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Abstract :   
 
A global dataset of carbon stable isotope (δ13C) values from yellowfin, bigeye, and albacore tuna muscle 
tissue (n = 4275) was used to develop a novel tool to infer broad-scale movement and residency patterns 
of these highly mobile marine predators. This tool was coupled with environmental models and lipid 
content (C:N ratio) of tuna muscle tissues to examine ocean warming impacts on tuna ecology and 
bioenergetic condition across Longhurst provinces. Over a 16-year study period (2000–2015), latitudinal 
gradients in tuna δ13C values were consistent, with values decreasing with increasing latitude. Tuna 
δ13C values, reflecting modelled global phytoplankton δ13C landscapes (“isoscapes”), were largely 
related to spatial changes in oxygen concentrations at depth and temporal changes in sea surface 
temperature. Observed tuna isoscapes (δ13CLScorr), corrected for lipid content and the Suess effect 
(oceanic changes in CO2 over time), were subtracted from model-predicted baseline isoscapes 
(Δ13Ctuna-phyto) to infer spatial movement and residency patterns of the different tuna species. Stable 
isotope niche width was calculated for each Longhurst province using Δ13Ctuna-phyto and baseline-
corrected nitrogen isotope (δ15Ntuna-phyto) values to further quantify isotopic variability as evidence of 
movements across isoscapes. A high degree of movement—defined as the deviation from expected range 
of Δ13Ctuna-phyto values— was evident in four Longhurst provinces: Guinea current coast, North Atlantic 
drift, Pacific equatorial divergence, and the North Pacific equatorial counter current. The highest level of 
population dispersal (variability in Δ13Ctuna-phyto values) was observed in Longhurst provinces within 
the western and central Pacific Oceans and in the Guinea current coast. While lipid content was low in 
yellowfin and bigeye, high and variable lipid stores in albacore muscle were consistent with seasonal 
movements between productive foraging and oligotrophic spawning habitats. Our ability to characterize 
tuna movement patterns without ambiguity remains challenged by uncertainty in trophic discrimination 
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factors and ecological (e.g. diet variability) processes. However, this study illustrates that model-corrected 
δ13C values are a valuable, relatively cost-effective tool for identifying potential areas of mixing across 
management zones, particularly when electronic tagging studies are limited or absent. Stable isotope 
analyses of tuna tissues can therefore be an additional tool for guiding spatial stock assessments on top 
predator movement, dispersal patterns, and how they may be altered under a changing climate. 
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Global ocean, Fisheries management 
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Atlantic drift, Pacific equatorial divergence, and the North Pacific equatorial counter current. 42 

The highest level of population dispersal (variability in Δ13Ctuna-phyto values) was observed in 43 

Longhurst provinces within the western and central Pacific Oceans and in the Guinea current 44 

coast. While lipid content was low in yellowfin and bigeye, high and variable lipid stores in 45 

albacore muscle were consistent with seasonal movements between productive foraging and 46 

oligotrophic spawning habitats. Our ability to characterize tuna movement patterns without 47 

ambiguity remains challenged by uncertainty in trophic discrimination factors and ecological 48 

(e.g. diet variability) processes. However, this study illustrates that model-corrected δ
13C values 49 

are a valuable, relatively cost-effective tool for identifying potential areas of mixing across 50 

management zones, particularly when electronic tagging studies are limited or absent. Stable 51 

isotope analyses of tuna tissues can therefore be an additional tool for guiding spatial stock 52 

assessments on top predator movement, dispersal patterns, and how they may be altered under a 53 

changing climate.  54 

 55 

Keywords: Albacore tuna, Bigeye tuna, Yellowfin tuna, Carbon isotope analysis, Movement 56 

indicators, Global ocean, Fisheries management 57 

 58 

 59 

1.  Introduction 60 

 61 

Understanding how and why highly mobile species utilise and move between available 62 

habitats in time and space is vital to determining how successful stocks are managed (Evans et 63 

al., 2015). In recent years there has been considerable effort to empirically measure and forecast 64 

where and when highly mobile species are likely to occur. To date, this has largely been 65 

achieved through expensive tagging or bio-logging programs (Block et al., 2011) and habitat 66 

preference models that use environmental proxies (Eveson et al., 2015; Hobday et al., 2011; 67 

Lehodey et al., 2018; Sibert et al., 1999). Another important aspect in fisheries management and 68 

conservation biology is assessing population connectivity, including how much dispersal and 69 

mixing occurs among populations. Such information is currently acquired through extensive 70 

demographic datasets or using genetics, with the recent development of close-kin mark-recapture 71 

methods (Bravington et al., 2016). Many of these tools however still have foundational and 72 

logistical constraints (e.g. high cost, require large sample sizes, and limited number of experts 73 

and/or users). In contrast, a long-standing and widely utilized tool—analysis of spatial patterns 74 

of carbon stable isotope (δ13C) values in top predator tissues—is a potential complementary 75 

approach to assist in understanding both movement patterns and habitat use in marine predators 76 

(Bird et al., 2018a; Graham et al., 2010; Trueman et al., 2012; Trueman and St. John Glew, 77 

2019).  78 

Carbon stable isotope analysis has been used for over forty years to trace movements in 79 

estuarine and marine environments of a variety of consumers including crustaceans (Fry, 1981; 80 

Fry et al., 2003), cephalopods (Takai et al., 2000), seabirds (Jaeger et al., 2010),  pinnipeds 81 

(Newsome et al., 2007), whales (Best and Schell, 1996; Schell et al., 1989), teleosts (Ménard et 82 

al., 2007), and elasmobranchs (Bird et al., 2018a).  Early studies examined shrimp and whale 83 

movements based on tissue δ
13C values (Best and Schell, 1996; Fry, 1981; Schell et al., 1989).  84 

Shrimp movement detection was facilitated by the presence of primary producers with distinct 85 

δ
13C values at each foraging habitat while whale movements were inferred by spatial variability 86 
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in phytoplankton δ13C values. At broad oceanic scales, δ
13C values of dissolved inorganic carbon 87 

(δ13CDIC) are influenced by temperature (Laws et al., 1995), oceanic partial pressure of CO2 88 

(pCO2), phytoplankton growth, and phytoplankton community structure (Fry and Wainright, 89 

1991; Hinga et al., 1994; Popp et al., 1998). These variations in baseline δ13C values are driven 90 

by spatial differences in primary producers or abiotic conditions, which propagate up to top 91 

predators and provide a chemical tracer of movements across foraging grounds with different 92 

baseline values (isoscapes sensu West et al., 2010). Further studies have demonstrated success in 93 

linking isotopic variation to individual-level dietary differences and movement patterns (Araújo 94 

et al., 2007; Grecian et al., 2015; Shipley et al., 2019). Individual isotopic variability, 95 

quantifiable as isotopic niches based on scatter in bivariate isotope space (Jackson et al., 2011), 96 

can provide a relative measure of trophic and/or movement diversity within a group.  97 

Before carbon isotope techniques can be applied to examine the feeding and behavioural 98 

ecology of consumers, spatiotemporal and biochemical factors need to be considered. Direct 99 

comparison of isotope values of consumers occupying different isoscapes requires some form of 100 

prior adjustment for spatial and temporal baseline variability. Over long time periods, plankton 101 

δ
13C values are known to decline (typically by 0 – 0.08‰ per year) due to the Suess effect 102 

(ocean absorption of fossil fuel-derived CO2) (Quay et al., 2017), which needs to be accounted 103 

for in temporal studies. Spatial baseline adjustments can be applied using site-specific modelled 104 

phytoplankton isotope values (e.g. Navarro et al., 2013; Pethybridge et al., 2018), normalization 105 

using a secondary consumer of a known trophic position (e.g. Olson et al., 2010; Post, 2002), and 106 

compound specific stable isotope analyses (e.g. Popp et al., 2007). Within fish muscle tissue, 107 

bulk δ13C values can also be influenced by lipid content, as lipids have a lower δ13C value than 108 

proteins (Abelson and Hoering, 1961; Park and Epstein, 1961). Lipid effects can be accounted 109 

for with chemical extractions (e.g. Pinnegar and Polunin, 1999) or a posteriori mathematical 110 

correction using carbon to nitrogen (C:N) ratios as lipid-content proxies (e.g. Logan et al., 2008).  111 

Trophic influences on δ13C values also need to be accounted for in carbon isotope 112 

analyses. Biochemical processes alter δ
13C values between a consumer and its prey (trophic 113 

discrimination factor; TDF), and this results in an increase by approximately 0.5–2.0‰ (Caut et 114 

al., 2009; DeNiro and Epstein, 1978; McCutchan et al., 2003; Post, 2002; Sweeting et al., 2007). 115 

Controlled feeding studies show that carbon TDFs for fish muscle are generally at the higher end 116 

of this range with estimates of 1.5‰ found across a variety of species (Sweeting et al., 2007) and 117 

1.8‰ for Thunnus muscle specifically (Madigan et al., 2012). Cephalopods, an important prey 118 

group of tunas (Olson et al., 2016), are less studied but existing controlled studies showed 119 

limited (<0.5‰) increases in mantle δ13C values relative to diet (Hobson and Cherel, 2006). 120 

Estimates for coastal and open ocean zooplankton fall closer to 1‰ (France and Peters, 1997). 121 

Therefore, if the trophic position of yellowfin tuna (Thunnus albacares) in the equatorial Pacific 122 

Ocean is observed to be approximately 4.5‰ (Houssard et al., 2017; Lorrain et al., 2015; Popp et 123 

al., 2007), then the difference between the base of the food web and tuna δ13C values (Δ13Ctuna-124 

phyto) should be approximately 2 to 8‰ given documented variability in TDFs (0.5-2.0‰ across 125 

taxa linking phytoplankton to tunas) and food chain length from tunas down through to lower 126 

trophic level species (Fig. 1). Variations from these values and/or a high degree of individual 127 

variability could be indicators of highly dynamic migration areas. 128 

Most previous studies that have used stable isotopes to examine the movements of highly 129 

mobile marine animals have focused on regional scales and higher latitudes where regional 130 

gradients in δ13C values are more apparent (Cherel and Hobson, 2007; Cunjak et al., 2005; 131 

Hobson, 1999; Rubenstein and Hobson, 2004; Witteveen et al., 2009). A recent analysis of shark 132 
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muscle δ13C values examined latitudinal trends in relation to modelled phytoplankton δ13C 133 

values to establish global trends in shelf, oceanic, and deep sea trophic geography of sharks (Bird 134 

et al., 2018a). Our study applied a similar approach to tunas and focused primarily on the tropics 135 

and subtropics to examine animal movements, potential environmental drivers, and global-scale 136 

trends. Using a compiled dataset of δ
13C values and C:N (a proxy for bioenergetic condition) 137 

values of yellowfin (Thunnus albacares), bigeye (T. obesus), and albacore (T. alalunga) tunas 138 

sampled over a 16-year period from the major ocean bodies, our study aims were to: (i) map 139 

spatial patterns at a global scale (i.e. develop carbon isoscapes), (ii ) test the influence of 140 

biological and environmental factors on the temporal and spatial patterns, (iii ) relate 141 

environmental, temporal, and spatial variables to tuna bioenergetic condition, and (iv) use 142 

modelled baseline and observed tuna δ
13C values to identify likely transitional zones of tuna 143 

movements. Movement was further inferred using calculated isotopic niches (Jackson et al., 144 

2011) based on baseline-corrected δ
13C values (this study) and nitrogen stable isotope (δ

15N) 145 

values (Pethybridge et al., 2018). Based on previous tagging and stable isotope studies that 146 

demonstrate limited movements of tunas (Evans et al., 2011; Graham et al., 2010; Houssard et 147 

al., 2017; Schaefer et al., 2007; Schaefer and Fuller, 2002), we hypothesized that the δ
13C values 148 

of tropical tunas (i.e. yellowfin and bigeye) would track latitudinal baseline gradients. Given 149 

documented north-south migrations of the temperate albacore tuna (Nikolic et al., 2017; 150 

