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Abstract :

Albacore tuna (Thunnus alalunga) is a highly economically important species in the western Indian Ocean.
However, knowledge of its ecological and nutritional characteristics, essential for proper management of
the species, is lacking in the region. The trophodynamics of the Indian Ocean albacore was thus examined
using known fatty acid trophic markers (FATMs) of primary producers, nutritional condition indices (NCIs)
(omega-3/omega-6 ratio and total fatty acid content (TFA)), and baseline and lipid corrected stable isotope
of carbon (613Ccorr) and nitrogen (815Ncorr), measured in the muscle tissue. We applied generalized
additive mixed models to understand the spatiotemporal patterns and drivers of these tracers, taking into
consideration several intrinsic and extrinsic variables: fish size, fishing position, month, chlorophyll-a and
sea surface temperature (SST). Both chlorophyll-a and SST were significant as single explanatory
variables for all tracers with SST being the best predictor for docosahexaenoic acid/eicosapentaenoic
acid ratio, the omega-6 protists FATM, omega-3/omega-6 ratio and 815Ncorr. TFA was best predicted by
fish size only. The best model for §13Ccorr for males included fishing position only while that for females
included fish size, fishing position and month. Higher primary productivity, as inferred by high 613Ccorr
values and diatom contribution, nutritional condition and trophic position, as inferred by high 815Ncorr
values, were observed in albacore from the temperate southern waters than in the northern tropical
regions. Relationships between environmental variables and corrected stable isotopes, FATMs confirm
that ocean warming and changes in primary productivity will impact nutrient flow and energy transfer in
the marine food web which may have negative nutritional outcomes for albacore. This knowledge is
particularly crucial in areas where oceanographic conditions and seawater temperatures are changing at
a fast rate and should also be taken into consideration by fisheries managers.
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Highlights

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

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

an ecosystem approach to fisheries management (Sinclair et al., 2002).

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

projected ocean warming and shifts in primary producer communities, known as tropicalization, is likely to
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adversely affect the supply and availability of essential fatty acids and thus the dietary intake and nutritional

condition of albacore, especially in temperate waters.

SI of carbon (3'°C) and nitrogen (5"°N) vary among organisms as a result of the selective retention of heavier
isotopes and excretion of the lighter ones obtained from the diet (Das et al., 2000). Past trophic studies
demonstrated that 8**C and 8N values of primary producers are expressed in consumers that inhabit regions
longer than their tissue isotopic turnover rates (Lorrain et al., 2015; Olson et al., 2010). 3"°N values typically
depicts enrichment (3-4%o.) from one trophic level to another (Popp et al., 2007) and are useful in the estimation of
trophic position (TP) of consumers within a food chain (Post, 2002). On the other hand, 5'*C values are close to
the diet of an organism and are conservative throughout trophic levels with small variations (around 1%o) between
diet and consumer (Das et al., 2000). "3C values are useful in distinguishing between the lower or higher-latitude
plankton, and pelagic or benthic contribution to food intake (Hobson et al., 1994; Smith et al., 1996). However,
the use of Sls to evaluate the trophic dynamics of consumers from various geographic areas may be limited by the
variation of seawater isotopic composition which is in turn influenced by the local physical and chemical
processes (Vander Zanden and Rasmussen, 1999). This may therefore lead to elevated isotopic variability of
primary producers which are at the base of the marine food web. The estimation of TP requires that this
variability be taken into account as the natural range of seawater nitrogen isotopes (around 0-12 %) is higher than
the increase per TP (Somes et al., 2010). One way to overcome this is by adjusting the Sl values of consumers by
that of the primary producers such as phytoplankton (Post, 2002). This adjustment has been applied to both §°N
values (Pethybridge et al., 2018; Young et al., 2015) and §*3C values (Logan et al., in press) for the examination

of large-scale spatial patterns in the trophic structure of marine ecosystems of marine predators.

Whilst the trophic dynamics of albacore have been extensively studied in other regions, little information is
available for the Indian Ocean. In the western Indian Ocean, most of the top predator trophodynamics studies
undertaken were focused on tropical tunas such as yellowfin (Thunnus albacares), skipjack (Katsuwonus pelamis)
and bigeye (Thunnus obesus) tunas, and swordfish (Xiphias gladius) (Ménard et al., 2007; Sardenne et al., 2016;
Zudaire et al., 2015). Here, for the first time, using known trophic tracers (SIs, FATMs, NCIs) from previous
studies (Parrish et al., 2015; Pethybridge et al., 2015a, 2015b), we examine the trophodynamics of albacore
caught in the western Indian Ocean in relation to their biology and environmental variability, and discuss the
potential nutritional and ecological implications of a changing climate. More specifically, we use neutral fatty
acids (NFAs), which are derived from storage (i.e., neutral) lipids and are subject to only slight modifications
from prey to predator, in comparison to structural fatty acids (Robin et al., 2003). Using an ocean circulation-
biogeochemistry-isotope model, baseline isotopic variability was adjusted for 8*°N and 8**C Sl values to examine
albacore TP and the carbon sources, respectively. As both Sls and fatty acids have their strengths and limitations

(El-Sabaawi et al., 2009), combining both trophic tracers produces a more robust picture of the trophodynamics.

