsoon, SWM: south-western monsoon, AIM: autumn inter-315 
monsoon, SST: daily sea surface temperature (°C), Chla: daily chlorophyll-a (mg m-3), EPA: eicosapentaenoic 316 
acid; DHA: docosahexaenoic acid; AA: arachidonic acid, : omega, SFA: saturated fatty acids, MUFA: 317 
monounsaturated fatty acid, PUFA: polyunsaturated fatty acid, LC: long-chain, TFA: total fatty acids (% weight).  318 

Fish size Large Small 
Region A B C2 D D 
n 8 5 19 7 15 
LF 100.9±2.2 96.0±4.6 106.3±3.5 106.9±6.4 84.8±5.3 
WS   23.9±1.2 20.6±4.5 24.6±2.3 23.1±3.2 11.1±1.8 
Year 2014 2014 2013 to 2014  2014 2013 to 2014 

Season SIM SIM AIM, NEM, 
SWM SIM AIM, NEM, 

SIM 
Latitude ( E) -9.5 -25.6 -22.1 to -21.3 -34.4 to -34.0 -35.2 to -34.0 
Longitude ( S) 53.2 41.6 54.5 to 56.4 17.8 to 18 17.8 to 18.6  
SST  28.8±0.0 25.4±0.0 26.3±0.4 18.6±1.2 19.6±0.7 
Chla  0.1±0.0 0.1±0.0 0.1±0.0 1.2±0.7 0.6±0.6 
14:0 0.4±0.3DL,DM 0.2±0.2DL,DM 0.8±0.7DL,DM 2.6±1.6A,B,C 2.7±2.2A,B,C

15:0 0. 3±0.2 0.2±0.2 0.4±0.3 0.6±0.3 0.5±0.2 
16:0 19.4±13.0DL,DM 11.6±3.3DL,DM 21.1±7.6DL 33.4±4.2A,B,C 28.0±3.9A,B

17:0 0.8±0.4C 1.2±0.4 1.4±0.4A,DL 1.0±0.3C 1.2±0.2 
18:0 15.9±5.4C,DL,DM 19.2±5.2C,DL,DM 10.5±3.2A,B 8.9±2.1A,B 10.0±4.1A,B

20:0 0.4±0.2DL 0.6±0.2DL 0.5±0.2DL 0.1±0.1A,B,C,DM 0.4±0.2DL

22:0 0.4±0.2 0.45±0.2 0.3±0.1 0.4±0.2 0.3±0.3 
SFA 38.0±9.7 33.5±4.2DL 35.4±8.9DL,DM 47.2±5.6B,C 43.3±6.0C

16:1 7 0.9±0.9C,DL,DM 0.4±0.2C,DL,DM 2.3±1.1A,B,DL,DM 4.5±1.2A,B,C 5.1±1.7A,B,C

17:1 7 0.5±0.2 0.4±0.2 0.6±0.2 0.5±0.2 0.5±0.1 
18:1 7 1.7±0.23C,DL,DM 2.1±0.4DL,DM 2.4±0.4A,DL,DM 3.1±0.3A,B,C,DM 4.1±0.8A,B,C,DL

18:1 9 10.6±2.8C,DL,DM 10.9±3.2C,DL 15.7±2.4A,B,DL,DM 23.9±3.2A,B,C 23.3±3.9A,B,C

20:1 9 1.2±0.3DM 1.8±0.6DL 1.9±0.5DL,DM 1.2±2.0B,C,DM 3.3±0.7A,C,DL

24:1 9 1.2±0.5B 2.1±0.6A,C,DL 0.9±0.4B 0.6±0.1B,DM 1.4±0.6DL

MUFA 16.0±3.3C,DL,DM 17.8±4.6C,DL,DM 23.8±3.1A,B,DL,DM 33.7±1.9A,B,C 37.7±4.3A,B,C

18:2 6 0.9±0.5DL 1.0±0.5DL 0.8±0.1DL 0.3±0.4A,B,C,DM 0.8±0.4DL

18:4 3 0.2±0.1 0.3±0.2 0.2±0.1 0.1±0.2DM 0.4±0.3DL

20:4 6 (AA) 2.8±0.6DL,DM 3.7±0.9C,DL,DM 2.4±0.6B,DL,DM 0.4±0.3A,B,C 0.7±0.4A,B,C

20:5 3 (EPA) 3.5±1.0 4.5±0.7 4.7±0.9 4.2±1.6 3.9±2.0 
22:5 3 1.0±0.4DL,DM 1.0±0.3DL,DM 1.1±0.5DL,DM 0.1±0.2A,B,C 0.4±0.4A,B,C

22:5 6 1.9±0.7DL,DM 2.3±0.6DL,DM 1.7±0.7DL,DM 0.3±0.2A,B,C 0.2±0.1A,B,C

22:6 3(DHA) 32.7 ±8.2DL,DM 32.2± 7.0DL,DM 27.8±7.5DL,DM 12.4±2.9A,B,C 11.0 ±4.3A,B,C
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PUFA 45.9±11.1DL,DM 48.3±8.4DL,DM 40.8±9.4DL,DM 19.0±4.9A,B,C 18.9±7.4A,B,C

3 38.6±9.5DL,DM 39.1±7.5DL,DM 34.7±8.4DL,DM 17.4±4.3A,B,C 16.4±6.7A,B,C

6 6.9±2.1DL,DM 8.6±1.5DL,DM 5.8±1.4DL,DM 1.3±0.9 A,B,C 2.1±1.0A,B,C

3/ 6 5.8±1.0DL 4.6±0.8DL 6.1±1.2DL 18.6±8.7A,B,C,DM 9.1±4.4DL

DHA/EPAFD 9.3±1.3B,C,DL,DM 7.1±1.2 A,DL,DM 5.9±1.1A,DL,DM 3.3±1.3A,B,C 3.1±0.9A,B,C

TFA  1.7±0.5C,DL,DM 2.9±0.9DL,DM 6.2±3.1A,DL,DM 15.0±6.2A,B,C 21.8±8.4A,B,C

6 LC-PUFAP 5.0±1.3DL,DM 6.3±1.3DL,DM 4.2±1.2DL,DM 0.7±0.4A,B,C 0.9±0.6A,B,C

Superscripts indicate the following: 319 
- Fatty acid trophic markers (FATMs): FD – dinoflagellate versus diatom, P – 6 protists 320 
- Significant differences (P < 0.05) between regions: A - different from region A; B - different from region B, C - 321 
different from region C2; DL and DM - different from large and small albacore from region D, respectively. 322 