Williams et al., 2015), we hypothesized that δ
13C values for this species would not track baseline 151 

values as extensive movements across isoscapes should create a disconnect between tuna δ
13C 152 

values and the baseline values at the site of capture (Graham et al., 2010). Ultimately, identifying 153 

the biological and environmental mechanisms responsible for the large-scale patterns or 154 

isoscapes will improve our understanding of regional movements of tunas. Such data can inform 155 

stock assessment models and better assist fisheries managers and policy makers in managing 156 

ecologically dynamic and commercially valuable open-ocean predators.   157 

 158 

2.  Methods 159 

 160 

2.1.  Isotope data compilation  161 

 162 

Overall, 4275 δ13C values were compiled from the muscle tissue of yellowfin (Thunnus 163 

albacares), bigeye (T. obesus), and albacore (T. alalunga) tunas from published and unpublished 164 

regional studies and assembled in a global database (Fig. 2; Table 1). Samples spanned a 16-year 165 

period from 2000 to 2015. Measurements of tuna size (fork length, cm) were taken, and dates, 166 

positions, and fishing gear type were provided for each sampling event. Data were classified by 167 

ocean basin (Pacific, Atlantic including Mediterranean Sea, Indian, and Antarctic Oceans) and 168 

Longhurst Biogeographical Province (Longhurst, 1998). Longhurst provinces are shown in 169 

Figure 2 and defined in Table S1.  170 

 171 

2.2.  δ13C lipid correction  172 

 173 
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Our dataset consists of both bulk and lipid-extracted samples. Generally, for aquatic 174 

samples, C:N ratios < 3.5 correspond to low lipid content and by association minor lipid bias 175 

(Hoffman and Sutton, 2010; Logan et al., 2008; Post et al., 2007). Given unlikely lipid bias and 176 

potential error created by variable C:Nlipid-free among tuna species, no corrections were applied to 177 

samples with C:N values ≤ 3.5. For δ13C values with C:N values > 3.5, mathematical corrections 178 

were applied (Logan et al., 2008) to produce lipid corrected tuna δ13C values (δ13CLcorr_tuna; Table 179 

2). The correction equation was based on a dataset of bluefin tuna (T. thynnus) muscle with a 180 

maximum C:N of 6.5 so samples with C:N > 6.5 (n=47) were excluded from δ13C analyses. The 181 

equation used was derived from Fry (2002):   182 

 183 

���������_
�� = � −
� ∗ �

�: �
+ �������� 

 184 

where δ13CLcorr_tuna is the lipid corrected δ 13C value, C:N is %C/%N, P is an estimate of the 185 

isotopic difference between protein and lipid (7.489), and F is an estimate of the C:N value of 186 

lipid-free tissue (3.097). Mathematical corrections were applied to 39.5% (yellowfin), 40.5% 187 

(bigeye), and 51.7% (albacore) of all samples used in δ13C analyses (n=4228). To assess the 188 

effect of lipid correction on δ13C values and determine if any potential lipid bias remained in the 189 

mathematically corrected values, bulk and lipid corrected δ13C values were plotted against C:N 190 

for the subset of samples that underwent mathematical lipid correction (3.5<C:N≤6.5) (Fig. S1). 191 

Equivalent comparisons were made for baseline corrected δ13C values (Δ13Ctuna-phyto) (Fig. S1).      192 

 193 

2.3.  Baseline δ 13C values  194 

 195 

Baseline δ13C predictions from a global model of ocean biogeochemistry and isotopes, 196 

including both δ13C and δ15N values (Schmittner and Somes, 2016), were used to assess and 197 

correct for spatial and temporal variability in isotopic baselines (Fig. S2). The model included a 198 

three-dimensional (1.8° x 3.6°, 19 vertical levels) ocean circulation model forced with prescribed 199 

(fixed) monthly climatological winds (Weaver et al., 2001). The two stable carbon isotopes, 12C 200 

and 13C, were included for dissolved inorganic carbon and organic carbon including 201 

phytoplankton, zooplankton, sinking detritus, and dissolved organic carbon. The main relevant 202 

processes incorporated in the model included air-sea gas exchange, physical transport, biological 203 

uptake, and remineralization of organic carbon. Model results were provided for each respective 204 

year of a hindcast from year 2000 of a pre-industrial simulation including increasing atmospheric 205 

CO2 and decreasing δ13C-atmospheric CO2 following Schmittner et al. (2013). All model results 206 

were averaged annually over 130 meters of surface ocean. To account for the Suess effect, model 207 

predicted phytoplankton δ13C values given for year 2000 were subtracted from the phytoplankton 208 

δ
13C values that corresponded to the year of tuna sampling (δ13Cphyto), that is 2000-2015. The 209 

difference was used to correct for the Suess effect in tunas (δ13CLScorr; Table 2) with an average 210 

decline of 0.05‰ per year over the 16-year period. Note that the model hindcast simulation also 211 

accounted for CO2-driven warming over this period, which affects δ
13Cphyto values through 212 

changes in circulation, air-sea gas exchange, and uptake fractionation that is CO2 and 213 

temperature-dependent. These processes contribute to a larger decrease in δ13Cphyto than would 214 

be expected from the Suess effect alone. As additional biogeochemical and hydrological 215 
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processes are also affected by changes in atmospheric CO2 and temperature in the model, annual 216 

differences represent more than just the Suess effect. 217 

 218 

2.4.  Variability in Δ13Ctuna-phyto and isotopic niche areas to infer movement 219 

 220 

To infer regional differences in the degrees of tuna movement and population residency, 221 

the δ13CLcorr_tuna values were subtracted from the model-predicted and Suess-corrected δ13C 222 

values at the base of the food web (δ
13C Scorr_phyto) as:  223 

Δ
13Ctuna-phyto = δ13CScorr_phyto - δ

13CLcorr_tuna (Table 2) 224 

The expected range of tuna Δ
13Ctuna-phyto values (X) if tunas were feeding in the same isoscape is 225 

represented as:  226 

 X (Δ13Ctuna-phyto) = TPTuna * TDF - 1 227 

where TPTuna is a trophic position estimate (~4.5-5.0) based on regional datasets of compound-228 

specific nitrogen isotopes of amino acids determined in tuna from the equatorial Pacific Ocean 229 

(Choy et al., 2015; Houssard et al., 2017; Lorrain et al., 2015; Olson et al., 2010; Popp et al., 230 

2007), and the TDF values per trophic position range from ~0.5 (typically for lower trophic 231 

orders; DeNiro and Epstein, 1978; Post, 2002) to ~2‰ (1.8‰ in tuna; Madigan et al., 2012). 232 

Given this knowledge, over the timescale of muscle isotopic turnover —likely on the order of 233 

months rather than weeks (Madigan et al., 2012) —the expected range of tuna Δ
13Ctuna-phyto 234 

values if tunas were feeding in the same isoscape (thus not moving between contrasting 235 

isoscapes) was between -2 and -8‰ (Fig. 1). As diet and trophic position were assumed to be 236 

relatively constrained for a given species and region, higher intra-species variability was 237 

interpreted as an indication of population dispersal and inclusion of more recent arrivals as well 238 

as individuals at or near steady state with local isotope baselines.  239 

 Based on trends in Δ13Ctuna-phyto values, we developed a classification table to infer both 240 

the degrees of tuna movement (or occupancy) and population dispersal in yellowfin, bigeye, and 241 

albacore tunas sampled in the different Longhurst provinces (Table 3). The inferred degree of 242 

spatial movement was assigned to a score from 0 to 4, with higher values implying higher 243 

inferred degrees of movement. The following scores and movement categories were assigned for 244 

each species-Longhurst province dataset based on the median and range (i.e. 1.5 times the 245 

interquartile range (IQR)): 0 and “limited movement”  = Δ13Ctuna-phyto with a median and range 246 

within -4 to -6‰, because values were constrained within a range consistent with local baselines 247 

given TP and TDF assumptions; 1 and “moderate movements by some individuals” = Δ13Ctuna-248 

phyto with a median the same as in 1 but an extended range of -2 to -4‰ or -6 to -8‰ and 249 

therefore increased variability; 2 and “moderate movement” = Δ13Ctuna-phyto with an increased 250 

median within either -2 to -4‰ or -6 to -8‰ and a range between -6 to -8‰; 3 and “high degree 251 

of movement by some individuals” = Δ13Ctuna-phyto with the same median defined in 2 but with a 252 

wider range of <-2 or >-8‰; and 4 and “high degree of movement” = Δ13Ctuna-phyto with a median 253 

outside of <-2 or >-8‰. Population dispersal was also categorized on a scale of 0 to 4 based on 254 

inter-site variability in Δ13Ctuna-phyto values that fell within 1.5 of the IQR for a given species and 255 

Longhurst province: 0 =“no dispersal” due to minimal variability (1.5*IQR < 1‰); 1 = low 256 

dispersal” (range: 1–2‰); 2 = “moderate dispersal” (range: 2–3‰); 3 = “high dispersal” 257 

(range: 3–4‰); and 4 = “very high dispersal” (range >4‰). Given a presumed TDF of 1.8‰ for 258 

tunas, scores 3 and 4 and corresponding high dispersal classifications would correspond to ~ ≥ 2 259 

TPs of variability across individuals if caused purely by trophic differences. Given 260 
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corresponding diet data for tuna in the regions sampled in the present study (Duffy et al., 2017), 261 

this level of individual trophic variability is not expected and therefore, mixing across isoscapes 262 

was considered the most likely source. For these analyses, we assumed that model predictions 263 

are equally accurate in terms of both regional median and inter-quartile ranges and that any 264 

residual effect of C:N on δ13C values not accounted for with mathematical corrections can be 265 

ignored.                         266 

Movement was further inferred for each species and Longhurst region based on isotopic 267 

niches calculated using the Stable Isotope Bayesian Ellipse in R (SIBER; Jackson et al., 2011) 268 

and Stable Isotope Analysis in R (SIAR; Parnell et al., 2010) packages in R (R Core Team, 269 

2019). Similar to our calculation table based on Δ
13Ctuna-phyto values, we assumed that increased 270 

intra-specific and intra-region isotopic variability and associated increased isotopic niche values 271 

were driven by movement across isoscapes. Niche calculations were made using δ13CLcorr_tuna - 272 

δ
13CScorr_phyto (Δ

13Ctuna-phyto) and δ15Ntuna - δ
15Nphyto (See Pethybridge et al., 2018 for nitrogen 273 

isotope baseline correction methods). Bayesian standard ellipse areas (SEAB), reported as ‰2 274 

values, were calculated alongside Bayesian credible intervals to provide a measure of isotopic 275 

variability of baseline-corrected δ13C and δ15N values of tuna muscle. The SEA contains 276 

approximately 40% of the data and provides a measure of the core niche area as it is effectively 277 

the equivalent to standard deviation for bivariate data (Batschelet, 1981; Jackson et al., 2011). In 278 

addition to SEAB, total area (TA) and SEA corrected for small sample sizes (SEAc) were also 279 

calculated as measures of isotopic niche width. SEAc, reported as ‰2, provides a measure of the 280 

representative isotopic niche breadth of fish sampled from each region. TA (‰2) is the convex 281 

hull area contained within the smallest polygon containing all carbon and nitrogen Δ values and 282 

as such reflects total isotopic diversity (Layman et al., 2007). More detailed information for 283 