2. Materials and Methods
2.1. Field sampling
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Albacore was sampled in five different regions in the western Indian Ocean from 2013 to 2015 (Fig 1). Fish from
the waters of Seychelles (region A) (June-July 2013, April 2014) and Mozambique Channel (region B) (April
2014) were caught by commercial purse-seiners landing in Seychelles and were sampled during processing.
Albacore caught by purse-seiners had been stored frozen onboard. All the albacore from Mauritius waters (region
C1) were caught by professional artisanal fishermen along the coast of the island using vertical longlines. Samples
from region C1 were caught during several periods throughout the year: January-February, May-June and
November-December 2014, and January 2015. Albacore in the waters of Reunion Island (region C2) were
sampled at sea onboard a commercial longliner chartered in November and December 2013 and from longliners
targeting swordfish from May to July 2014. The tuna samples were kept chilled onboard the fishing vessels
during the two-week fishing campaign. Albacore from the South African waters (region D) were sampled from
November to December 2013 and from April to May 2014. The fresh samples from region D were obtained partly
from the catch landed by the commercial pole-and-line fishing boats and at sea by observers. All sampling on land
was conducted at processing plants except for those caught by the artisanal fishermen in region C1 which were
sampled directly at fish landing sites. Fresh samples were also thus obtained through this artisanal fishery. No
ethical approval was required as all fish sampled were dead by sampling time. Samples for NFA analyses
excluded samples for region C1 as these were subject to a different fatty acid extraction methodology for another
study (Dhurmeea et al., 2018). For each fish, the projected straight distance from the tip of the upper jaw (snout)
to the fork of the tail (fork length; Lr, cm) and pectoral length (cm; projected straight distance measured with a
caliper between the cranial insertion of the pectoral fin and the fork of the tail) were measured. The weight of the
viscera, gonads and the total fish weight (kg) were also recorded. Somatic-gutted weight (Ws, kg) was calculated
as total fish weight (kg) minus visceral and gonadal weights. When Lg was unavailable but pectoral length was
known, an estimated Lr was used (i.e., for regions A, C1 and C2) by using length-length linear regressions
estimated by Dhurmeea et al. (2016a). Sex of individual fish was determined by macroscopic examination of the
gonads. Tissue samples of around 2 g (wet weight, ww) were collected from the white muscle (on the dorsal part
of the head) and stored frozen at -80°C for subsequent biochemical analyses. Fishing date and position were
obtained from the fishing vessels and artisanal fishermen.
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Fig 1. Map of the western Indian Ocean showing positions of sampled albacore tunas by region and gear. Region
A: Seychelles waters, region B: Mozambique Channel, region C: Mauritius (C1, blue) and Reunion Island (C2)
waters, and region D: South Africa waters. Black crosses: pole-and-liner (PL), grey triangles: purse-seiner (PS),
blue dots: coastal fishermen operating in region C1 using longlines (LLCO), grey crosses: longliner (ELL)

operating in region C2. Regions are separated by grey dotted lines. (Color to be used in print)

2.2. Analysis of trophic tracers

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

analyses and thus a total of 20 NFAs were analyzed.

The lipid-free samples obtained using the above extraction method were analyzed for *3C and §"°N using a Delta
V Advantage isotope ratio mass spectrometer interfaced to a Flash EA 1112 elemental analyzer (Thermo
Scientific) following the method by Sardenne et al. (2015). Muscle tissue samples from 313 fish (226 male and
274 female) were analyzed for corrected Sls.

Albacore of variable size range were sampled (L 76-118 cm, Ws: 8.43- 28.6 kg for NFA samples and Lg: 74-118
cm, 7.39-28.6 kg for Sl samples).