323 
Table 2. PerMANOVA results based on Euclidean dissimilarities for testing differences in neutral fatty acid 324 
profiles (expressed as a % of total fatty acids in neutral lipids) of muscle tissue of male albacore tuna caught from 325 
2013 to 2014 in the western Indian Ocean. Factors being tested include region (A: Seychelles, B: Mozambique 326 
Channel, C2: Reunion Island, D: South Africa), season (north-eastern monsoon, south-western monsoon, spring 327 
inter-monsoon, autumn inter-monsoon), fork length (LF) and their interactions when possible.  328 

Factors df SS MS Pseudo F R2 P value 
Region 3 0.44 0.15 26.62 0.54 0.001 
LF  1 0.03 0.03 5.23 0.03 0.008 
Season 3 0.07 0.02 4.35 0.09 0.002 
Region*LF 3 0.03 0.01 1.90 0.04 0.062 
Region*Season 1 0.02 0.02 3.07 0.02 0.030 
Residuals 42 0.24 0.00 0.28 
Total 53 0.83 1.00 

df: degrees of freedom; SS: sum of squares, MS: mean sum of squares, Pseudo F (F value by permutation). 329 
Significant P values are in bold. P values based on 999 permutations (lowest P value possible 0.001). 330 

331 
Significant regional differences were observed for DHA/EPA (F(4,46) = 50.6, P < 0.0001) and 6 protists FATM 332 
(F(4,46) = 77.6, P < 0.0001) (Table 1) which were lowest in fish from region D, compared to the other regional 333 
groups. Significant opposite regional differences were observed in TFA (1.0-37.6% ww) (F(4,46) = 43.2, P < 334 
0.0001) and 3/ 6 (F(4,46) = 15.1, P < 0.0001) whereby higher values were observed in albacore caught from 335 
region D, especially in the larger fish for 3/ 6.  336 

337 
No significant seasonal variations were found for DHA/EPA, 3/ 6 and TFA (all P > 0.05). Seasonal variations 338 
were observed for 6 protists FATM which had higher values during the seasons NEM (3.45 ± 1.68) and SIM 339 
(3.45 ± 2.52) compared to AIM (1.14 ± 1.79). 340 

341 
Apart from the FATMs, we also observed significant variations in the proportions of total saturated fatty acids 342 
( SFA) (F(4,46) = 5.89, P < 0.001), total monounsaturated fatty acids ( MUFA) (F(4,46) = 77.0, P < 0.0001) and 343 

PUFA (F(4,46) = 33.5, P < 0.0001) (Table 1). Whilst the proportion of 16:0 was significantly higher in large 344 
albacore from region D compared to the other regional groups, lower proportions of 18:0 occurred in the tissues 345 
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with increasing latitude, from regions D to A. An increasing trend in MUFA was observed with decreasing 346 
latitude, from regions A to D, mainly due to variations in the proportion of 18:1 9 and 16:1 7. In contrast, the 347 
proportion of PUFA decreased with latitude, mostly in response to reduced proportions of DHA in the tissue. 348 

349 
3.2.  Variations of stable isotopes in albacore tissue 350 

351 
Albacore 13Ccorr and 15Ncorr values varied significantly between region, size and season (Tables 3 and 4). 352 
Significant interactions were observed between region and size, and sex and season for 13Ccorr, and between 353 
region and size for 15Ncorr. In the muscle, 13Ccorr varied from 3.39‰ to 7.45‰ (average: 5.11 ± 1.01‰) and 354 

15Ncorr values ranged from 7.79‰ to 11.80‰ (average: 9.88 ± 0.88‰). Modeled phytoplankton 13C values 355 
ranged from -23.8‰ to -21.5‰ (average: -22.57 ± 0.99‰) while 15N values ranged from 2.16‰ to 3.57‰ 356 
(average: 2.95 ± 0.40‰). 357 

358 
Table 3. Sample sizes, season and mean ± SD results of biological, environmental, trophic position (TP), carbon 359 
and nitrogen stable isotope values for phytoplankton ( 13Cphyt and 15Nphyt, ‰), and uncorrected ( 13C and 15N, 360 
‰) and corrected carbon and nitrogen stable isotope values ( 13Ccorr and 15Ncorr, ‰) in the muscle tissue of 361 
albacore tuna collected from different regions from 2013 to 2015 in the western Indian Ocean. Regions A: 362 
Seychelles, B: Mozambique Channel, C1: Mauritius, C2: Reunion Island and D: South Africa. n: number of 363 
individuals, LF: fork length (cm), WS: fish somatic-gutted weight (kg), NEM: north-eastern monsoon, SIM: spring 364 
inter-monsoon, SWM: south-western monsoon, AIM: autumn inter-monsoon, SST – daily sea surface temperature 365 
( C); Chla – daily sea surface chlorophyll-a concentrations (mg m-3).  366 

Region A B C1 C2 D 

n 127 11 49 114 198 
LF 96.6±5.1 94.2±4.1 99.8±4.2 102.7±4.4 86.6±8.0 
WS 21.7±3.3 19.9±3.6 20.6±2.1 22.6±2.7 12.4±3.9 
Year 2013 to 2014 2014 2014 to 2015 2013 to 2014 2013 to 2014 

Season SIM, SWM SIM AIM, NEM, 
SWM 

AIM, NEM, 
SWM 

AIM, NEM, 
SIM 

Latitude ( E) -9.5 to -1.0 -25.6 -20.7 to -20.0 -22.7 to -20.1 -35.2 to -34.0 
Longitude 
( S) 46.4 to 53.2  41.6 57.3 to 57.7  51.8 to 56.4  17.8 to 18.6  