SEAc values was derived from calculations of eccentricity (E) and theta (θ°) (based on methods 284 

described by Reid et al., 2016; Shipley et al., 2019; Turner et al., 2010). Briefly, eccentricity is a 285 

measure of the relative contributions of δ
13C and δ15N values to observed variance within the 286 

standard ellipse area. Values closer to 0 indicate contributions of both delta values and values 287 

approaching 1 reflect variability driven by a single isotope tracer. Theta, reported in degrees, 288 

provides a measure of the relative angle of isotopic dispersion relative to δ13C with values closer 289 

to 0° corresponding to δ13C as the primary driver and values closer to 90° instead suggesting 290 

δ
15N as the primary influence. Negative theta values reflect opposing trends where δ13C values 291 

increase with decreasing δ15N values, which can provide evidence of baseline vs. trophic 292 

influences on intra-group isotopic variability as increases in trophic position would be expected 293 

to produce a positive relationship. 294 

 295 

2.5.  Tuna bioenergetic condition estimates 296 

 297 

Tuna bioenergetic condition was compared across regions and in relation to 298 

environmental variables using muscle C:N as a proxy for lipid content and thus bioenergetic 299 

condition. Fish muscle C:N values increase linearly with lipid content due to the high percentage 300 

of carbon and the absence or minimal nitrogen content in lipids (Logan et al., 2015, 2008). A 301 

regression equation developed from Atlantic bluefin tuna muscle samples was used to convert 302 

C:N values to percent lipid content, % lipid = 3.9972 * C:N – 11.4663 (Logan et al., 2015). The 303 

C:N dataset used for the percent lipid estimates had a maximum C:N value of 7.3, which results 304 

in a percent lipid content estimate of 17.7%.  Any samples in our C:N dataset with values > 7.3 305 
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are reported as >17.7%. Samples with C:N > 7.3 were converted to percent lipids only for mean 306 

estimates (Table 1). Chemical lipid extractions were applied to some of our samples (yellowfin: 307 

36.9%, bigeye: 34.4%, albacore: 15.3%) prior to elemental composition analysis and therefore 308 

were not included in this condition analysis. Some muscle samples obtained from regions of the 309 

tuna other than caudal dorsal muscle (e.g. head, ventral) were also excluded from condition 310 

analyses since lipid content can vary across these different body regions in tunas (Balshaw et al., 311 

2008). Following exclusion of lipid extracted and non-dorsal muscle samples, the remaining 312 

dataset available for C:N analyses contained 2205 samples.       313 

 314 

2.6.  Environmental data  315 

 316 

A suite of available environmental variables was selected to explore physical forcing on 317 

tuna δ13C values at the surface and at depth since these tunas are vertical foragers across 318 

epipelagic and mesopelagic zones (Olson et al., 2016). Surface variables included sea surface 319 

temperature (SST, °C) and chlorophyll-a (Chl-a, mg m-3). Monthly averaged NOAA Optimum 320 

Interpolation SST data were acquired from the NOAA National Centre for Environmental 321 

Information (http://www.esrl.noaa.gov/psd/) using AVHRR version 2 (Reynolds et al., 2007), 322 

available at https://ncics.org/data/obs4mips/. The spatial resolution of the SST data was a 0.25° 323 

grid, and this product was available for the years 2001–2014. For tuna sampling years outside 324 

this range, climatologies for the next closest year were used. 325 

Monthly Chl-a concentrations were acquired from GlobColour data 326 

(http://globcolour.info) which has been developed, validated, and distributed by ACRI-ST, 327 

France and provides a continuous dataset of merged L3 Ocean Colour product from 1997 to 328 

2016. Monthly means of net primary production (NPP, mg C m-2d-1) were derived from a 329 

vertically generalized production model (VGPM, 330 

http://www.science.oregonstate.edu/ocean.productivity; Behrenfeld and Falkowski, 1997) 331 

available at a 9 km resolution which we interpolated onto a 1°x1° grid.  332 

Variables at depth included the mixed layer depth (MLD, m), depth of the 12oC isotherms 333 

(Diso12, m), and oxygen concentrations (mL L-1) at three depths (375 m O2_375m, 100 m below the 334 

MLD O2_100m, and 50 m below the MLD O2_50m), which were taken from daily CARS 335 

climatology (Dunn and Ridgway, 2002; Ridgway et al., 2002) updated using the 2006-2015 336 

Argo-only dataset. The MLD climatology defined the depth of the mixed layer based on an 337 

absolute temperature difference of 0.2oC from the surface (de Boyer Montégut et al., 2004). The 338 

variables at depth do not vary annually as they are based on a climatology. 339 

For all environmental variables, spatial linear interpolation was used to collocate data to 340 

the tuna sample location. For each tuna location, environmental variables were also obtained at 341 

the matching tuna sampling date minus 3 and 6 months to account for time delays for prey 342 

tissues to be incorporated in tuna muscle (months; Madigan et al., 2012). If environmental data 343 

were not available for a particular year, data for the next closest year were used. 344 

 345 

2.7.  Data analyses 346 

 347 

Boxplots were used to compare δ
13Ccorr values, Δ13Ctuna-phyto, C:N ratios and isotopic 348 

niche areas between regions and tuna species. These exploratory analyses were performed only 349 

for Longhurst province-species datasets with n ≥ 5.  350 
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General trends in δ13Ccorr and Δ13Ctuna-phyto values in relation to latitude expressed as 351 

distance from the equator and C:N were assessed using linear and non-linear regression, 352 

respectively. Normality was assessed visually using QQ plots.  353 

 354 

2.8.  Generalized additive mixed models and isoscapes  355 

 356 

Generalized additive mixed models (GAMMs) were used to test potential predictors of 357 

Δ
13Ctuna-phyto, δ

13CLScorr values, and lipid content. The predictors included spatial (latitude and 358 

longitude), morphometric (tuna fork length), and environmental (SST, Chl-a, NPP, MLD, Diso, 359 

and O2) variables. Longhurst province was incorporated as a random effect to account for intra 360 

group correlations and overdispersal that frequently arises in spatial analyses (Wood, 2006). 361 

Before constructing GAMMs, matrix scatterplots and variance inflation factors (VIF) from the 362 

usdm package (Naimi, 2015) in R (R Core Team, 2019) were used to confirm that collinearity 363 

was not apparent among the explanatory variables. Individual GAMMs were fitted for each set 364 

of environmental variables at the matching sample date (D) and D minus 3, 6, and 9 months prior 365 

to tuna capture. For each tuna species, the best time-related environmental variable, determined 366 

by the percent deviance explained (DE%, or pseudo R-squared), was retained and used in 367 

subsequent models (Tables S3 and S4). 368 

GAMMs were constructed in R using the gamm4 package (Wood, 2006) and the 369 

Gaussian family with an identity link function. Smoothing splines were used to examine non-370 

linear fits for all marginal terms considered in the model while a scale-invariant tensor product 371 

was used to model the covariates for geographical location. Model selection was performed 372 

manually using a backward elimination approach, and the best model fit was selected using the 373 

Akaike information criterion for small sample sizes (AICc) and DE%. To determine the amount 374 

of variation explained by each predictor variable, we fitted a separate model for individual 375 

predictor variables. Subsequent models were then fitted, including each of the remaining smooth 376 

terms, one at a time, to assess additional variation explained. To test the performance of each 377 

model, standard diagnostic checks were performed on the residuals from the model, and constant 378 

variance was observed. 379 

A GAMM based on two-dimensional thin plate regression splines fitted to the 380 

geographical location and interpolated at a ~2° resolution was used to visually explore broad-381 

scale patterns in predicted Δ13Ctuna-phyto and lipid content. Due to the potential effect of year, 382 

isoscapes were produced for both the earlier (2000–2007) and later (2008–2015) periods of our 383 

analysis. 384 

 385 

 386 

3.  Results 387 

 388 

3.1.  Lipid corrections and tuna δ13C 389 

  390 

Both bulk and δ13CLcorr_tuna datasets had negative correlations with C:N while Δ
13Ctuna-phyto 391 

values only declined for the bulk δ13C dataset (Fig. S1). Bulk δ13C values were lower (-392 

17.9±2.1‰) than lipid corrected (-16.3±1.6‰) values with a modelled maximum offset of 4.3‰ 393 

for high lipid samples (Fig. S1). Within the C:N range for which lipid corrections were applied 394 
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(3.5<C:N≤6.5), the modelled decrease in δ
13C values with increasing C:N was 3.3 and 6.2‰ for 395 

δ
13CLcorr_tuna and bulk δ13C values, respectively. For baseline-corrected δ

13C values (Δ13Ctuna-phyto), 396 

the offset between tuna and baseline values decreased by 2.1‰ for bulk δ13C values while 397 

modelled isotope spacing increased slightly (<1‰) for δ13CLcorr_tuna values (Fig. S1). 398 

   399 

3.2.  Global and ocean region observations  400 

 401 

Global mean δ13CLScorr values were lowest in albacore (-17.2±1.0‰) and similar in 402 

bigeye (-15.9±1.0‰) and yellowfin (-15.7±0.9‰) tunas (Table 1). The range of observed 403 

δ
13CLScorr values was greatest in albacore (7.0‰) and smallest in bigeye (5.2‰). Across ocean 404 

regions, highest mean δ13CLScorr values were observed in Longhurst provinces within the eastern 405 

Pacific Ocean and central tropical Pacific Ocean for yellowfin and bigeye and the western 406 

Pacific Ocean for albacore (Figs 3-5; S3). The lowest mean δ13CLScorr values were observed in 407 

the AUSE Longhurst province of the western Pacific and NASW and GFST provinces in the 408 

western North Atlantic Ocean for yellowfin and bigeye (Figs 3-4; S3). For albacore, the lowest 409 

δ
13CLScorr values were in the eastern Atlantic in the NADR and CNRY provinces (Fig 5; S3).  410 

Differences between δ13C values of tuna and phytoplankton (Δ
13Ctuna-phyto; Table 2), used 411 

to report degrees of spatial movement and population dispersal, were globally similar among 412 

species with means varying between -5.0 to -5.3‰ (Table 1). Median Δ13Ctuna-phyto across 413 

Longhurst provinces ranged from -4.6 to -8.3‰, -3.9 to -7.9‰, and -4.0 to -7.0‰ for yellowfin, 414 

bigeye, and albacore, respectively (Figs. 3-5). Minimum differences between Δ13Ctuna-phyto values 415 

were within the anticipated -2 to -8‰ range, but maximum differences exceeded this range for 416 

yellowfin and bigeye in several regions (Figs. 3,4). Elevated values (> -8‰) were observed in 417 

the GUIN (Atlantic) and PEQD (Pacific) Longhurst provinces for both yellowfin and bigeye 418 

translating to a “high degree of movement by some individuals” classification (Table 3). Similar 419 

maximum values were observed for yellowfin in the PNEC province (Fig. 3) which were also 420 

classified as “high degree of movement” (Table 3). For bigeye, the GFST (Atlantic) province 421 

included high Δ13Ctuna-phyto differences (maximum of -7.6‰) (Fig. 4). While none of the 422 

maximum albacore values exceeded -8‰, values for bordering provinces in the Northeast 423 

Atlantic (NADR and NECS) were -7.9 and -7.7‰, respectively, and therefore were classified as 424 

“high degree of movement by some individuals” and “moderate movement”, respectively (Table 425 

3). ARCH, TASM, and SANT, provinces in the western Pacific and Antarctic, had similarly high 426 

(-7.4 to -7.7‰) maximum values (Fig. 5) and “moderate movement” classifications for albacore. 427 

Regional variability in Δ13Ctuna-phyto values, used to report levels of population dispersal, 428 

differed between and within the Longhurst provinces with ranges among individual tuna of 0.0 to 429 