2.3. Stable isotope analysis and estimation of trophic position

Phytoplankton 8°N and 8"*C values were estimated using a model of biogeochemical isotopes (Somes et al.,
2017). Baseline corrections from year 2000 of a hindcast simulation include increasing atmospheric CO, and
decreasing 8*CO, (i.e. Suess effect). The model comprises a three-dimensional (1.8° x 3.6° x 19 vertical levels)
ocean circulation model forced with fixed monthly climatological winds (Weaver et al.,, 2001). The
biogeochemical component includes 2 nutrients, 2 phytoplankton, 1 zooplankton, sinking detritus, dissolved
oxygen and inorganic carbon, alkalinity, and 8**C (Somes and Oschlies, 2015). The S| adjustments were then
applied by subtracting the modeled phytoplankton §°C and &°N values from that of the muscle tissue of

individual fish, following Pethybridge et al. (2018). Thus, using the equation by Post (2002), TP was estimated as:
6
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TP =

where §°Na.g is the 8N, of individual fish, 8Ny is the model predicted phytoplankton value and TEF is
the trophic enrichment factor (TEF). We employed a TEF of 2.4%o following methods of Olson et al. (2010) and
Lorrain et al. (2015), applied to yellowfin tuna muscle tissue. The baseline trophic position (TPyase) Was set at 1 as

phytoplankton form the base of food webs.

2.4. Fatty acid trophic markers and nutritional condition indices

Known FATMs, distinctive of primary producers, were used based on the proportion and ratio of these fatty acids
in the tissue of male albacore: detritivorous and grazing primary consumers which include long-chain PUFA
protists (20:4w6 + 22:5w6 + 22:406) (Dalsgaard et al., 2003; Parrish et al., 2012), and the ratio of DHA/EPA
which was used to discriminate between a food web based on dinoflagellate (high DHA) versus diatom (high
EPA) (Parrish et al., 2015). Both the summed individual fatty acids and DHA/EPA have been shown to be
connected to the spatial distribution of fatty acids in albacore tuna (Parrish et al., 2015). The authors also
identified other fatty acids indicative of a dinoflagellate (higher 20:4w6 (arachidonic acid, AA) and 22:5w6)
versus diatom (higher 18:1w7 and 16:1w7) food web. The calculated ratio of ®3/w6 and total fatty acid content
(TFA, % of tissue ww) (Parrish et al., 2015; Pethybridge et al., 2015a), which has a positive linear correlation with
lipid content (Parrish et al., 2012), were used as nutritional condition indices (NClIs). Larger values of these NCls
indicated better fish nutritional condition (Loef and Walach, 2013).

2.5. Environmental variables

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

2.6. Data analysis

Based on the minimum length-at-maturity of albacore in the Indian Ocean (Dhurmeea et al., 2016b), fish were
classified as either small and immature (Wg <16kg and Lg <94 cm) or large and mature (Wg >16 kg and/or Lg > 94
cm). Most small albacore were encountered in region D (n = 173) with a small proportion also being caught in
regions A (n = 6), B (n = 1) and C2 (n = 3) for which corrected Sls were analyzed. With regards to the fish for

which NFA analysis was made, region D was the only region where small fish were encountered. In addition, in
7
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the western Indian Ocean, the monsoon circulation largely influences the oceanographic conditions and biological
productivity (Schott and McCreary Jr., 2001), which in turn affects the prey of large pelagic predators such as
tunas (Vipin et al., 2012). Thus, the following four distinct seasons were taken into consideration in our analyses:
the North-Eastern Monsoon (NEM, from mid-November to mid-March), Spring Inter-Monsoon (SIM, from mid-
March to mid-May), South-Western Monsoon (SWM, from mid-May to mid-September) and Autumn Inter-
Monsoon (AIM, from mid-September to mid-November). Fish from regions A and B were caught only during
SWM and SIM. In regions C1 and C2, fish sampled were captured during AIM, NEM and SWM. In region D,
fish were caught in AIM, NEM and SIM.

Using Spearman’s ranked correlation, the relationships between NFA and Sl trophic tracers were investigated.
We also used permutational multivariate analysis of variance (PerMANOVA) to examine the NFA profile of male
albacore muscle tissue and to identify potential interactions between region and season, region and L¢. Since the
NFA data included small fish originating from region D only, analysis of FATMs and NClIs was carried out by
regional group (regions A, B, C2, large albacore from region D and small albacore from region D) using analysis
of co-variance (ANCOVA). The variations in corrected Sl of carbon (8"*Cer) and nitrogen (8*°*No) were
analyzed between the five regions (A, B, C1, C2 and D) using analysis of variance (ANOVA), followed by post-
hoc Tukey tests. Interactions between region, size class, sex and season were first analyzed prior to the selection
of the best ANOVA model for the corrected Sls in the muscle tissue. The results of the interaction between region

and season were interpreted carefully because sampling was unbalanced between season and region.

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

distance matrix.