SST 27.2±1.5 26.3±0.0 26.8±0.9 26.0±0.8 18.8±1.0 

Chla 0.4±0.2 0.2±0.0 0.2±0.1 0.1±0.0 1.1±0.8 
13Cphyt -21.6±0.0 -22.0±0.0 -21.7±0.0 -21.9±0.1 -23.8±0.0 
15Nphyt 3.4±0.1 2.5±0.0 2.6±0.1 2.4±0.2 3.2±0.1 
13C -17.2±0.3C1,C2,D -17.5±0.3 -17.6±0.3A -17.5±0.4A -17.5±0.4A

15N 12.4±0.4B,C2,D 11.9±0.8A,C1,D 12.5±0.6B,C2,D 12.1±0.6A,C1,D 13.8±0.5A,B,C1,C2

13Ccorr 4.3±0.2C2,D 4.6±0.3C1,D 4.2±0.3B,C2,D 4.4±0.3A,C1,D 6.3±0.4A,B,C1,C2

15Ncorr 8.9±0.5C1,C2,D 9.3±0.8C1,D 9.9±0.6A,B,D 9.7±0.6A,D 10.6±0.6A,B,C1,C2

TP 4.7±0.2C1,C2,D 4.9±0.3C1,D 5.1±0.3A,B,D 5.0±0.2A,D 5.4±0.2A,B,C1,C2

Superscripts indicate significant differences (P < 0.05) between regions: A: different from region A, B: different 367 
from region B, C1: different from region C1, C2: different from region C2. 368 
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369 
Table 4. ANOVA results for testing differences in corrected stable isotopes of carbon ( 13Ccorr) and nitrogen 370 
( 15Ncorr) in the muscle tissue of albacore tuna collected from different regions in the western Indian Ocean from 371 
2013 to 2015. Factors being tested include region (A: Seychelles, B: Mozambique Channel, C1: Mauritius, C2: 372 
Reunion Island, D: South Africa), season (north-eastern monsoon, south-western monsoon, spring inter-monsoon, 373 
autumn inter-monsoon), size class (small or large), sex and their interactions when possible. Significant P values 374 
are in bold. 375 

Variable Factors df SS MS F value P value 
13Ccorr Region 4 438.39 109.60 956.39 <2.2e-16

Size class 1 1.17 1.17 10.18 0.0015 
Season 3 4.93 1.64 14.34 5.808-09

Region*Size 
class 3 1.53 0.51 4.45 0.0042 
Region*Sex 4 3.01 0.75 6.56 3.797-05

Region*Season 4 2.03 0.51 4.42 0.0016 
Residuals 480 55.01 0.11

15Ncorr Region 4 232.75 58.19 198.23 <2.2e-16

Size class 1 3.59 3.59 12.22 0.0005 
Season 3 6.07 2.02 6.89 0.0001 
Region*Size 
class 3 2.84 0.95 3.23 0.0222 
Region*Sex 4 1.66 0.41 1.41 0.2292 
Region*Season 4 1.64 0.41 1.40 0.2328 
Residuals 480 141.11 0.29

376 
13Ccorr and 15Ncorr values were significantly higher in albacore from region D, compared to regions A, B, C1 and 377 

C2 (all P < 0.0001) (Table 3; Fig 5). The mean TP for albacore in the western Indian Ocean was estimated at 5.12378 
± 0.37 and ranged from 4.25 and 5.92. Pairwise tests showed that fish from region C1 had similar 13Ccorr values 379 
to region A (p = 0.08), particularly during SWM (p = 1.00), but significantly lower values compared to those from 380 
regions B, C2, and D (all P < 0.05). Also, 13Ccorr and 15Ncorr values in fish from regions A and B were similar 381 
(both P > 0.05). Although 13Ccorr values of fish from regions A and C2 were significantly different (P < 0.05), 382 
they were similar during SWM (p = 0.73). We noted that 13Ccorr values in the muscle were significantly lower in 383 
NEM than in SIM (mean difference 0.1561, P < 0.001) and SWM (mean difference 0.1901, P < 0.0001). No 384 
significant difference in 13Ccorr and 15Ncorr values were observed between regions C1 and C2 (all P > 0.05). In 385 
general, 15Ncorr values in the muscle were lower during SIM than SWM (mean difference -0.2362, P < 0.01). 386 

387 
Size effects were observed only in region C2 for 13Ccorr and in region D for 15Ncorr with higher values being 388 
observed in larger individuals (mean TP: 5.58 ± 0.20) than smaller ones (mean TP: 5.40 ± 0.23) (mean difference 389 

15Ncorr: 0.3834, P < 0.05, 13Ccorr: 0.8469, P < 0.001). Region C2 was also the only region to show a significant 390 
difference between sexes with higher 13Ccorr in the muscle of males than in females (mean difference 0.2708, P < 391 
0.01). 392 

393 
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3.3.  Generalized additive mixed models 394 
395 

The results for different model formulations fitted for the different albacore FATMs, NCIs and corrected SIs are 396 
given in SI1 Table.  397 

398 
Both Chla and SST were significant as single explanatory variables for the muscle FATMs, NCIs and corrected 399 
SIs, and were explained by deviance 60-92%. In fact, DHA/EPA, 6 protists FATM, 3/ 6 and 15Ncorr ( sexes 400 
combined), were best predicted by the stand-alone model with SST with variability of 78.6%, 90.2%, 65.2% and 401 
70.4%, respectively, while LF only was the best model for TFA with variability of 86.6%. The best model for 402 

13Ccorr values in male albacore included the two-dimensional surface of t(latitude, longitude) alone while the 403 
combined model of LF, fishing position and month was the best model for females. Apart from TFA, LF had 404 
clearly a significant effect on 13Ccorr and 15Ncorr when both sexes were combined. GAMM using LF as the only 405 
predictor for DHA/EPA, 6 protists FATM, 3/ 6 and 13Ccorr (sexes separate) was not significant (SI1 Table). 406 
The stand-alone model with Chla was not identified as the best model for any FATMs, NCIs and corrected SIs 407 
although it was significant. 408 