-4.9‰ (yellowfin), 0.0 to -5.2 (bigeye), and -0.5 to -5.2‰ (albacore) (Figs. 3-5). The largest 430 

ranges (> -3.6‰) among non-outlier values were found in the bordering WARM and PEQD 431 

regions of the equatorial Pacific for both yellowfin and bigeye (Figs. 3,4), which were assigned a 432 

classification of “very high dispersal” (Table 3). Yellowfin in the GUIN region also had “very 433 

high dispersal” with a range of 4.7‰. AUSE (yellowfin), SPSG (both yellowfin and bigeye), and 434 

ARCH (both yellowfin and bigeye) regions in the Pacific had similarly high ranges (Fig. 3) and 435 

were assigned the “high dispersal” classification (Table 3). For albacore, the greatest ranges (> -436 

3.6‰) occurred in the bordering ARCH and SPSG Longhurst provinces (Fig. 4) and had a 437 

dispersal classification of “very high” (Table 3). Relatively low regional variability was observed 438 

in the Indian Ocean for all species (Figs. 3-5), and in albacore from the MEDI province (the 439 
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tropical yellowfin and bigeye tunas were not sampled from this region) (Fig. 5). These regions 440 

all had population dispersal scores of “no”, “ low”, or “moderate dispersal” (Table 3). 441 

SEAB, SEAc, and TA values were highest for Longhurst provinces in the Pacific Ocean 442 

for all three tuna species (Table S2). For albacore, SEAB, SEAc, and TA values from the SPSG 443 

were elevated (e.g. SEAc>10) relative to all other sampled Longhurst regions (Fig. 5; Table S2). 444 

For bigeye and yellowfin, highest SEAB, SEAc, and TA values were observed in the SPSG, 445 

WARM, and PEQD regions (Table S2). 446 

Eccentricity values fell close to 1 for most provinces (mean across Longhurst provinces ≥ 447 

0.8 for all three tuna species) while theta was closer to 90° (absolute mean across Longhurst 448 

provinces > 70° for all three tuna species) indicating that most of the intra-specific variability 449 

was driven by variation in δ15N values (Table S2). Theta values were negative for many 450 

provinces (37.5%, 31.3%, and 44.4% of provinces for yellowfin, bigeye, and albacore, 451 

respectively), which reflects increasing δ
13C values with decreasing δ15N values in these regions 452 

(Table S2).      453 

C:N values were generally low for yellowfin and bigeye tunas but higher and more 454 

variable for albacore tuna (Figs. 3-5). For yellowfin and bigeye, median values for all provinces 455 

were < 4 (4.5% lipid content), but several outliers (with median C:N values ~ 5, 8.5% lipid 456 

content) were observed in the western and central Pacific Ocean (WCPO) in the WARM 457 

province (Figs. 3,4). In the WCPO, similar outliers with elevated C:N values were present in the 458 

WARM (yellowfin) and NPTG (bigeye) provinces. For the Indian Ocean, yellowfin with 459 

elevated C:N values (C:N~4-5) were present in the MONS province (Fig. 3). Based on 460 

regressions of muscle C:N and lipid content, median values for yellowfin and bigeye correspond 461 

to < 3% lipid content. For albacore, the north Atlantic Ocean had the highest C:N values with a 462 

median value > 4.5 (6.5% lipid content) in the NADR and NECS and individual values as high 463 

as 8 (>17.7% lipid content). While the regional median C:N was < 3.9 (4.1% lipid content) for 464 

albacore in the ARCH and AUSE provinces of the Southwest Pacific Ocean, many outliers had 465 

elevated C:N between 4 and 6 (4.5% to 12.5% lipid content) (Fig. 5).  466 

 467 

3.3.  Model results 468 

 469 

The best model (i.e. lowest AICc value) for δ13CLScorr values of all species combined 470 

spatial, environmental, and year variables (DE% = 65.3% in yellowfin, 70.0% in bigeye, and 471 

80.7% in albacore) (Table S3). According to AICc, year was one of the best standalone 472 

predictive variables in all tuna species, with more negative δ13CLScorr values predicted in later 473 

sampling years with intercepts reached at 2006 or 2007 (Fig. 6). Spatial variables were also 474 

ranked highly for all species with an inverse relationship occurring between latitude and δ
13C 475 

LScorr values with higher values around the equator and lower values of δ13C LScorr at high latitudes 476 

(Fig. 6; Fig. S3). There were no clear relationships with longitude.  477 

Similarly, linear regressions of δ13CLScorr values with latitude expressed as distance from 478 

the equator all had significant negative correlations (Fig. S4; All tuna: R2=0.43; F1,4226=3152; 479 

p<0.001, yellowfin: R2=0.06; F1,1617=106.4; p<0.001, bigeye: R2=0.04; F1,932=36.5; p<0.001, 480 

albacore: R2=0.52; F1,1781=1781; p<0.001). The intercept of the best fit lines for all tuna 481 

combined was 5‰ above the intercept of modelled phytoplankton δ13C values while separation 482 

for individual tuna species were 5.5‰ (yellowfin), 5.2‰ (bigeye), and 3.8‰ (albacore) (Fig. 483 

S4). The slope of the best fit line for all tuna combined was -0.05 (‰ change in δ13C per degree 484 
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of latitude) relative to -0.08 for associated modelled phytoplankton. Yellowfin and bigeye best fit 485 

line slopes (-0.02) were similar to associated phytoplankton (-0.03 for both datasets) while the 486 

slope for the albacore best fit line (-0.05) was less steep than the associated phytoplankton 487 

baseline (-0.11). While all regressions showed a significant negative correlation between 488 

modelled phytoplankton δ13C values and latitude (P<0.001 for all comparisons), R2 values varied 489 

across datasets.  Lower values were observed associated with the sampling locations for 490 

yellowfin (R2=0.10) and bigeye (R2=0.13) while modelled phytoplankton δ13C values associated 491 

with the albacore dataset had an R2 of 0.82. 492 

For Δ13Ctuna-phyto, the full tuna dataset had a significant negative relationship with latitude 493 

(R2=0.09; F1,4232=443.5; p<0.001), but this relationship was mainly driven by albacore (R2=0.51; 494 

F1,1674=1778; p<0.001) (Fig. S4). For the tropical tunas, bigeye had a weak negative relationship 495 

(R2=0.01; F1,934=9.5; p<0.01) while yellowfin Δ13Ctuna-phyto was not correlated with latitude 496 

(R2=0.00; F1,1620<0.01; p=0.98) (Fig. S4). 497 

Smooth terms for most environmental variables were significant in all tuna species (Table 498 

S3). Oxygen concentration at depth was consistently the best ranked environmental model 499 

(according to AICc). For all species, predicted δ13CLScorr values declined after oxygen 500 

concentrations reached 4 mL L-1 (Fig. 6). The next best ranked environmental variable was SST 501 

with δ13Ccorr values predicted to increase at higher temperatures with the predicted intercepts 502 

reached at 25.8°C, 25.9°C, and 25.0°C for yellowfin, bigeye, and albacore, respectively (Fig. 6). 503 

DIso12 consistently showed a parabolic curve in which δ
13CLScorr values were highest at about 250, 504 

300, and 550 m depth for yellowfin, bigeye, and albacore, respectively. As Chl-a and NPP 505 

increased, δ13CLScorr values were predicted to increase in yellowfin and decrease in bigeye and 506 

albacore. Trends with MLD were less clear. 507 

Length was a less efficient predictor of δ
13C LScorr values in all tuna species, globally. 508 

Global patterns varied among species; decreasing in bigeye, increasing in albacore, and the trend 509 

unclear in yellowfin (data not shown).  510 

Model results of Δ13Ctuna-phyto were largely similar to those for δ13CLScorr values with the 511 

best models (i.e. those with the lowest AICc values) including oxygen at depth and the spatial 512 

and temporal variables (Fig. 7; Table S4). Predictive ability was slightly higher (DE% = 71.0% 513 

in yellowfin, 71.5% in bigeye, and 84.0% in albacore). For all tuna species, the most significant 514 

standalone variable was year followed by oxygen at depth. Annual changes in Δ13Ctuna-phyto closely 515 

matched corresponding δ13CLScorr patterns. Similar to δ13CLScorr, oxygen at depth was the best 516 

environmental variable; values of Δ13Ctuna-phyto declined with increasing oxygen at depth for all 517 

three species with the caveat that values then increased at highest oxygen concentrations (> 4 mL 518 

L-1) for albacore. Relationships between Δ
13Ctuna-phyto and SST were the inverse of corresponding 519 

δ
13CLScorr; Δ13Ctuna-phyto instead declined as SST increased. For latitude, Δ

13Ctuna-phyto increased in 520 

northern latitudes relative to the equator for all three tuna species. In southern latitudes, albacore 521 

Δ
13Ctuna-phyto showed a similar pattern while yellowfin and bigeye instead showed slight declining 522 

trends with distance from the equator (Fig. 7).   523 

The model predictive ability of C:N ratios was reasonably good for all tuna species (59.0 524 

to 65.0 DE%) (Table S5). The best model (i.e. lowest AICc value) for yellowfin and bigeye was a 525 

variable model that included year and the spatial variables while oxygen at depth was most 526 

influential for albacore (Table S5). 527 

 528 
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3.4.  Spatio-temporal patterns 529 

 530 

All tuna species showed strong spatio-temporal patterns of δ13CLScorr values with distinct 531 

geographical regions identified in the GAMM predicted and interpolated isoscapes (Fig. S3). 532 

Clear differences between the two selected time periods were observed with higher values 533 

predicted in the earlier (2000-2007) sampling years for each of the ocean basins. Largest 534 

temporal differences were observed in the Pacific Ocean and in the southwestern Indian Ocean. 535 

In both sampling periods, predicted δ
13CLScorr values were highest in the western central Pacific 536 

Ocean and lowest in the North Atlantic Ocean and southwestern Pacific and Indian Oceans for 537 

all tuna species. 538 

Predicted Δ13Ctuna-phyto varied spatially during both periods for the three tuna species (Fig. 539 

8). During 2000-2007, the most negative Δ
13Ctuna-phyto values, suggesting higher degrees of spatial 540 

movement, for bigeye and yellowfin were in the eastern tropical Pacific while albacore values 541 

were most negative in the southern sampling extent of our western and central Pacific dataset. 542 

During 2008-2015, bigeye and yellowfin data were only available for the Pacific and Indian 543 

Oceans, where most negative values occurred in the central Pacific. For albacore, most negative 544 

values were in the Northeast Atlantic region (Fig. 8).   545 

Maps of model predicted C:N values for each tuna species sampled over the study period 546 

showed few spatial gradients (Fig. 9). Yellowfin values were consistently low across ocean 547 

regions and sampling periods. Bigeye C:N values were low and uniform throughout much of the 548 

sampled area except for some elevated values in the central Pacific Ocean. For albacore, C:N 549 

values were highest in the Atlantic Ocean (Fig. 9).  550 

 551 

 552 

4.  Discussion 553 

  554 

An understanding of top predator movements and trophodynamics in the open ocean is 555 

crucial to informing stock assessments of commercially important species, and in predicting and 556 

determining shifts in a changing climate. Here we provide evidence of potential tuna movement 557 

and residency patterns, illustrating how spatial isotope analyses can provide insight into the 558 

habitat use of large migratory predators to directly inform conservation and management efforts. 559 

Given stable isotope theory, we assumed greater regional residency where the difference 560 

between corrected-tuna and model-derived phytoplankton δ13C values (Δ13Ctuna-phyto, ‰) was 561 

between -2 and -8‰. By correcting for known lipid and Suess effects and adjusting for baseline 562 

variability our study demonstrates a novel and rigorous approach employing tuna δ
13C values to 563 

reflect spatiotemporal changes in movement patterns at a global scale. Predictive models of 564 