2.7. Modeling

Using the gamm4 (Wood and Scheipl, 2017) package in R, we conducted generalized additive mixed models
(GAMMSs; Wood, 2006) to identify the best predictors for FATMs, NClIs and corrected Sl values in the muscle
tissue of albacore. Different models incorporating biological (L), geographical position (latitude and longitude)
and environmental parameters (SST and Chla) were tested. Lr was included to account for the spatial distribution
pattern of different-sized individuals, which is characteristic of albacore tuna. The fishing "sites" within each
sampling region, were used as random intercept in the models to account for spatial variation unexplained by the
main effects. SST and Chla were separated in the GAMM s because of colinearity (R* = 0.51, P < 0.0001). Time
(month) was also included in the models to account for seasonal variation. Different combinations of the variables
were then modeled and the best model was identified based on the minimal Akaike Information Criteria (AIC;
Burnham and Anderson, 2004) using the AlICcmodavg package. The performance of each model was tested using
standard diagnostic check on the residuals of the model. Since ANOVA showed that sex had a significant effect

on 8*C..,ry GAMM s for this variable were run for males and females separate.
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All GAMMs and statistical analyses were conducted on arcsine root squared transformed NFAs for normality and
homoscedasticity (Underwood, 1997), except for the calculated ratios, corrected Sls and TP which did not

necessitate transformation.
3. Results

Spearman’s ranked correlation revealed highly significant negative correlations between DHA/EPA and both
corrected Sls (p values for §"*Cgor = -0.75 and 8°N¢,rr = -0.72, both P < 0.0001) and NCls (p values for ©3/m6 = -
0.42, P <0.01, and TFA = -0.82, P < 0.0001) (Fig 2). Likewise, significant negative correlations were observed
between 6 protists FATM and both corrected Sls (p values for 8**Ceo = -0.66 and 8N, = -0.72, both P <
0.0001) and NCils (p values for ®3/w6 = -0.67 and TFA = -0.74, both P < 0.0001). However, significant positive
correlations were found between NCIs and corrected Sl values: §=Ceyyr (p values for ®3/w6 = 0.44, P < 0.01, and
TFA =0.68, P < 0.0001) and 8"*Nor, (p values for ®3/w6 = 0.61 and TFA = 0.79, both P < 0.0001).

(a) (b)
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Fig 2. Plots of docosahexaenoic acid/eicosapentaenoic acid (DHA/EPA) with (a) corrected stable isotopes of
carbon (8"3Ceqrr, %o; White circles) and nitrogen (8"°Nor, %o; dark circles), and (b) nutritional condition indices
(omega-3/omega-6 polyunsaturated fatty acid (03/w6 PUFA): white squares and arcsine-transformed total fatty
acid content (TFA), % wet weight: dark squares) in the muscle of male albacore tuna from the western Indian
Ocean. Dashed and solid lines in each plot represent relationships for white and dark-colored symbols,
respectively.

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

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

albacore from region D (Table 1). Moreover, ANCOVA identified significant differences in albacore NFA profile
9
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between different regions such as 18:1w7 and 16:1w7 which were significantly higher in fish from Region D
while DHA, AA and 22:506 were significantly higher in fish caught in the other regional groups (Table 5.1; all P
< 0.05).

Table 1. Sample sizes, season and mean = SD results of biological and neutral fatty acid data (as % of total fatty
acids) for muscle tissue from large and small male albacore tuna collected from different regions from 2013 to
2014 in the western Indian Ocean. Regions A: Seychelles waters, B: Mozambique Channel, C2: Reunion Island,
and D: South Africa. n: number of individuals, Lg: fork length (cm), Ws. fish somatic-gutted weight (kg), NEM:
north-eastern monsoon, SIM: spring inter-monsoon, SWM: south-western monsoon, AIM: autumn inter-
monsoon, SST: daily sea surface temperature (°C), Chla: daily chlorophyll-a (mg m™®), EPA: eicosapentaenoic
acid; DHA: docosahexaenoic acid; AA: arachidonic acid, o: omega, SFA: saturated fatty acids, MUFA:

monounsaturated fatty acid, PUFA: polyunsaturated fatty acid, LC: long-chain, TFA: total fatty acids (% weight).

Fish size Large Small
Region A B C2 D D

n 8 5 19 7 15

Le 100.9+2.2 96.0+4.6 106.3+3.5 106.9+6.4 84.8+5.3

Ws 23.9+1.2 20.6+4.5 24.6+2.3 23.1+3.2 11.1+1.8
Year 2014 2014 2013 to 2014 2014 2013 to 2014
Season SIM SIM ?WMNEM’ SIM ’QI'I\'\/’I" NEM,
Latitude (°E) 9.5 -25.6 -22.1t0-21.3 -34.4 10 -34.0 -35.2 t0 -34.0
Longitude (°S) 53.2 41.6 54.5 to 56.4 17.8t0 18 17.8t0 18.6
SST 28.8+0.0 25.4+0.0 26.3+0.4 18.6+1.2 19.60.7
Chla 0.10.0 0.1+0.0 0.1+0.0 1.2+0.7 0.620.6