409 
The stand-alone GAMMs with LF had their intercept identifying a threshold at around 98-100 cm LF, which were 410 
particularly clear for the significant models (Fig 3): the predicted values for TFA decreased linearly (Fig 3) while 411 
those for 13Ccorr and 15Ncorr showed an overall increase with length (Fig 4). DHA/EPA showed a steep increase 412 
with SST with intercept falling at 25°C. A positive linear trend was observed for the 6 protists FATM while 413 
TFA exhibited the opposite trend, both having their intercept crossing at 23°C (Fig 3). 3/ 6 also exhibited an 414 
abrupt decline with SST, with the lowest values being reached at 22°C, and had its intercept crossing at 19°C. In 415 
addition, model predicted 13Ccorr (sexes combined or separate) and 15Ncorr values in the muscle showed a rapid 416 
decline with SST with intercepts lying between 22°C and 24°C (Fig 4).  417 

418 
Chla influenced muscle NCIs and FATMs with intercept identifying thresholds in the range 0.3-0.5 mg m-3 (Fig 419 
3). TFA exhibited a linear increase with Chla while 3/ 6 and corrected SIs (Fig 3 and 4) showed a steep 420 
increase with Chla until around 1.4 mg m-3 after which they appeared to decrease slightly. On the other hand, 421 
DHA/EPA and 6 protists FATM appeared to show the opposite trend and declined with Chla (Fig 3).  422 

423 
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424 
Fig 3. Smoother plots for GAMM-predicted docosahexaenoic acid/eicosapentaenoic acid (DHA/EPA), arcsine-425 
transformed omega-6 ( 6) protists fatty acid trophic marker and the nutritional condition indices (omega-426 
3/omega-6 polyunsaturated fatty acid, 3/ 6 PUFA, and arcsine-transformed % total fatty acid content, TFA) in 427 
the muscle of male albacore tuna from the western Indian Ocean. The horizontal dashed lines in each plot 428 
represent the intercept while the vertical dashed lines demarcate the range of the variable above the zero line used 429 
as thresholds for significant GAMMs. The solid areas illustrate the confidence limits of the model which are twice 430 
the standard error.  431 

432 
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433 
Fig 4. Smoother plots for GAMM-predicted corrected stable isotopes of carbon ( 13Ccorr, ‰) in male (blue) and 434 
female (red) albacore tuna in the western Indian Ocean, and nitrogen ( 15Ncorr, ‰) for both sexes combined 435 
(black). The horizontal dashed lines in each plot represent the intercept while the vertical dashed lines demarcate 436 
the range of the variable above the zero line used as thresholds for significant models. The solid areas illustrate 437 
the confidence limits of the model which are twice the standard error. (Colour to be used in print)438 

439 
For the FATMs and NCIs, the model with t(latitude, longitude) on its own was not significant (P > 0.05), except 440 
for DHA/EPA and TFA where it explained 81.0% and 73.9%, respectively, of the variability (SI1 Table). For all 441 
the corrected SI values, the model with t(latitude, longitude) was significant explained by deviance 68.1-91.0%. 442 
The latitudinal variations of the trophic tracers and NCI, for which the model with t(latitude, longitude) was 443 
significant, are shown in Fig 5. However, male and female albacore were combined to illustrate latitudinal 444 
variation of 13Ccorr since both sexes were similarly affected by environmental parameters. TFA and corrected SIs 445 
reached higher values in the muscle of albacore caught south of 30°S (i.e., region D) compared to those from 446 
latitudes north of 30°S (i.e., regions A, B, C1 and C2). DHA/EPA showed the opposite trend to that of the other 447 
trophic tracers and TFA as it clearly had highest values north of 30°S, especially in Region A.  448 

449 
450 
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451 
Fig 5. Plots of docosahexaenoic acid/eicosapentaenoic acid (DHA/EPA), % total fatty acid content (TFA) and 452 
values of corrected stable isotopes of carbon ( 13Ccorr, ‰) and nitrogen ( 15Ncorr, ‰) in the muscle tissue of 453 
albacore tuna, caught in different regions of the western Indian Ocean, against latitude. Regions A: Seychelles, B: 454 
Mozambique Channel, C1: Mauritius, C2: Reunion Island and D: South Africa. (Color to be used in print)455 

456 
4. Discussion 457 

458 
To our knowledge, our study is the first to use NFAs and baseline-corrected SIs to examine the trophodynamics 459 
and nutritional condition of albacore caught in the western Indian Ocean. We found apparent differences in both 460 
FATMs and NCIs of albacore between the tropical (i.e., the waters of Seychelles, Mozambique Channel, 461 
Mauritius and Reunion Island) and temperate areas (South Africa) of the studied region. Our results reveal that 462 
FATMs can help differentiate regional and habitat usages by albacore as explained by changes in environmental 463 
conditions that impact the base of the food web and albacore life-history stages linked to migrations. At the same 464 
time, we identified the importance of diatoms in maintaining a high productivity in temperate waters and thus 465 
more efficient food webs (i.e., high 13Ccorr, 

15Ncorr and low DHA/EPA) in which albacore can maintain a higher 466 
nutritional condition. The western Indian Ocean may be viewed as a hotspot in which SST is increasing at a faster 467 
rate than in other regions (Dong et al., 2014; Du and Xie, 2008). In the northern hemisphere, a reduction in the 468 
size of phytoplankton has been linked to the expansion of oligotrophic waters (Polovina and Woodworth, 2012) 469 
with increasing dinoflagellates in association with regime shifts (Möllmann and Diekmann, 2012). Even if both 470 
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diatoms and dinoflagellates have comparable nutritional requirements, dinoflagellates may have an advantage 471 
over diatoms as they do not require silica and have ecological strategies that can promote their exploitation of 472 
coastal waters worldwide (Smayda, 2002). With the continued rise in SST of western Indian Ocean, 473 
dinoflagellates from the tropical areas could extend southward and potentially change the structure of the food 474 
web. Such changes may in turn favor tropical predators at the expense of temperate ones, including albacore 475 
(Polovina et al., 2009). In the northern hemisphere, albacore have been observed to modify their migration pattern 476 
as a response to a regime shift triggered by climate change (Dufour et al., 2010). In this respect, the detection of 477 
spatial patterns in ecological traits of albacore is essential for proper management of this important tuna species 478 
particularly in areas where oceanographic conditions are changing and seawater temperatures are warming faster 479 
than previously thought (Cheng et al., 2019). 480 