Δ
13Ctuna-phyto values allowed us to determine which environmental variables were explaining 565 

observed temporal, spatial, and ontogenetic patterns in tuna foraging habitats. Combining 566 

baseline-corrected δ13C and δ15N data to calculate isotopic niche width allowed for further 567 

assessment of individual isotopic variability as an indicator of population dispersal across 568 

regional isoscapes. Assessing additional variability in percent lipid as derived from C:N values 569 

further assisted in understanding tuna movements and trophodynamics.  570 

 571 
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4.1.  Temporal, spatial, and environmental gradients 572 

 573 

Tuna δ13CLScorr values declined across sampling years for all three tuna species, despite 574 

correcting for Suess and additional climate effects on phytoplankton. The decline was continuous 575 

across sampling years for albacore while yellowfin and bigeye declines were slightly delayed 576 

until 2003 (Fig. 6). This observed decline was thoroughly explored using time-series analysis 577 

and theoretical modelling (Lorrain et al., 2020). Analyses by Lorrain et al., (2020) showed that 578 

our observed temporal declines are most likely due to temporal shifts in phytoplankton 579 

community structure and/or physiology that differ across ocean basins (greater temporal decline 580 

in tuna muscle δ13C in the Pacific than Atlantic and Indian Oceans).  581 

In general, phytoplankton and zooplankton baseline δ
13C values increase with increasing 582 

SST toward the equator (Magozzi et al., 2017; McMahon et al., 2013). Here we demonstrate 583 

similar patterns for three tuna species indicating, in agreement with previous literature (e.g. Bird 584 

et al., 2018a), that marine carbon isoscapes can be directly linked with top predators. Overall 585 

adherence to these latitudinal trends also suggests relatively constrained movements within the 586 

timescale of muscle isotopic turnover (months; Madigan et al., 2012) as foraging across a broad 587 

latitudinal gradient was expected to blur baseline differences in phytoplankton and zooplankton 588 

δ
13C values (exceptions discussed below). These baseline gradients would not be apparent in 589 

higher trophic level predators if e.g. the tuna sampled in the present study frequently traversed 590 

these latitudinal isoscapes within months prior to capture. A global analysis of shark muscle δ
13C 591 

values found a similar trend for sharks foraging in continental shelf, but not pelagic, waters (Bird 592 

et al., 2018a). Similar patterns have been documented for yellowfin and bigeye in the Pacific 593 

based on latitudinal gradients in bulk δ
15N values (Graham et al., 2010; Houssard et al., 2017; 594 

Olson et al., 2010). Popp et al. (2007) demonstrated that latitudinal patterns in yellowfin muscle 595 

bulk δ15N values were indicative of baseline effects based on amino acid stable isotope analysis 596 

(AA-SIA). Sharks inhabiting the continental shelf and the three tuna species included in our 597 

analysis—based solely on similarity in latitudinal trends in muscle δ13C and underlying baseline 598 

δ
13C values—appeared to have constrained movements. Mean δ13C differences between 599 

phytoplankton and all three tuna species (~5‰) were similar to the 4.6‰ global average 600 

difference reported for sharks (Bird et al., 2018a) and consistent with a presumed average tuna 601 

TP of 4.5 to 5.0 based on collective expected TDFs in the trophic pathway to tunas (Caut et al., 602 

2009; France and Peters, 1997; Hobson and Cherel, 2006; Madigan et al., 2012; Sweeting et al., 603 

2007) (Fig. 1). Preservation of latitudinal baseline δ13C gradients at the global scale is not 604 

surprising for yellowfin or bigeye as these tropical tunas tend to have mainly east-west 605 

movements and more constrained north-south movements in most of their global distribution 606 

(Evans et al., 2011; Fonteneau and Hallier, 2015; Schaefer et al., 2007; Schaefer and Fuller, 607 

2002, 2009).  608 

Species undertaking extensive north-south migrations would be expected to have only a 609 

weak or no correlation with latitudinal baseline values as foraging across different isoscapes 610 

should cause tissue δ13C values to reflect a mix of baseline values rather than solely the baseline 611 

of their sampling location. Open ocean shark δ
13C values, for example, did not closely match 612 

baseline latitudinal trends, which could be due to large scale movements and foraging across 613 

isoscapes and a consequent homogenization of latitudinal baseline values (Bird et al., 2018a). 614 

Albacore tuna are known or presumed to undertake long distance north-south migrations 615 

between foraging and spawning grounds (Nikolic et al., 2017; Williams et al., 2015) and 616 

therefore a similar homogenization and disassociation from baseline gradients was expected for 617 
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this species. While muscle tissue may not reach isotopic steady state at any given foraging 618 

ground for highly migratory species, some degree of resident feeding will reflect at least a 619 

fraction of the local δ13C baseline. Our assumption that muscle δ
13C values of highly migratory 620 

species would blur isotopic baselines due to feeding and movement across isoscapes may have 621 

been overly simplistic with regards to species with directed movements between spawning and 622 

foraging habitats. Tunas have been described as “energy speculators” that undertake long 623 

migrations in search of productive foraging grounds (Brill, 1996). Upon reaching a productive 624 

foraging ground, tunas would begin to incorporate local δ13C baseline values in their tissues. For 625 

example, Atlantic bluefin tuna are known to undergo extensive north-south migrations 626 

throughout the North Atlantic (Mather et al., 1995), but their mean muscle stable isotope values 627 

still reflect local isoscapes (Logan, 2009; Logan et al., 2015). However, individual isotopic 628 

variability is high, likely due to past migrations from different isoscapes and different arrival 629 

times to the areas of capture (Estrada et al., 2005; Logan et al., 2015). While albacore δ
13C 630 

values tracked baseline values across latitudes, further exploration of this relationship revealed 631 

that the rate of change for tuna δ
13C values was far less than that observed across the same 632 

locations for modelled phytoplankton and so the isotopic spacing between tuna and local 633 

baselines varied negatively with latitude (Fig. S4). This latter pattern is consistent with albacore 634 

retaining some baseline isotope values from prior north-south migrations; fish foraging in higher 635 

latitudes with lower baseline δ13C values would have positively biased separation from local 636 

baselines while fish foraging near the equator with elevated phytoplankton baseline values would 637 

be negatively biased from previous foraging in high latitudes. Yellowfin and bigeye muscle δ13C 638 

relationships with phytoplankton were instead closely linked, which is consistent with spatially 639 

constrained movements.  640 

The extent to which highly migratory predator muscle δ13C values will reflect isotope 641 

gradients is related to the duration of residency and feeding intensity within a given isoscape as 642 

well as tissue turnover rates. A fish would be expected to reflect local baselines if it remains 643 

resident in that region for a time sufficient for the sampled tissue to reach isotopic steady state. 644 

While migratory tunas may not reside and feed in any given area for a sufficient duration to 645 

reach isotopic steady state, muscle tissue from the relatively small (fork length ~ 80-90 cm) tunas 646 

sampled in our study should at least partly reflect local baselines given the elevated metabolic 647 

rates and regional endothermy attributes of these species (Dickson and Graham, 2004; Olson et 648 

al., 2016) and relationships between size, metabolic rate, and isotopic turnover rates (Thomas 649 

and Crowther, 2015; Vander Zanden et al., 2015). By contrast, pelagic sharks from the Bird et al. 650 

(2018a) analysis would presumably have slower isotopic turnover rates based on estimates from 651 

a representative shark species that exhibits ram ventilation (Logan and Lutcavage, 2010) and 652 

larger average size (178±61.0 cm TL) (Bird et al., 2018a, 2018b). These larger pelagic sharks 653 

with slower isotopic turnover rates would likely not reflect local baselines due to the mismatch 654 

between regional residency and isotopic turnover. For example, muscle δ15N values of shortfin 655 

mako sharks (Isurus oxyrinchus) of a similar size (178-232 cm FL) sampled in southern New 656 

England waters did not reflect known seasonal diet shifts and associated migrations between 657 

offshore and shelf waters (MacNeil et al., 2005). Shortfin makos are regional endotherms (Carey 658 

and Teal, 1969) with among the highest measured routine metabolic rates of any shark species 659 

(Sepulveda et al., 2007), so muscle tissue of other large pelagic sharks would also be unlikely to 660 

reflect local isoscapes from seasonal foraging grounds. These differences in size, metabolic rate, 661 

and associated isotopic incorporation rates may explain the disconnect from baseline trends for 662 
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pelagic shark δ13C values (Bird et al., 2018a) as opposed to the significant correlations observed 663 

in our tuna dataset.    664 

Our models showed that spatiotemporal patterns in tuna δ13CLScorr and Δ13Ctuna-phyto values 665 

were largely related to changes in oxygen concentrations at depth. The oxygen minimum layer 666 

was the most powerful environmental predictor of baseline-corrected tuna δ15N values for the 667 

same tuna sampled in this study (Pethybridge et al., 2018) of which tuna trophic position was 668 

shown to decline under reduced oxygen concentrations. Tuna δ13CLScorr and Δ13Ctuna-phyto instead 669 

generally increased under reduced oxygen conditions (Figs. 6 and 8). Therefore, relationships 670 

between tuna isotope values and oxygen at depth could be influenced by vertical δ13C and δ15N 671 

isoscapes since baseline δ
13C and δ15N values tend to decrease and increase with depth, 672 

respectively (Altabet et al., 1991; Miller et al., 2008; Richards et al., 2019). As the model-673 

derived phytoplankton δ13C values were based on surface waters, model corrections would not 674 

account for vertical baseline shifts. If declining trends in tuna δ13CLScorr and Δ13Ctuna-phyto values 675 

with increasing oxygen at depth are a result of vertical baseline differences, this relationship 676 

would suggest that tuna vertical feeding is influenced by oxygen concentration, which in turn 677 

would provide support for foraging habitat alteration with ocean warming. These relationships 678 

would be expected for yellowfin as this species is more vertically constrained and limited by 679 

oxygen concentrations (>3.5 ml O2 l-1 required; Brill et al., 2005). Bigeye instead routinely feed 680 

in the mesopelagic zone (Lam et al., 2014; Schaefer and Fuller, 2002), can tolerate low oxygen 681 

concentrations (< 1.5 ml O2 l-1; Brill et al., 2005), and thus would not be expected to vary 682 

foraging habitat across a higher oxygen concentration gradient. The decline in Δ13Ctuna-phyto with 683 

increasing dissolved oxygen concentrations at depth follows a steeper gradient for bigeye than 684 

yellowfin, which is consistent with bigeye only being impacted by the lowest oxygen 685 

concentrations (i.e. < 1.5 ml O2 l
-1) and yellowfin vertical distribution and foraging being 686 

influenced across a broader range of low dissolved oxygen values (i.e. < 3.5 ml O2 l
-1). Albacore 687 

tolerance of low dissolved oxygen is less than bigeye and similar to yellowfin (Arrizabalaga et 688 

al., 2015; Sund et al., 1981). While albacore δ
13CLScorr values decline with increasing oxygen at 689 

depth, the more parabolic Δ13Ctuna-phyto relationship with oxygen concentration may reflect 690 

combined influences of vertical δ13C baselines, trophic position, and body condition across 691 

different vertical foraging habitats (Table S5; Pethybridge et al., 2018). The apparent tracking of 692 

vertical δ13C baseline gradients in tuna muscle with oxygen concentration at depth suggests 693 

feeding at depth follows the relative physiological tolerances of these tuna species. 694 

Consequently, foraging habitat could be impacted by habitat compression resulting from the 695 

predicted expansion of the oxygen minimum layer with ocean warming (Oschlies et al., 2008; 696 