14:0 0.4+0.3°-PM 0.2+0.2P-PM 0.8+0.7°-PM 2.6+1.6"BC 2.7+2.2ABC
15:0 0.3+0.2 0.2+0.2 0.4+0.3 0.6+0.3 0.5+0.2

16:0 19.4+13.0°-PM 11.6+3.3°-PM 21.1+7.6°- 33.4+4 2ABC 28.0+3.9%F
17:0 0.8+0.4° 1.2+0.4 1.4+0.4"P- 1.0+0.3¢ 1.2+0.2

18:0 15.9+5.4<PL-PM 19.2+45.2¢PLOM 10.5+3.2"8 8.9+2.1"B 10.0+4.178
20:0 0.4+0.2°" 0.60.2°" 0.5+0.2°" 0.1+0.14B<PM 0.4+0.2°"
22:0 0.4%0.2 0.45+0.2 0.3+0.1 0.4+0.2 0.3+0.3
Y'SFA 38.0+9.7 33.5+4.2°- 35.4+8.9°-PV 47.245.6%° 43.3+6.0°
16:1w7 0.940.9%P-PM 0.440.2¢P-PM 2.3+1.1ABDPLOM 4.5+1.2°B¢ 5.1+1.74B¢
17:107 0.5+0.2 0.4%0.2 0.60.2 0.50.2 0.5+0.1
18:1w7 1.740.23%PL-PM 2.1+0.4P-PM 2.4+0.47P-PM 3.1+0.3ABCOM 4.1+0.87BCOL
18:109 10.6+2.8%P-PM 10.9+3.2P+ 15.7+2.47BPLDM 93 943 pABC 23.3+3.9"BC
20:1w9 1.2+0.3°M 1.8+0.6"- 1.9+0.5P-PM 1.2+2.0BCPM 3.3+0.7A4C Pt
24:109 1.2+0.5° 2.1+0.6™P- 0.9+0.4° 0.60.1%° 1.4+0.6°-
YMUFA 16.0+3.3°P-PM 17844 6CP-PM 23843 1ABPLPM 33 747 9ABC 37.7+4.3*BC
18:206 0.9+0.5°" 1.0+0.5°- 0.8+0.1°" 0.3+0.4"B<PM 0.8+0.4°"
18:4»3 0.2+0.1 0.3+0.2 0.2+0.1 0.1+0.2°M 0.4+0.3°"
20:406 (AA) 2.8+0.6°-PM 3.7+0.9%P-PM 2.4+0.6°P-PM 0.4+0.3%B¢ 0.7+0.47B¢
20:503 (EPA) 3.5+1.0 4.5+0.7 4.7+0.9 4.2+1.6 3.9+2.0
22:503 1.0+0.4°-PM 1.0+0.3°P-PM 1.1+0.5P-PM 0.1+0.2"B¢ 0.4+0.4"B¢
22:5w6 1.940.7°-PM 2.3+0.6°-PM 1.7+0.7°-PM 0.3+0.2°B¢ 0.2+0.14B¢
22:603(DHA) 32.7+8.2P-PM 32.2+7.0°-PM 27.8+7.5P-PM 12.4+2.94BC 11.0+4.37BC
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YPUFA 45.9+11.1°-PM  48.34+8.4P-PM 40.8+9.4°-PM 19.0+4.9%BC 18.9+7.4"BC
3 38.6+9.5°-PM 39.1+7.5P-PM 34.7+8.4P-PM 17.4+4.34B¢ 16.4+6.7°BC
6 6.9+2.1°-PM 8.6+1.5°-PM 5.8+1.4P-PM 1.3+0.94B¢ 2.1+1.04B¢
©3/w6 5.8+1.0°" 4.6+0.8°" 6.1+1.2°" 18.6+8.74BCOM 9.1+4.4°"
DHA/EPA™ 9.3+1.38CPLDM 7 141 pADLDM 5.9+1.14P-PM 3.3+1.3#BC 3.1+0.9*BC
TFA 1.7+40.5¢P-PM 2.9+0.9°-PM 6.2+3.1P-PM 15.0+6.24B¢ 21.8+8.4"BC
6 LC-PUFA? 5.0+1.3°-PM 6.3+1.3°-PM 4.2+1.2P-PM 0.7+0.4"BC 0.9+0.6"BC

Superscripts indicate the following:
- Fatty acid trophic markers (FATMs): FD — dinoflagellate versus diatom, P — w6 protists
- Significant differences (P < 0.05) between regions: A - different from region A; B - different from region B, C -

different from region C2; DL and DM - different from large and small albacore from region D, respectively.