481 
4.1. Variations in fatty acid trophic markers and nutritional condition 482 

483 
The proportions of FATMs and NCIs in albacore muscle were shown to be highly responsive to environmental 484 
parameters. Both NCIs declined with increased SST and decreasing productivity while DHA/EPA showed the 485 
opposite trend (i.e. increased dinoflagellates). Through its direct impact on enzyme activity, temperature can 486 
affect biochemical and metabolic processes, including fatty acid synthesis, in both primary producers (Renaud et 487 
al., 1995; Thompson et al., 1992) and fish (Tocher and Sargent, 1990). A rise of 3-5% in TFA and EPA was 488 
observed in cultured diatoms when temperature was decreased from 25°C to 10°C for a period of 12 hours (Jiang 489 
and Gao, 2004). Such changes in the fatty acid composition of primary producers can be observed along the food 490 
chain in consumers, as in the case of the western Indian Ocean albacore. Previous studies on the Pacific albacore 491 
have also demonstrated a strong effect of SST on the geographic variations of muscle fatty acids (Parrish et al., 492 
2015; Pethybridge et al., 2015a). The results from the latter studies are in agreement with the distribution of 493 
DHA/EPA and other dinoflagellate/diatom FATMs (i.e., AA, 22:5 6,18:1 7,16:1 7) of the Indian Ocean 494 
albacore which had a food web based mostly on dinoflagellates in tropical areas but on diatoms in temperate 495 
waters. Indeed, Sonnekus et al. (2017) described a latitudinal change in the phytoplankton community with low 496 
diversity and a change in dominance from dinoflagellates in the tropical regions to diatoms (mostly of genus 497 
Pseudo-nitzschia) towards the lower latitudes in the western Indian Ocean. High nutrient levels, which have been 498 
associated with temperatures less than 17.5°C (Sonnekus et al., 2017), favor the growth of large phytoplankton, 499 
including diatoms (Veldhuis et al., 1997). The southwest Indian Ocean has been described as a highly dynamic 500 
hydrographic region (Beal et al., 2011; Read et al., 2000). Along the eastern coast to the south of South Africa, 501 
the fast Agulhas Current flows west toward the Cape Point down to the Agulhas Bank off southern Africa, where 502 
its thermocline slope induces upwelling (Tomczak and Godfrey, 2003) thereby increasing productivity. On the 503 
other hand, the tropical waters of Seychelles, Reunion Island and Mauritius (regions A, C1 and C2) are more 504 
oligotrophic (Oliver and Irwin, 2008). Yet, during SWM, strong upwelling associated with the Ekman circulation 505 
create large areas with high nutrient concentration which then encourage phytoplankton blooms along the 506 
Somalian coast and other areas of the northern Indian Ocean (Veldhuis et al., 1997). As only fish from one season 507 
(SIM) were sampled and analyzed for their NFA profile in Seychelles and the Mozambique Channel (regions A 508 
and B), the effects of strong upwelling and eddies, and where diatoms were found to dominate in patchy blooms 509 
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(Barlow et al., 2014; Veldhuis et al., 1997) in these regions, might have been missed in albacore muscle tissue. 510 
Instead, due to tissue turnover, FATMs reflected mostly the occurrence of picoplankton that usually dominate the 511 
phytoplankton community in the Mozambique Channel (Barlow et al., 2014) and during inter-monsoon periods in 512 
the northwest Indian Ocean (Owens et al., 1993).  513 

514 
The decline in TFA and 3/ 6 with increased SST, and the latitudinal variation of 3/ 6, observed in our study 515 
were comparable to that found in albacore from the south west Pacific Ocean where the same NCIs were used as 516 
indicators of health and productivity (Pethybridge et al., 2015a). Since lipids contain more energy in comparison 517 
to protein and carbohydrates, a decline in the TFA content will negatively affect the energy available to albacore, 518 
which may consequently affect their maintenance, growth and reproduction. This may specifically affect albacore 519 
which use a capital-income breeder strategy, and relying mostly on stored energy rather than concurrent feeding 520 
for reproduction (Dhurmeea et al., 2018). Marine organisms have been found to require long-chain PUFAs for 521 
early life development (Bell et al., 1995; Mourente et al., 1991). The right proportion of 3/ 6 is also a 522 
prerequisite as 6 and 3 were shown to exert an inhibitory bioconversion effect on each other (Watanabe, 1982). 523 
A high ratio of 3/ 6 seemed to be required for successful reproduction in tunas as observed in the ovaries of 524 
female albacore in the spawning capable phase in the western Indian Ocean (Dhurmeea et al., 2018). Since 525 
spawning of albacore occurs in tropical waters where this ratio was found to be lower in the muscle tissue during 526 
the present study, the importance of albacore in accumulating a high 3/ 6 in its tissues during their stay in 527 
temperate waters for feeding, as previously suggested by Dhurmeea et al. (2018), may be a prerequisite for future 528 
successful reproduction. Therefore, declines in long-chain PUFAs availability, more specifically, that of 3 529 
relative to 6, as a result of climate change, is likely to negatively affect the performance and population 530 
dynamics of albacore populations. 531 

532 
Fish size was found to significantly influence the projected values of TFA. The size effect appears to have a 533 
threshold at approximately 98 cm LF which is around the size (94 cm) of the largest immature western Indian 534 
Ocean albacore (Dhurmeea et al., 2016b). Based on the length at 50% maturity (L50) calculated from the latter and 535 
many other studies, most of the albacore caught from the waters of Seychelles, Mozambique Channel, Mauritius 536 
and Reunion Island were large and mature while those from South Africa (region D) consisted of a mixture of 537 
numerous small immature and adult individuals, particularly during SIM. The observed differences of FATMs 538 
and NCIs with fish size appear to be tightly linked to the occurrence of large mature albacore in tropical waters 539 
while younger immature ones are more restricted to the cooler temperate areas south of 30°S (Chen et al., 2005; 540 
Dhurmeea et al., 2016b; Suda, 1974) where they form part of a food web based mostly on diatoms. Large fish 541 
from South Africa seem to show intermediate proportions of FATMs between tropical-caught albacore and 542 
resident immature individuals from South Africa, in their muscle tissue. This may reflect either a recent migration 543 
of large fish to this region, after the spawning season, or continuous movement between the temperate South 544 
African and the tropical waters.  545 