Stramma et al., 2012).     697 

 698 

4.2.  Spatial movement and population dispersal patterns 699 

 700 

While variability and uncertainty in trophic discrimination factors (TDFs) for tunas and 701 

underlying lower trophic level taxa limit our ability to interpret modelled differences between 702 

tuna and phytoplankton δ13C values, some general patterns emerged.  High Δ
13Ctuna-phyto values 703 

near or beyond the extremes of the range presumed based on trophic enrichment (-2 to -8‰) and 704 

high individual variability (≥3‰) provided evidence of potential movements and dispersal across 705 

isoscapes (Table 3). While trophic diversity cannot be completely ruled out as an alternative 706 

explanation for these patterns, Δ
13Ctuna-phyto values near or outside of our assumed -2 to -8‰ 707 

would require TDFs across trophic levels to be consistently at the higher or lower range of TDFs 708 
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expected for these species. The higher tuna-phytoplankton δ13C offsets observed in several 709 

regions could be the result of higher TDFs across trophic linkages in these food webs, but 710 

presuming tuna TPs of ~ 4.5, these greater offsets would require all trophic linkages to be 711 

enriched in 13C relative to diet by almost 2‰. Several controlled feeding studies have shown a 712 

positive relationship between fish muscle TDFs and temperature (Bloomfield et al., 2011; 713 

Martino et al., 2019), which could bias spatial trends in Δ13Ctuna-phyto values. However, Δ13Ctuna-714 

phyto values in our dataset were lower in the warmer SST regions near the equator relative to 715 

higher latitudes, suggesting factors other than TDF variability are driving these patterns. 716 

Similarly, variability in Δ13Ctuna-phyto values consistent with our “high dispersal” and “very high 717 

dispersal” classifications (Table 3) would require ≥ two trophic levels of dietary segregation 718 

among individuals in a given foraging  location over the timescale of muscle isotopic turnover 719 

(months), a degree of individual variability not consistent with past diet studies (Duffy et al., 720 

2017). Tuna size was not included in our best GAMMs (i.e. those with lowest AICc values), 721 

which, given that tuna diet and TP often vary ontogenetically (Olson et al., 2016), suggests 722 

observed δ13C variability was explained more by spatial baseline than trophic differences.   723 

Moderate to high degrees of movement were observed for all three tuna species in several 724 

regions of the Atlantic and Pacific oceans (Table 3). The elevated values relative to planktonic 725 

baselines are not all due simply to higher tuna TP in these regions, as corresponding TP 726 

estimates based on model-corrected δ
15N were actually below global mean estimates for most of 727 

the oceanic regions containing these Longhurst provinces (Pethybridge et al., 2018). Even with 728 

some degree of individual variability in TP and inherent variability in TDFs, the wide ranges of 729 

Δ
13Ctuna-phyto values observed in our dataset for certain regions exceeded expected ranges (3–4‰) 730 

and likely relate to movements across carbon isoscapes. Large isotopic ellipse areas and 731 

variability in baseline-corrected δ13C values further reflect movements across isoscapes as 732 

observed ranges would require trophic separation of greater than two trophic levels across 733 

individuals based on a presumed tuna δ
13C TDF of 1.8‰ (Madigan et al., 2012). This shows that 734 

our classification of both movement and dispersal based on baseline-corrected δ
13CLScorr values is 735 

a useful tool, particularly when combined with results from complementary global analyses of 736 

tuna stomach contents and trophic position and verified with existing tagging data. 737 

Moderate to high movement and dispersal were consistently reported among the tuna 738 

species within the WCPO. The WCPO is a large and dynamic area that includes both 739 

oligotrophic and nutrient-rich waters (Brown et al., 2014; Le Borgne et al., 2011) therefore both 740 

variable baseline-corrected δ13C and bioenergetic condition are consistent with movements and 741 

feeding across these differing water masses. High variability in the diet diversity and TP of these 742 

tuna species has been reported in this area (Duffy et al., 2017; Pethybridge et al., 2018), 743 

consistent with mixing across isoscapes. In addition, bigeye in the WCPO also showed high 744 

individual C:N variability (Fig. 4). Based on previous tagging studies within this region, bigeye 745 

undertake long distance movements (Fonteneau and Hallier, 2015; Schaefer et al., 2015), while 746 

yellowfin display higher residency, particularly in the WARM province (Rooker et al., 2016), a 747 

result similar to our study where yellowfin were assigned a classification of “low movement” in 748 

the same area (Table 3). Following model baseline corrections, δ13C values remained most 749 

variable for tunas in the WCPO, particularly the SPSG province for which albacore were 750 

classified as having “very high dispersal.” Phytoplankton carbon isoscapes are highly variable 751 

across this region of the Pacific (Magozzi et al., 2017) while particulate organic matter (POM) 752 

δ
15N isoscapes vary by as much as 10‰ (Houssard et al., 2017). Based on similarities in baseline 753 

POM and tuna δ15N isoscapes from the WCPO, Houssard et al. (2017) concluded that yellowfin 754 
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and bigeye had constrained movements within this ocean region. While latitudinal baseline 755 

isoscapes generally matched tuna δ
15N in Houssard et al. (2017) and δ

13C values in our study, 756 

individual variability within Longhurst provinces is sufficiently high for both δ13C and δ15N 757 

values to suggest a degree of mixing and foraging within the WCPO.  758 

Another pattern consistent among tuna species was moderate degrees of movement 759 

reported in the GFST province in the Northwest Atlantic Ocean based on tuna Δ
13Ctuna-phyto 760 

median values of -4 to -6‰. The GFST province borders southerly waters with zooplankton-761 

based isoscapes with higher δ
13C and lower δ15N values (McMahon et al., 2013). Electronically 762 

tagged bigeye have been shown to travel between the northern waters represented by our isotope 763 

dataset and more southerly waters extending as far south as the Brazilian shelf (Lam et al., 764 

2014). Recent movements from these southerly isoscapes would produce the elevated Δ
13Ctuna-765 

phyto and negative theta values observed in our dataset as well as lower TP estimates reported in 766 

Pethybridge et al. (2018).  767 

Only albacore were sampled from the NADR province in the Northeast Atlantic Ocean, 768 

of which the reported “high degrees of movement” agree with existing tagging data showing that 769 

albacore travelled to southerly and offshore waters mainly southwest off the Iberian Peninsula 770 

(Cosgrove et al., 2014). Zooplankton carbon isoscapes for this region are elevated relative to 771 

NECS and NADR waters while corresponding δ
15N isoscapes are fairly homogenous (McMahon 772 

et al., 2013). Similar to the elevated Δ
13Ctuna-phyto observed in GFST tunas, the elevated median 773 

Δ
13Ctuna-phyto observed for NADR albacore could be due to movements from these offshore waters 774 

with higher baseline δ13C values. Despite the elevated Δ
13Ctuna-phyto values, ranges of these values 775 

in addition to SEA values were more constrained suggesting fairly homogenous movements for 776 

these NADR albacore. Albacore diet diversity generally decreases with increasing latitude and so 777 

more constrained isotopic niches for this species in the Northeast Atlantic could be partly due to 778 

a corresponding lack of individual variability in diet in this region (Duffy et al., 2017). 779 

Yellowfin and bigeye sampled from the GUIN province in the eastern Atlantic had the 780 

highest estimated degrees of movement observed in this study, based on Δ13Ctuna-phyto values. The 781 

global model used for δ13C baseline corrections could potentially underestimate phytoplankton 782 

δ
13C near this coastal upwelling zone, which would result in artificially high estimates of 783 

Δ
13Ctuna-phyto values. Bigeye in the GUIN showed little Δ13Ctuna-phyto variability and tagging data 784 

have shown fairly constrained movements for this region (Carruthers et al., 2010), which further 785 

suggests the observed difference may not be indicative of movements across isoscapes. In 786 

contrast, yellowfin in the GUIN province had the greatest variability in Δ13Ctuna-phyto values 787 

(4.7‰) which corresponds to “very high dispersal” and high SEAc. While absolute baseline-788 

corrected δ13C values may be inaccurate due to modelling deficiencies, the high variability in 789 

estimates across individuals does suggest some influence of movement across isoscapes for 790 

yellowfin. Diet diversity is low for yellowfin in this and other coastal upwelling regions (Duffy 791 

et al., 2017), therefore wide isotopic niche space is not likely due to trophic diversity. Many 792 

conventionally-tagged yellowfin in the Atlantic travelled to the eastern central Atlantic Ocean 793 

(ECAO) region from distant waters in the western Atlantic and Gulf of Mexico while others 794 

displayed more localized movements within the ECAO (Carruthers et al., 2010). Yellowfin from 795 

the ECAO also showed a high degree of variability in estimated TP using baseline-corrected 796 

δ
15N (Pethybridge et al., 2018), which is consistent with influences of movements from different 797 

isoscapes combined with more constrained movements for other individuals within this region.  798 

Another consistent pattern among species was the classification of “limited movement” in 799 

the EAFR province in the coastal waters in the southwestern Indian Ocean. In fact, limited to low 800 
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degrees of movement were found for all tunas sampled in southwestern Indian Ocean provinces 801 

(ARAB, MONS, EAFR, ISSG). Limited tagging data exist for these provinces, but diet diversity 802 

and TP have been shown to be low for the same tuna species sampled in the present study (Duffy 803 

et al., 2017; Pethybridge et al., 2018). Levels of population dispersal and SEA values were also 804 

relatively low within the southwestern Indian Ocean, suggesting residency. 805 

 806 

4.3.  Condition 807 

 808 

Total lipid content is used as a proxy for bioenergetic condition and can reflect a 809 

requirement of energy for life history events such as reproduction or migration (Marshall et al., 810 

1999). For albacore, the higher and more variable lipid content likely reflects its migration range 811 

over a larger spread of latitudes than yellowfin and bigeye (Childers et al., 2011; Williams et al., 812 

2015). Albacore encounter a more diverse mix of both productive temperate waters with 813 

abundant, energy-rich prey as well as more oligotrophic waters in the tropics where prey is less 814 

abundant and lower energetic value (Duffy et al., 2017). As yellowfin and bigeye movements are 815 

more constrained latitudinally, they also forage in less productive waters. Albacore in the eastern 816 

North Atlantic undertake seasonal migrations to foraging grounds in the Bay of Biscay with 817 

muscle lipid stores increasing across the summer to fall foraging period (Goñi and Arrizabalaga, 818 

2010). Muscle lipid stores also increase with albacore size in the Bay of Biscay (Goñi et al., 819 

2011), with a peak at 80 cm FL followed by a declining trend (Goñi and Arrizabalaga, 2010). 820 

High but variable lipid stores in albacore sampled from the eastern North Atlantic Ocean (NAO) 821 

likely reflect this documented gradient as individuals were sampled across different sizes, 822 

months, and locations. Previous analyses of muscle lipid content in Pacific albacore found 823 

elevated values (13–19%) in fish sampled in higher latitudes (>40°N), a region not included in 824 

our analysis but consistent with the greater lipid stores observed for our most northerly samples 825 

in the Atlantic Ocean (Rasmussen et al., 2006). While the median value was low, many albacore 826 

sampled from the Southwest Pacific Ocean (SWPO) had elevated C:N values. Muscle lipid 827 

stores for albacore in this region vary with SST and like eastern Atlantic albacore (Goñi et al., 828 

2011) with length (Pethybridge et al., 2015a, 2015b). Lower lipid values in many SWPO 829 

individuals could relate to recent energy expenditures associated with long distance movements 830 

for reproduction. More detailed analyses of this broader SWPO region revealed spatial C:N 831 

gradients with highest values in the Tasman Sea and Central offshore bioregions as well as in 832 

inshore waters off the south-central coast of Australia, an area of higher productivity 833 