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

inter-monsoon, autumn inter-monsoon), fork length (L) and their interactions when possible.

Factors df SS MS  Pseudo F R? P value
Region 3 0.44 0.15 26.62 0.54 0.001
Le 1 0.03 0.03 5.23 0.03 0.008
Season 3 0.07 0.02 4.35 0.09 0.002
Region*L 3 0.03 0.01 1.90 0.04 0.062
Region*Season 1 0.02 0.02 3.07 0.02 0.030
Residuals 42 0.24 0.00 0.28

Total 53 0.83 1.00

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

Significant regional differences were observed for DHA/EPA (F 46 = 50.6, P < 0.0001) and w6 protists FATM
(Fa6) = 77.6, P < 0.0001) (Table 1) which were lowest in fish from region D, compared to the other regional
groups. Significant opposite regional differences were observed in TFA (1.0-37.6% ww) (Fua6 = 43.2, P <
0.0001) and ®3/w6 (Fu4 = 15.1, P < 0.0001) whereby higher values were observed in albacore caught from

region D, especially in the larger fish for ®3/m6.

No significant seasonal variations were found for DHA/EPA, w3/w6 and TFA (all P > 0.05). Seasonal variations
were observed for w6 protists FATM which had higher values during the seasons NEM (3.45 + 1.68) and SIM
(3.45 £ 2.52) compared to AIM (1.14 + 1.79).

Apart from the FATMs, we also observed significant variations in the proportions of total saturated fatty acids

(>SFA) (Fu46 = 5.89, P < 0.001), total monounsaturated fatty acids (3 MUFA) (F4 = 77.0, P < 0.0001) and

Y PUFA (Fa46 = 33.5, P < 0.0001) (Table 1). Whilst the proportion of 16:0 was significantly higher in large

albacore from region D compared to the other regional groups, lower proportions of 18:0 occurred in the tissues
11
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with increasing latitude, from regions D to A. An increasing trend in > MUFA was observed with decreasing
latitude, from regions A to D, mainly due to variations in the proportion of 18:109 and 16:1w7. In contrast, the

proportion of Y PUFA decreased with latitude, mostly in response to reduced proportions of DHA in the tissue.
3.2.  Variations of stable isotopes in albacore tissue

Albacore 3"C.,; and 5N, Vvalues varied significantly between region, size and season (Tables 3 and 4).
Significant interactions were observed between region and size, and sex and season for 8°C,, and between
region and size for 5Ny In the muscle, §"°C, varied from 3.39%o to 7.45%o (average: 5.11 + 1.01%o) and
8"Neorr values ranged from 7.79%o to 11.80%o (average: 9.88 + 0.88%o). Modeled phytoplankton 8*C values
ranged from -23.8%o to -21.5%o (average: -22.57 = 0.99%0) while "N values ranged from 2.16%o to 3.57%o
(average: 2.95 + 0.40%o).

Table 3. Sample sizes, season and mean * SD results of biological, environmental, trophic position (TP), carbon
and nitrogen stable isotope values for phytoplankton (5"°Cpny and 8"°*Nppy, %0), and uncorrected (5"°C and 5™N,
%0) and corrected carbon and nitrogen stable isotope values (813CCOrr and 8"Ngorr, %o) in the muscle tissue of
albacore tuna collected from different regions from 2013 to 2015 in the western Indian Ocean. Regions A:
Seychelles, B: Mozambique Channel, C1: Mauritius, C2: Reunion Island and D: South Africa. n: number of
individuals, Lr: fork length (cm), Ws. fish somatic-gutted weight (kg), NEM: north-eastern monsoon, SIM: spring
inter-monsoon, SWM: south-western monsoon, AIM: autumn inter-monsoon, SST — daily sea surface temperature

(°C); Chla - daily sea surface chlorophyll-a concentrations (mg m).

Region A B C1 C2 D

n 127 11 49 114 198

Lr 96.6+5.1 94.2+4.1 99.8+4.2 102.7+4.4 86.6+8.0
Ws 21.7+3.3 19.9+3.6 20.6+2.1 22.642.7 12.4+3.9
Year 2013 to 2014 2014 2014 to 2015 2013 to 2014 2013 to 2014
Season SIM, SWM SIM A”\S"\'NNNElM* A”\S"\'NNNElM* A'“’QI'I?AEM*
Latitude (°E) -9.5t0-1.0 -25.6 -20.7 t0 -20.0 -22.710-20.1 -35.2 t0 -34.0
z:g;‘git”de 46.4 10 53.2 416 57.3t057.7 51.8 t0 56.4 17.810 18.6
SST 27.2+15 26.320.0 26.80.9 26.0£0.8 18.8+1.0
Chla 0.4+0.2 0.2+0.0 0.2+0.1 0.1+0.0 1.1+0.8
8"°Cpnyt -21.6+0.0 -22.0+0.0 -21.740.0 -21.9+0.1 -23.8+0.0