546 
As concluded by Pethybridge et al. (2015a), variation of FATMs in albacore may also be related to a combination 547 
of interrelated factors such as ontogenetic change in diet (Young et al., 2001), faster metabolic rates of younger 548 
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individuals and the trade-off between growth and reproduction in fishes (Claramunt et al., 2007). Further 549 
information through the combined approach of stomach content and prey fatty acid profile analyses of mature and 550 
immature albacore in the Indian Ocean can provide further insights into the trophic dynamics of their population. 551 
Such biochemical-stomach content analysis (SCA) combined approach can highly improve our understanding on 552 
trophic relationships (Annasawmy et al., 2018; Ménard et al., 2014).553 

554 
4.2. Variations in corrected stable isotope values 555 

556 
We found that both 13Ccorr and 15Ncorr values declined with increasing SST and decreasing productivity (Fig 4) 557 
which is similar to the observed variations for the NCIs but opposite to DHA/EPA and 6 protists FATM (Fig 3). 558 
Moreover, just as the FATMs and NCIs, we observed a strong latitudinal effect in corrected SI, as shown by the 559 
increasing southward pattern in the 13Ccorr values and 15Ncorr values (Fig 5). As inferred from the GAMMs, 560 

13Ccorr values are highly influenced by latitude while 15Ncorr values are mostly driven by SST. Our analysis also 561 
shows the effect of month on 13Ccorr values which were lower during NEM and could be linked to the seasonal 562 
migration of tunas from the temperate to tropical areas during this season for spawning (Dhurmeea et al., 2016b). 563 
Several trophic studies have shown that 13C varied strongly with latitude contrary to 15N which responded 564 
mostly to trophic enrichment (Cherel and Hobson, 2007; Quillfeldt et al., 2005). SI values of predators reflect 565 
those of their prey which is in turn dependent on the isotopic signature at the base of the food web (Fry, 2006; 566 
Post, 2002). Yet, similarly to fatty acids, muscle SI values do not reflect that of their recent prey due to the long 567 
tissue turnover rate. In migratory species, the isotopic signature will be affected by both the regional SI 568 
composition of the sampling area and conditions of the area that it inhabited earlier (Hansson et al., 1997). Those 569 
individuals that are more resident in one area would have SI patterns reflecting that of the base of the food web 570 
(Fry, 2006; Ménard et al., 2007). The combination of these effects creates variability in SIs and may blur their 571 
interpretation as trophic tracers. This can be observed in the 13C values in albacore muscle without adjusting for 572 
baseline variability (Fig 6). Adjusting for baseline variability may help to overcome this issue but requires careful 573 
interpretation as it may not reflect changes observed in other trophic studies using SIs. For instance, 13C was 574 
found to increase in the tissues of consumers with increasing latitude, such as in the Indian Ocean yellowfin tuna 575 
and swordfish (Ménard et al., 2007; Zudaire et al., 2015), and the Pacific albacore tuna (Pethybridge et al., 576 
2015b). Indeed, 13C of both phytoplankton and albacore muscle tissue (without baseline correction) in our study 577 
showed the same trend to the above studies. This may possibly suggest that the variation of 13C at the base of the 578 
food chain influences that of consumers and may not reveal the actual assimilation of carbon into the tissue of 579 
consumers throughout the various trophic levels along the food web, especially if the consumer is a highly 580 
migratory species, spending various part of its life cycle in areas characterized by different seawater isotopic 581 
composition. Tissue 13C of tunas is subject to such a large variability that it can even be used for investigating 582 
variations in atmospheric CO2 and anthropogenic climate changes (Lorrain et al., 2019).  583 

584 
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585 
Fig 6. Plots of lipid-corrected carbon ( 13C, ‰) and nitrogen ( 15N, ‰) stable isotope values in the muscle tissue586 
of albacore tuna, caught in different regions of the western Indian Ocean, against latitude. Regions A: Seychelles, 587 
B: Mozambique Channel, C1: Mauritius, C2: Reunion Island and D: South Africa. (Color to be used in print)588 

589 
4.3. Variations in trophic position and dietary linkages590 

591 
We observed an increase in TP, as derived from 15Ncorr values, with decreasing latitude from the tropical regions 592 
(4.9) towards the temperate waters of region D (5.4), such that three distinct groups of albacore, characterized by 593 
different TP could be identified: albacore from (i) Seychelles and Mozambique Channel (regions A and B) (ii) 594 
Mauritius and Reunion Island (regions C1 and C2), and (iii) South Africa (region D). The low TP of albacore 595 
prevailing in Seychelles and Mozambique Channel could be attributed to intense foraging of prey at lower TP, for 596 
instance, the planktophage cigarfish, Cubiceps pauciradiatus, which is known to occur in abundance in the 597 
regions of Seychelles and Somalia, especially during NEM and SWM (Potier et al., 2008; Romanov et al., 2009; 598 
Schott et al., 2002). Cigarfish has been described as an important prey item for yellowfin tuna in the region of 599 
Seychelles (Zudaire et al., 2015). In contrast, in the region of the South Subtropical Gyre, which includes both the 600 
waters of regions Mauritius and Reunion Island, the importance of cephalopods as a prey for albacore was 601 
demonstrated with a high occurrence of squids and octopus (Dhurmeea et al., in press; Romanov et al., in press). 602 
Squids have been described to range from medium to top trophic levels in marine food webs (Amaratunga, 1983; 603 
Coll et al., 2013) in comparison to myctophid fishes which feed at lower TP (Cherel et al., 2010; Koz, 1995; 604 
Young et al., 2006). Thus, feeding on prey found at higher TPs could be one of the reasons accounting for the 605 
relatively high 15Ncorr values and TP of albacore in regions of Mauritius and Reunion Island.  606 