(Pethybridge et al., 2015b). Albacore in lower latitudes off New Zealand feed on energy-rich 834 

prey like krill and have elevated muscle lipid stores while albacore feeding in more tropical 835 

waters have a more diverse but less energy-rich diet (Williams et al., 2015) and correspondingly 836 

low muscle lipid stores (Fig. 9). As documented by Dhurmeea et al. (2018), albacore in the 837 

central and southwestern Indian Ocean had low muscle lipid content, which could relate to a 838 

capital-income breeder strategy in this region in which fish rely more on local foraging than 839 

stored energy from previous feeding migrations.  840 

Yellowfin and bigeye tunas in the Atlantic, Indian, and Pacific Oceans all have been 841 

reported to have low lipid content in white muscle tissue (<5%) (Aubourg et al., 1996; Medina et 842 

al., 1995; Peng et al., 2013; Sardenne et al., 2018, 2016; Zudaire et al., 2014). Elevated lipid 843 

stores were instead concentrated mainly in liver tissue in these species (Sardenne et al., 2018, 844 

2016; Zudaire et al., 2014). Some outliers with elevated C:N values may have been biased by 845 

sampling location. While some samples were identified as being taken from non-dorsal muscle 846 
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locations and consequently excluded from C:N analyses, sample location was not verified for all 847 

remaining samples. Some of the higher lipid content samples may have been derived from 848 

regions with higher lipid content than dorsal muscle in tuna (Balshaw et al., 2008). For albacore, 849 

the best model (i.e. lowest AICc value) included only dissolved oxygen (D.O.) at 375 m depth, 850 

and the deviance explained was high (65%), which could relate to differences in vertical 851 

distribution and associated dietary differences. Goñi and Arrizabalaga (2010) noted ontogenetic 852 

increases in vertical range in the water column and associated dietary differences as a possible 853 

explanation for observed pronounced seasonal changes in older (age 3 and 4 years) relative to 854 

younger albacore. Pethybridge et al. (2018) observed an increase in albacore TP in relation to 855 

D.O. at 375 m while C:N instead followed a declining trend, suggesting a possible reduction in 856 

foraging efficiency or prey quality for albacore feeding at higher TPs and/or at greater depths.   857 

 858 

4.4.  Caveats and Next Steps 859 

 860 

Regional estimates of tuna residency based on differences between tuna muscle and 861 

phytoplankton δ13C are limited by several sources of uncertainty and variability related to trophic 862 

and physiological processes. As δ
13C TDFs vary across taxa and environmental conditions 863 

(McCutchan et al., 2003), potential variability in tuna-phytoplankton Δ13C values is relatively 864 

high. Even fish held under controlled environmental conditions and fed a common diet have 865 

some degree of inherent variability in tissue δ
13C values (Barnes et al., 2008) that will contribute 866 

to uncertainty in relating individual isotopic variability to movement or other ecological 867 

processes. Thus, our resolution of residency evaluation is fairly coarse. The uncertainty 868 

considered in our analysis for δ13C spacing between local phytoplankton and tuna (~2-8‰) 869 

exceeds spatial isoscapes across our sampling regions. In addition to variability associated with 870 

TDFs for tunas and underlying food web components, TP of tunas, as generalist predators, will 871 

also vary across regions and size classes (Houssard et al., 2017; Olson et al., 2016), further 872 

contributing to variability in tuna-phytoplankton δ13C spacing unrelated to movement.  873 

Lipid biases on δ13C values were largely addressed using mathematical corrections rather 874 

than chemical extractions for our dataset, which can result in error (Abrantes et al., 2012; 875 

Sardenne et al., 2015). While our lipid-corrected δ
13C values were negatively related to C:N, this 876 

relationship did not persist for values that were both lipid and baseline corrected (Fig. S1) 877 

suggesting the former relationship was due to underlying negative relationships between tuna 878 

condition and baseline δ13C gradients rather than lipid bias. Indeed, albacore, the species with the 879 

highest muscle lipid content in our dataset (Table 1), had highest C:N values in regions with low 880 

baseline δ13C values (e.g. Northeast Atlantic) (Magozzi et al., 2017) and low C:N values in 881 

regions with elevated baseline δ
13C values (e.g. equatorial Pacific, Magozzi et al., 2017). The 882 

accuracy of lipid correction models largely relates to the similarity between the type of samples 883 

used to generate equation parameters and the dataset to which the equation is applied (Logan et 884 

al., 2008). Our samples were corrected using parameters that were tissue and genus specific, 885 

which were shown to give reliable predictions for yellowfin and bigeye tuna white muscle 886 

(Sardenne et al., 2015) and thus likely did not bias our δ13C analyses.   887 

Residency based on isoscapes is also relative to the proximity and magnitude of 888 

bordering isoscape gradients. Evidence of movement for all three tuna species in the WCPO 889 



21 

 

based on high Δ13Ctuna-phyto variability and wide isotopic niches is enhanced by the more distinct 890 

isoscapes in this region. Foraging and movements across isoscapes in this region are more easily 891 

detected and distinguished from more constrained variability potentially resulting from trophic 892 

differences, relative to other ocean regions with less pronounced isoscape gradients. 893 

Consequently, a carbon isoscape approach to estimating residency and movements of tunas and 894 

other highly migratory species may only be suitable for assessing movements across broader 895 

isoscapes much as isotope-based food web analyses are best applied in distinguishing among 896 

isotopically distinct prey (Fry, 2006). Potential applicability of isotope-based evaluations of 897 

movement would also be limited to cases where management zones occupy multiple isoscapes. 898 

Relatedly, the resolution of movement distance estimates will be limited to the spatial scale of 899 

bordering isoscapes. Relatively constrained movements could still impart high intraspecific 900 

isotopic variability if fish are foraging across the boundaries of bordering isoscapes.  901 

Additionally, temporal variability in baseline, lower trophic level, and tuna δ13C values 902 

relative to the timing of sampling can also influence residency estimates. Timing of sampling 903 

will influence the ability to detect any movements across isoscapes with declining detections for 904 

samples collected following greater durations of residency in a given region. Movements of prey 905 

species across isoscapes rather than movements of the tunas themselves could further impart 906 

observed individual variability in tuna δ13C values. Seasonal variability in baseline δ
13C values 907 

driven by changes in primary producer populations, blooms, or abiotic conditions (Goering et al., 908 

1990; Ostrom et al., 1997) could also impart variability in tuna δ13C values in the absence of 909 

movements across isoscapes.  910 

Finally, various model assumptions and an unbalanced sampling design also may have 911 

influenced our regional movement assessments. Our assessment of movement and dispersion 912 

assumed that the model is equally accurate across all Longhurst provinces, which is likely not the 913 

case. While a modelled carbon isotope baseline correction approach allows for evaluations of 914 

isotope patterns across isoscapes, modelled estimates are prone to biases, which potentially 915 

created unique values for our datasets in the GUIN province. Sample sizes also varied by species 916 

and Longhurst province, which would affect our dispersal classifications as range would be 917 

expected to increase with sample size. Dispersal estimates would be negatively biased for 918 

regions with more limited sample sizes. The model derived correction for the Suess effect also 919 

represents higher values than those reported in the literature, as it incorporates other climate 920 

effects on carbon isotope fractionation in the water column. More observations are needed to 921 

better validate the spatial and temporal changes of δ13CDIC and δ13CPOC over the global ocean to 922 

have better confidence in baseline variation corrections on tuna δ13C values. 923 

A variety of additional data as well as a more hypothesis-driven sample collection 924 

approach would further refine the general observations derived from the current study which 925 

took a meta-data analysis approach. A balanced sampling design across Longhurst provinces 926 

would aid in direct comparisons of movement and dispersal classifications across regions. 927 

Compound-specific stable isotope analysis (CSIA) is an emerging tool for distinguishing trophic 928 

and movement-based influences on bulk stable isotope values (McMahon and McCarthy, 2016; 929 

McMahon and Newsome, 2019) and smaller samples of AA- δ13C and δ15N data could be paired 930 

with larger bulk datasets like our tuna muscle dataset to further resolve trophic vs. movement 931 

influences on bulk patterns (e.g. Houssard et al., 2017; Popp et al., 2007). Inclusion of data from 932 

more rapid turnover tissues (e.g. liver) would also help define duration of residency through 933 



22 

 

comparisons with the slower turnover white muscle tissue used in our study and local baseline 934 

values (MacNeil et al., 2005; Sardenne et al., 2018). Comparing isotopic offsets between tissue 935 

types among individuals in a given region would provide another means of assessing 936 

homogeneity of movements and trophic status (Bean and Logan, 2019; Fry et al., 2003). Rapid 937 

turnover tissues would also more likely reflect local baselines and trophic information, 938 

consequently reducing potential biases of local baseline corrections for fish that recently 939 

migrated prior to sampling. Combining isotope data with other techniques (e.g. electronic 940 

tagging) or tracers (e.g. organochlorines, Dickhut et al., 2009; or mercury, Houssard et al., 2019) 941 

would also strengthen results. The current dataset could be better refined in future work using 942 

existing isotope or tagging data to develop a sampling plan more directly designed to quantify 943 

dynamics of residency, movements, and bioenergetic condition.         944 

 945 

 946 

5.  Conclusions 947 

 948 

Despite limitations associated with our dataset, our analysis was able to document several 949 

important spatial-temporal and environmental relationships. Our GAMM analyses showed large-950 

scale latitudinal gradients in tuna muscle δ
13C consistent with previously documented spatial 951 

variability at the base of these food webs. Preservation of these gradients at higher trophic levels 952 

is consistent with a general degree of residency within the carbon isoscape regions occupied by 953 

the tuna species in the present study, but a more detailed analysis is required to fully assess 954 

residency and movement across isoscapes. For example, while albacore muscle δ13C values 955 

preserved underlying latitudinal baseline patterns, the slope of δ13C change with distance from 956 

the equator differed from the underlying baseline suggesting some degree of mixing across 957 

isoscapes. High individual variability in δ13C spacing between phytoplankton and tuna muscle in 958 

several regions also suggested exceptions to the general residency pattern as observed variability 959 

(e.g. 5‰ for YFT in the WARM province) was likely due to mixing across isoscapes rather than 960 

any purely trophic differences. The WCPO showed particularly high variability in baseline-961 

corrected δ13C and wide isotopic niche space beyond what would be expected from trophic and 962 

inherent variability, reflective of movements across isoscapes in this region. Carbon, and through 963 

inclusion in isotopic ellipses, nitrogen stable isotopes of tropical and temperate tunas provided 964 

insight into both global and regional patterns of movements as well as biological, temporal, and 965 

environmental associations. Continued application of these approaches will contribute to our 966 

understanding of tuna movement and ecology as climate change continues to modify habitats 967 

(Erauskin-Extramiana et al., 2019) and underlying food webs (Le Borgne et al., 2011) for these 968 

mobile top predators.    969 
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Figure 1. Diagram of representative food chain with tuna occupying a trophic position of 5, showing 
upper and lower bounds of estimated Δ

13C between tuna and phytoplankton. The upper estimate 
(blue) assumes all trophic transfers impart a 2‰ increase in δ13C to the consumer, which translates to 
a Δ13Ctuna-phyto value of -8‰. The lower estimate (red) assumes all trophic transfers impart a 0.5‰ 
increase in δ13C to the consumer, which translates to a Δ

13Ctuna-phyto value of -2‰. The 0.5‰ and 2‰ 
trophic discrimination factor (TDF) estimates are based on the lower and upper ends, respectively, of 
reported TDFs for representative taxa in pelagic food webs that include tuna. Values in black are best 
estimates based on controlled feeding experiments on taxa representative of each trophic step: 
aFrance and Peters 1997; bSweeting et al. 2007; cCaut et al. 2009; dHobson and Cherel 2006; 
eMadigan et al. 2012). Phytoplankton and tuna images: Tracey Saxby, IAN Image Library 
(http://ian.umecs.edu/imagelibrary/). Zooplankton image: Jane Hawkey, IAN Image Library. 
Anchovy image: Dieter Tracey, IAN Image Library. Squid image: Jane Thomas, IAN Image Library.     