8" Nyt 3.4+0.1 2.5+0.0 2.6+0.1 2.4%0.2 3.240.1
8C -17.2+0.3¢+¢2P -17.5+0.3 -17.6+0.3% -17.5+0.4* -17.5+0.4%
N 12.4+0.482P 11.9+0.8~¢P 12.5+0.6%¢2P 12.1+0.6"P  13.8+0.54BCLC2
Ceorr 4.3+0.2%2P 4.6+0.3P 4.2+0.382P 4.4+0.3/CLP 6.3+0.44BCLC2
8" Neorr 8.940.5°¢2P 9.3+0.8“'P 9.9+0.6"8P 9.7+0.6"° 10.6+0.6" B2
TP 4.7+0.2°1¢2P 4,9+0.3P 5.1+0.3*8P 5.0£0.2*P 5.4+0.24BCLC2
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from region B, C1: different from region C1, C2: different from region C2.

Superscripts indicate significant differences (P < 0.05) between regions: A: different from region A, B: different



369
370
371
372
373
374
375

376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393

Table 4. ANOVA results for testing differences in corrected stable isotopes of carbon (8"°C.,) and nitrogen
(8" Neor) in the muscle tissue of albacore tuna collected from different regions in the western Indian Ocean from
2013 to 2015. Factors being tested include region (A: Seychelles, B: Mozambique Channel, C1: Mauritius, C2:
Reunion Island, D: South Africa), season (north-eastern monsoon, south-western monsoon, spring inter-monsoon,

autumn inter-monsoon), size class (small or large), sex and their interactions when possible. Significant P values

are in bold.
Variable Factors df SS MS F value P value
8“Cerr  Region 4 43839  109.60 956.39  <2.2¢°
Size class 1 1.17 1.17 10.18 0.0015
Season 3 4.93 1.64 1434  5.808%
Region*Size
class 3 1.53 0.51 4.45 0.0042
Region*Sex 4 3.01 0.75 6.56 3.797%
Region*Season 4 2.03 0.51 4.42 0.0016
Residuals 480 55.01 0.11
8"Neorr  Region 4 23275  58.19 198.23  <2.2¢
Size class 1 3.59 3.59 12.22 0.0005
Season 3 6.07 2.02 6.89 0.0001
Region*Size
class 3 2.84 0.95 3.23 0.0222
Region*Sex 4 1.66 0.41 141 0.2292
Region*Season 4 1.64 0.41 1.40 0.2328
Residuals 480 141.11 0.29

8Coorr and 8'°Ny, Values were significantly higher in albacore from region D, compared to regions A, B, C1 and
C2 (all P <0.0001) (Table 3; Fig 5). The mean TP for albacore in the western Indian Ocean was estimated at 5.12
+ 0.37 and ranged from 4.25 and 5.92. Pairwise tests showed that fish from region C1 had similar 8C.or Values
to region A (p = 0.08), particularly during SWM (p = 1.00), but significantly lower values compared to those from
regions B, C2, and D (all P < 0.05). Also, 8"*Ceorr and ™ Ngorr Values in fish from regions A and B were similar
(both P > 0.05). Although 8"°C,, values of fish from regions A and C2 were significantly different (P < 0.05),
they were similar during SWM (p = 0.73). We noted that §"3C.,, values in the muscle were significantly lower in
NEM than in SIM (mean difference 0.1561, P < 0.001) and SWM (mean difference 0.1901, P < 0.0001). No
significant difference in 3"*C,, and 8N, values were observed between regions C1 and C2 (all P > 0.05). In
general, 8N,r Values in the muscle were lower during SIM than SWM (mean difference -0.2362, P < 0.01).

Size effects were observed only in region C2 for 3"*C,, and in region D for 6N, with higher values being
observed in larger individuals (mean TP: 5.58 + 0.20) than smaller ones (mean TP: 5.40 + 0.23) (mean difference
8"Neorr: 0.3834, P < 0.05, 8"3C,,rr: 0.8469, P < 0.001). Region C2 was also the only region to show a significant
difference between sexes with higher 8Ceyrr in the muscle of males than in females (mean difference 0.2708, P <
0.01).
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3.3. Generalized additive mixed models

The results for different model formulations fitted for the different albacore FATMs, NCls and corrected Sls are

given in SI1 Table.