607 
However, studies based on SCA need to be interpreted carefully as they only reflect the most recent meal and may 608 
not represent the actual diet (Das et al., 2000). SCA also requires a large number of samples to capture spatial and 609 
temporal variations of the diet (Ménard et al., 2007). This is particularly crucial in the case of highly migratory 610 
species like tunas. Moreover, the length of a food chain and the relative TP of a consumer that forages in different 611 
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regions can be affected by the complexity of the food webs that prevail in these different regions (Jennings et al., 612 
2008; Vander Zanden and Fetzer, 2007). This may be because factors that can affect 15N values of a predator are 613 
not only the number of trophic levels before that of the predator in a food web but may also involve isotopic 614 
baseline variations (Lorrain et al., 2015; Vander Zanden and Rasmussen, 2001). High primary productivity may 615 
increase a consumer's TP by supporting large prey densities (Olsson et al., 2008). For instance, it was recently 616 
shown that 15N values and TP of micronekton in the western Indian Ocean varied between the oligotrophic 617 
regions of the South Subtropical Gyre and the more mesotrophic east African coast with higher values found in 618 
both mesopelagic fishes, squid and crustaceans in the latter area (Annasawmy et al., 2018). This may in turn 619 
account for the high TP observed in albacore caught in South African waters. High productivity in this region is in 620 
accordance to the increased concentrations of oxygen, nitrate and nitrite, and phytoplankton biomass in the waters 621 
from the lower latitudes of the western Indian Ocean (Sonnekus et al., 2017), potentially being part of the sub-622 
Antarctic surface water (Pollard and Read, 2017), and the associated FATMs indicative of a diatom-based food 623 
web observed in this region. In contrast, low TP in the other regions of the western Indian Ocean, within the 624 
South Subtropical Gyre, may be linked to their more oligotrophic nature (Chouvelon et al., 2017; Longhurst, 625 
2006) usually characterized by low Chla concentrations, up to 0.1 mg m-3 (Vecsei, 2003) and where nitrate is the 626 
major limiting factor (Moore et al., 2013) resulting in lower particle organic matter 15N values. The oligotrophy 627 
is especially pronounced during inter-monsoon periods (SIM and AIM) when the Indian Ocean is stratified with 628 
very low Chla concentrations (< 0.2 l-1) in surface waters thereby decreasing the productivity (Veldhuis et al., 629 
1997). Our observation of the rising trend of the corrected SI values in the muscle tissue of albacore with Chla is 630 
also therefore consistent with the fact that high Chla concentrations (> 0.2 mg m-3), characteristic of mesotrophic 631 
waters (Vecsei, 2003), are associated with high levels of inorganic nitrogen (Polovina et al., 2001) leading to an 632 
enrichment of zooplankton with 15N (Mullin et al., 1984). In comparison to tropical tunas that prefer warm and 633 
anoxic waters, temperate tunas have a preference for habitats rich in chlorophyll (Arrizabalaga et al., 2015; Duffy 634 
et al., 2017). In fact, juvenile albacore were observed to be associated with chlorophyll fronts (with concentrations 635 
of around 0.2 mg m-3) exploiting them during their migration route across the Pacific Ocean as they feed on prey 636 
which themselves forage along these fronts (Polovina et al., 2001).  637 

638 
The estimated TP for albacore in our study (4.25-5.92) was higher compared to that of adult bluefin tuna, Thunnus 639 
thynnus (4.1), yellowfin, juvenile bluefin and albacore tunas (3.2-3.6) from the North Atlantic (Estrada et al., 640 
2005). Apart from the probable complexity in food web in different regions, these differences may also originate 641 
from assumptions when estimating TP, such as the different baseline values and TEF used by different authors. 642 
The assumption of a TEF of around 3% per TP is not consistent among consumers and may lead to errors (Caut et 643 
al., 2009; Hussey et al., 2014; Vanderklift and Ponsard, 2003). Through this study, one method to adjust for 644 
baseline variability effects from tissue 15N signature was utilized. Despite these possible variations in TP, the fact 645 
that, in the western Indian Ocean region, crustacean, fish and squid micronekton, which form the link between 646 
zooplanton and large predatory fishes (Potier et al., 2007), have been reported to be tertiary consumers with TP 647 
2.6-4.2 (Annasawmy et al., 2018; Ménard et al., 2014), is in accordance with the observed TP of albacore in the 648 
present study. In addition, using baseline correction, TP similar to our results have been identified globally for 649 
albacore (4.5), yellowfin (4.7) and big eye (5.1) tunas (Pethybridge et al., 2018). 650 
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651 
4.4. Variations in lipid and baseline corrected stable isotope of carbon652 

653 
13C values of phytoplankton are expected to decrease from low to high latitudes (Lourey et al., 2003) due to 654 

variations in the 13C gradient in particulate organic matter of surface waters which are usually higher in the 655 
northern warm subtropical waters but lower in colder Antarctic waters (Francois et al., 1993; Trull and Armand, 656 
2001). Indeed, estimated 13C values of phytoplankton were higher in the regions of Seychelles, Mauritius and 657 
Reunion Island, but the adjustment for baseline variability (through the use of 13Ccorr) led to different results. 658 
Instead, we found that 13Ccorr values were higher in the temperate South African waters. High 13C values in 659 
consumers may also occur in temperate waters if the region that they prevail falls within the Subtropical, 660 
Subantarctic or Polar front, where abrupt increases in 13C gradient in particle organic matter are known to occur 661 
(Cherel and Hobson, 2007; Ménard et al., 2007). Furthermore, in the Subtropical Convergence, peak particulate 662 
organic carbon (POC)-  13C was found to coincide with, not only peak particulate organic matter, but Chla as well 663 
(Francois et al., 1993). This could account for the observed relationships of 13Ccorr with Chla and SST in the 664 
present study where 13Ccorr was found to increase with the former but decrease with the latter. The high 13Ccorr665 
values in albacore muscle tissue in South Africa region may thus reflect the assimilation of 13C when albacore 666 
fed along these fronts in the more temperate regions. Besides, 13C of a predator can be affected by the planktonic 667 
communities prevailing in a particular area. We found that diatoms had a larger contribution than dinoflagellates 668 
in the temperate waters of South Africa. Despite the fact that diatoms exhibit slower growth rates at low 669 
temperatures (Curl Jr and McLeod, 1961; Sakshaug, 1977), larger carbon fractionations have been observed (Fry, 670 
1996). Phytoplankton utilizing bicarbonate as their carbon source increase the level of POC- 13C while those 671 
taking up mainly dissolved carbon dioxide, decrease its level (Francois et al., 1993). In this way, the elevated 672 