Figure 2. Map of Longhurst provinces and overlapping sampling locations for yellowfin, bigeye, and 
albacore tuna. See Supplementary Table S1 for code names and related sampling details.  

Figure 3. Boxplots of yellowfin tuna (A) lipid and Suess corrected carbon isotopes values of tuna 
(δ13CLScorr); (B) difference between lipid corrected carbon isotope values of tuna and model-derived 
Suess corrected phytoplankton carbon isotope values (Δ13Ctuna-phyto); (C) C:N ratios; and (D) standard 
ellipse area (SEA) as an indicator of isotopic niche area, for each Longhurst province (Table S1) in 
this study. Biome: C – Coastal, T – Trade wind; W – Westerly. For boxplots (A-C), the dotted line 
corresponds to the global median value, the black line is the region median, the shaded box includes 
the interquartile range (IQR), whiskers represent 1.5 IQR, and individual points are outliers outside 
of the IQR. For (B) the dark and light grey band highlight Δ13Ctuna-phyto values that fall between -4 to -
6‰ and -2 to -8‰, respectively (that define limited and moderate degrees of tuna movement; see 
Table 2). SEA density plots (D) represent the credibility intervals of the Bayesian SEA with shaded 
boxes encompassing the 50th, 75th, and 95th credibility intervals for each Longhurst province. Black 
circles and red x-marks represent the mode SEA and SEA corrected for small sample sizes (SEAc).     

Figure 4. Boxplots of bigeye tuna (A) lipid and Suess corrected carbon isotopes values of tuna 
(δ13CLScorr); (B) difference between lipid corrected carbon isotope values of tuna and model-derived 
Suess corrected phytoplankton carbon isotope values (Δ13Ctuna-phyto); (C) C:N ratios; and (D) standard 
ellipse area (SEA) as an indicator of isotopic niche area, for each Longhurst province (Table S1) in 
this study. Biome: C – Coastal, T – Trade wind; W – Westerly. For boxplots (A-C), the dotted line 
corresponds to the global median value, the black line is the region median, the shaded box includes 
the interquartile range (IQR), whiskers represent 1.5 IQR, and individual points are outliers outside 
of the IQR. For (B) the dark and light grey band highlight Δ13Ctuna-phyto values that fall between -4 to -
6‰ and -2 to -8‰, respectively (that define limited and moderate degrees of tuna movement; see 
Table 2). SEA density plots (D) represent the credibility intervals of the Bayesian SEA with shaded 
boxes encompassing the 50th, 75th, and 95th credibility intervals for each Longhurst province. Black 
circles and red x-marks represent the mode SEA and SEA corrected for small sample sizes (SEAc).        

Figure 5. Boxplots of albacore tuna (A) lipid and Suess corrected carbon isotopes values of tuna 
(δ13CLScorr); (B) difference between lipid corrected carbon isotope values of tuna and model-derived 
Suess corrected phytoplankton carbon isotope values (Δ13Ctuna-phyto); (C) C:N ratios; and (D) standard 
ellipse area (SEA) as an indicator of isotopic niche area, for each Longhurst province (Table S1) in 
this study. Biome: C – Coastal, T – Trade wind; W – Westerly. For boxplots (A-C), the dotted line 
corresponds to the global median value, the black line is the region median, the shaded box includes 
the interquartile range (IQR), whiskers represent 1.5 IQR, and individual points are outliers outside 
of the IQR. For (B) the dark and light grey band highlight Δ13Ctuna-phyto values that fall between -4 to -



6‰ and -2 to -8‰, respectively (that define limited and moderate degrees of tuna movement; see 
Table 2). SEA density plots (D) represent the credibility intervals of the Bayesian SEA with shaded 
boxes encompassing the 50th, 75th, and 95th credibility intervals for each Longhurst province. Black 
circles and red x-marks represent the mode SEA and SEA corrected for small sample sizes (SEAc). 

Figure 6. Relationships between predicted lipid- and Suess-corrected (δ13CLScorr) values of tunas and 
observations of standalone variables: year, latitude, oxygen at depth, and SST for (A) yellowfin, (B) 
bigeye, and (C) albacore tunas. The dashed horizontal red lines represent the intercept (or zero line) 
in each plot. The solid blue areas bracketing the response curves show the confidence limits of the 
model and are twice the standard error. 
 
Figure 7. Relationships between difference between lipid corrected carbon isotope values of tuna 
and model-derived Suess corrected phytoplankton carbon isotope values (Δ13Ctuna-phyto) and 
observations of standalone variables: year, latitude, oxygen at depth, and SST for (A) yellowfin, (B) 
bigeye and (C) albacore tunas. The dashed horizontal red lines represent the intercept (or zero line) in 
each plot. The solid blue areas bracketing the response curves show the confidence limits of the 
model and are twice the standard error. 
 
Figure 8. GAMM produced isoscapes of the difference between lipid corrected carbon isotope 
values of tuna and model-derived Suess corrected phytoplankton carbon isotope values (Δ

13Ctuna-

phyto) in (A) yellowfin, (B) bigeye, and (C) albacore tunas sampled between 2000 – 2007 and 2008 –
2015.  
 
Figure 9. GAMM produced isoscapes of C:N ratios representing condition of (A) bigeye, (B) 
yellowfin, and (C) albacore tunas sampled between 2000 – 2015. 
 
Figure S1. (A) Tuna muscle δ13C and (B) baseline-corrected δ13C (Δ13Ctuna-phyto) values (‰) in 
relation to bulk C:N values pre (green squares) and post (blue circles) mathematical correction for 
lipid content.   

Figure S2. Model-data comparison of δ13C of particulate organic carbon (POC) in the surface layer 
(0-50 meters) of the ocean: (A) Observations of δ

13C-POC in the data compilation from (Goericke 
and Fry, 1994), which were collected during 1970-1990; (B) Model δ13C-POC (Schmittner and 
Somes, 2016) averaged over the same time period (1970-1990) in a hindcast simulation  forced by 
observed increasing atmospheric CO2 and decreasing δ13CO2 (i.e. Suess effect) as described in 
Schmittner et al. (2013); and (C) δ13C-POC versus latitude of observations in the Atlantic (red 
squares), Pacific (green circles), and Indian (blue diamonds), along with zonally-averaged model 
simulations from 1970-1990 when the observations were sampled (solid line) as well as from 2000-
2009 (dotted line), which shows lower values due to the Suess effect. 

Figure S3. GAMM produced isoscapes of lipid and Suess corrected δ13C values (δ13CLScorr) in 
(A) yellowfin, (B) bigeye, and (C) albacore tunas sampled between 2000–2007 and 2008–2015.  
 
Figure S4. Tuna muscle (lipid and Suess-corrected) and modelled phytoplankton (Suess 
corrected) (A) δ13C values and (B) δ13C separation (Δ13Ctuna-phyto) in relation to distance from the 
equator.  

 



 

Table 1. Global observations of tuna number (n) per time period, length, δ13C 
values of tuna corrected for lipid content and the Suess effect (δ13Ccorr_tuna), and 
differences between δ13CLcorr_tuna and δ13C Scorr_phyto values (Δ13Ctuna-phyto), C:N ratio 
and lipid content. Mean ± standard deviations are indicated. Sample sizes in 
parentheses refer to C:N ratio and lipid content data. A breakdown of sample sizes 
by species and region, and associated references can be found in Table S1.   

Unit Yellowfin Bigeye Albacore 

2000-2007, n - 1118 (790) 561 (455) 343 (247) 
2008-2015, n - 503 (32) 378 (30) 1372 (651) 

Length cm 94.3±37.9 84.8±34.2 82.4±16.8 
δ

13CLScorr_tuna ‰ -15.7±0.9 -15.9±1.0 -17.2±1.0 
δ

13CLScorr_tuna min/max ‰ -19.3/-12.9 -18.4/-13.2 -20.0/-13.2 
Δ

13Ctuna-phyto ‰ -5.3±1.1 -5.0±1.1 -5.2±1.2 
C:N ratio - 3.6±0.3 3.5±0.3 4.1±1.1 
Lipid content % 2.8±1.0 2.6±1.2 4.8±4.3 

 



Table 2.  Summary of variables used in the global tuna analysis, based on δ13C values.  
Variable Definition Application 
δ

13CLcorr_tuna Tuna muscle δ13C values corrected for 
lipids by chemical extraction and/or 
mathematical correction or deemed to 
not require correction (i.e., C:N<3.5) 

Lipid corrected values to be 
normalized with baseline 
phytoplankton δ13C values for 
global tuna comparisons 

δ
13C Scorr_phyto Model-derived baseline phytoplankton 

δ
13C values corrected for the Suess 

effect 

Baseline correction for global tuna 
comparisons  

Δ
13Ctuna-phyto δ

13CScorr_phyto - δ
13CLcorr tuna Movement and residency 

classifications and isotopic niche 
calculations 

δ
13CLScorr Tuna muscle δ13C values corrected for 

lipids and the Suess effect 
Global tuna isoscapes 
 

 



 

Table 3.  Classification of spatial movement (or occupancy) and population dispersal in yellowfin, 
bigeye, and albacore tuna sampled in the different Longhurst provinces (Table S1) based on trends 
in Δ13Ctuna-phyto values presented in this study (Figures 2-3 B). Spatial movement is scaled from 0 
to 4 with 0: limited movement (median and range falls within -4 to -6‰); 1: moderate movements 
by some individuals (median within -4 to -6‰, with range within -2 to -4 or -6 to -8‰); 2: 
moderate movement (median within either -2 to -4 or -6 to -8‰ with range between -2 and -8‰); 
3: high degree of movement by some individuals (median within either -2 to -4 or -6 to -8‰, but 
range <-2 or >-8‰); and 4: high degree of movement (median is outside <-2 or >-8‰). 
Population dispersal was scaled from 0-4 with 0: no dispersal (range < 1‰); 1: low dispersal 
(range 1-2‰); 2: moderate dispersal (range 2-3‰); 3: high dispersal (range 3-4‰); and 4 very 
high dispersal (range >4‰). Blank spaces indicate areas where sample size was ≤ 5. Most limited 
(0) and highest (4) movement scores are highlighted in red and bold, respectively. Range 
corresponds to 1.5 of the interquartile range represented by the boxplot whiskers. 
   Spatial movement Population dispersal 
Ocean  Biome Longhurst 

Province 
Yellowfin Bigeye Albacore Yellowfin Bigeye Albacore 

Atlantic W MEDI   1   1 
Atlantic C NECS   2   1 
Atlantic C CNRY   1   1 
Atlantic C GUIN 4 3  4 1  
Atlantic TW ETRA 1 1  2 2  
Atlantic TW WTRA  0   1  
Atlantic TW NATR  0   1  
Atlantic W NADR   2    
Atlantic W GFST 2 2 1 1 2 0 
Atlantic W NASW 0 1 1 1 1 1 
Pacific TW SPSG 1 1 1 3 3 4 
Pacific TW PEQD 3 3  4 4  
Pacific TW PNEC 3 2  2 1  
Pacific C CCAL 2   0   
Pacific TW NPTG 2 1  2 3  
Pacific TW WARM 1 1 1 4 4 1 
Pacific TW ARCH 1 1 1 3 3 4 
Pacific C SUND 1   1   
Pacific W TASM   2   1 
Pacific C AUSE 1 1 0 3 2 2 
Indian TW MONS 1 1 1 2 1 0 
Indian W ARAB 1 0  2 0  
Indian TW ISSG   1   1 
Indian C EAFR 0 0 0 1 1 0 
Antarctic W SSTC   2   1 
Antarctic W SANT   2   2 
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