13Ccorr prevailing in the tissues of albacore from South African waters may be linked to the fact that diatoms use 673 
the heavy isotope of bicarbonate ion as a source of carbon and are thus usually heavier in their 13C compared to 674 
flagellates (Fry and Wainright, 1991). Furthermore, POC from temperate regions characterized by high 675 
productivity have a tendency to be isotopically heavier and may be associated to diatoms' ability to rapidly 676 
assimilate nitrogen with increased uptake of bicarbonate (Wilkerson and Dugdale, 1987; Zimmerman et al., 677 
1987). As such, diatoms go through a larger fractionation of carbon during photosynthesis and contribute to 678 

higher δ13C values (Lorrain et al., 2019) which upon grazing provide the bulk of the carbon in marine food webs 679 
in the temperate areas. Even small changes in phytoplankton community composition or physiology are suspected 680 

to influence tuna muscle δ13C values (Lorrain et al., 2019). This implies that a reduction in the abundance of 681 

diatoms as a result of climate change may negatively impact on δ13C values of consumers in marine food webs 682 
(Fry and Wainright, 1991). Yet, other factors such as nutritional status, physiological change (Focken and Becker, 683 
1998; Lorrain et al., 2002) and growth rate (Olive et al., 2003) may affect 13C in predators. 684 

685 

4.5. Ontogenetic changes in stable isotopes 686 
687 
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For both 13Ccorr and 15Ncorr, length was a significant explanatory variable, particularly when both sexes were 688 
combined. Differences between small and large fish were observed whereby large individuals (>100 cm LF) 689 
exhibited higher SI values in their muscle tissue. Size difference in 15Ncorr was noted in South African waters 690 
only where a high proportion of immature albacore individuals occurred (Dhurmeea et al., 2016b). Such variation 691 
may be linked to smaller albacore consuming mostly prey species at lower trophic levels while the larger fish 692 
could prey on larger and higher trophic level species, as similarly described for swordfish in the region (Ménard et 693 
al., 2007). For instance, large swordfish are known to have a preference for cephalopods while small swordfish 694 
preyed on lower trophic level species such as mesopelagic fishes (Potier et al., 2007; Young et al., 2006). Both 695 
SCA and nitrogen SI values in fish have demonstrated that both prey size and trophic level increase with 696 
increasing size of predators (Jennings et al., 2002; Scharf et al., 2000). Similar enrichment of 15N with size was 697 
observed in the Pacific albacore by Pethybridge et al. (2015b) as well as other species although large predators 698 
could still feed on small prey (Ménard et al., 2007; Young et al., 2010). The increase in 15Ncorr with size may be 699 
linked to the increased diving ability of adult fish to access a wider range of prey (Sardenne et al., 2016). Juvenile 700 
albacore, less than 80-90 cm LF, are thought to be less capable to perform vertical migration as their swim bladder 701 
is not yet functional (Gibbs and Collette, 1967). As adult albacore can dive below 400 m depth (Bertrand et al., 702 
2002), their diet composition may therefore depend on their vertical behavior as seen in the Pacific albacore 703 
(Williams et al., 2015) which exhibited diel vertical behavior in tropical regions and had a higher diversity of prey 704 
in the stomach, consisting mainly of deep-water dwelling species. On the other hand, in temperate areas, albacore 705 
showed almost no vertical movement with individuals restricted to waters above the mixed layer depth (Williams 706 
et al., 2015). Compared to smaller individuals, larger predators may additionally be able to catch larger prey, 707 
characterized by higher 15N (Parry, 2008), from their larger mouth-gape and higher chasing ability (Carey and 708 
Robinson, 1981). The increase in the SI of carbon has also been reported in the Pacific bluefin, Thunnus orientalis709 
(Madigan et al., 2012), and albacore tunas (Pethybridge et al., 2015b) which was in turn associated to the 710 
variations in feeding with size and/or age as described for tropical tunas (Sardenne et al., 2016) where smaller 711 
individuals fed at shallower depths compared to adults. Another factor that may affect 13Ccorr is the faster 712 
metabolic rate of young albacore resulting in higher isotopic turnover rates in comparison to adults (MacAvoy et 713 
al., 2006). 714 

715 
5. Conclusion 716 

717 
Our biochemical tracer approach using predictive models revealed the effects of fish length, geographic location 718 
and environmental parameters on NFA and SI trophic tracers of the albacore from the western Indian Ocean. 719 
Their variability was also attributed to the life-history stage distribution of albacore with smaller and younger 720 
individuals inhabiting the South Africa waters having different isotopic and NFA signatures compared to the 721 
larger albacore. Nutritional condition was lower in albacore from the tropical than temperate waters, suggesting 722 
that increased SST as a result of climate change could negatively affect population dynamics and nutritional 723 
quality of albacore. Both SI and NFA trophic tracers agree and confirm that changes in SST and productivity will 724 
impact nutrient flow and energy transfer in the marine food web. Furthermore, we found that 15Ncorr (affected by 725 
prey consumption) was effective at defining trophic relationships tissue while 13Ccorr (determined by 726 
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geographical position) could be used to track movement patterns. Further analyses, covering both a maximum 727 
number of seasons and other areas, including the central and eastern part of the Indian Ocean, as well as the south-728 
east Atlantic, would be required to fully assess their regional variation. In particular, analyzing additional small 729 
albacore individuals (<70 cm LF), found within the southern temperate waters, would be needed to better 730 
understand the sensitivity of the albacore population to global changes. Future studies should also focus on the 731 
examination of the NFA profiles of prey of albacore in various regions of the western Indian Ocean.  732 
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HIGHLIGHTS 

• A multi-tracer approach was taken to examine the trophodynamics of albacore tuna  

• Albacore inhabiting temperate southern waters feed on a diatom-based food web 

• Albacore trophic position was lowest in the northern tropical waters 

• Ontogenetic shifts in stable carbon and nitrogen isotopes were observed  

• High seawater temperature lowers the nutritional condition of albacore 
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