Both Chla and SST were significant as single explanatory variables for the muscle FATMs, NClIs and corrected
Sls, and were explained by deviance 60-92%. In fact, DHA/EPA, w6 protists FATM, ©3/06 and 8N, ( sexes
combined), were best predicted by the stand-alone model with SST with variability of 78.6%, 90.2%, 65.2% and
70.4%, respectively, while Lg only was the best model for TFA with variability of 86.6%. The best model for
8"Ceor Vvalues in male albacore included the two-dimensional surface of t(latitude, longitude) alone while the
combined model of L, fishing position and month was the best model for females. Apart from TFA, L had
clearly a significant effect on 8"3C.or and 8"°Ncor When both sexes were combined. GAMM using L as the only
predictor for DHA/EPA, w6 protists FATM, 03/w6 and 8*C,, (sexes separate) was not significant (SI1 Table).
The stand-alone model with Chla was not identified as the best model for any FATMs, NCls and corrected Sls

although it was significant.

The stand-alone GAMMs with Lg had their intercept identifying a threshold at around 98-100 cm L, which were
particularly clear for the significant models (Fig 3): the predicted values for TFA decreased linearly (Fig 3) while
those for 8"°Cor and 8*°*N.or Showed an overall increase with length (Fig 4). DHA/EPA showed a steep increase
with SST with intercept falling at 25°C. A positive linear trend was observed for the w6 protists FATM while
TFA exhibited the opposite trend, both having their intercept crossing at 23°C (Fig 3). ®3/w6 also exhibited an
abrupt decline with SST, with the lowest values being reached at 22°C, and had its intercept crossing at 19°C. In
addition, model predicted SBCoorr (sexes combined or separate) and 8N, values in the muscle showed a rapid
decline with SST with intercepts lying between 22°C and 24°C (Fig 4).

Chla influenced muscle NCIs and FATMSs with intercept identifying thresholds in the range 0.3-0.5 mg m™ (Fig
3). TFA exhibited a linear increase with Chla while ©3/w6 and corrected Sls (Fig 3 and 4) showed a steep
increase with Chla until around 1.4 mg m™ after which they appeared to decrease slightly. On the other hand,
DHAJ/EPA and w6 protists FATM appeared to show the opposite trend and declined with Chla (Fig 3).

14
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Fig 3. Smoother plots for GAMM-predicted docosahexaenoic acid/eicosapentaenoic acid (DHA/EPA), arcsine-
transformed omega-6 (@6) protists fatty acid trophic marker and the nutritional condition indices (omega-
3/omega-6 polyunsaturated fatty acid, w3/w6 PUFA, and arcsine-transformed % total fatty acid content, TFA) in
the muscle of male albacore tuna from the western Indian Ocean. The horizontal dashed lines in each plot
represent the intercept while the vertical dashed lines demarcate the range of the variable above the zero line used

as thresholds for significant GAMMSs. The solid areas illustrate the confidence limits of the model which are twice
the standard error.
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Fig 4. Smoother plots for GAMM-predicted corrected stable isotopes of carbon (§**Ccor, %o) in male (blue) and
female (red) albacore tuna in the western Indian Ocean, and nitrogen (5°Ncor, %o) for both sexes combined
(black). The horizontal dashed lines in each plot represent the intercept while the vertical dashed lines demarcate
the range of the variable above the zero line used as thresholds for significant models. The solid areas illustrate
the confidence limits of the model which are twice the standard error. (Colour to be used in print)

For the FATMs and NCls, the model with t(latitude, longitude) on its own was not significant (P > 0.05), except
for DHA/EPA and TFA where it explained 81.0% and 73.9%, respectively, of the variability (SI1 Table). For all
the corrected Sl values, the model with t(latitude, longitude) was significant explained by deviance 68.1-91.0%.
The latitudinal variations of the trophic tracers and NCI, for which the model with t(latitude, longitude) was
significant, are shown in Fig 5. However, male and female albacore were combined to illustrate latitudinal
variation of 8°C.,,, since both sexes were similarly affected by environmental parameters. TFA and corrected Sls
reached higher values in the muscle of albacore caught south of 30°S (i.e., region D) compared to those from
latitudes north of 30°S (i.e., regions A, B, C1 and C2). DHA/EPA showed the opposite trend to that of the other
trophic tracers and TFA as it clearly had highest values north of 30°S, especially in Region A.
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Fig 5. Plots of docosahexaenoic acid/eicosapentaenoic acid (DHA/EPA), % total fatty acid content (TFA) and
values of corrected stable isotopes of carbon (813CCO", %o) and nitrogen (8"°Ncor, %o) in the muscle tissue of
albacore tuna, caught in different regions of the western Indian Ocean, against latitude. Regions A: Seychelles, B:

Mozambique Channel, C1: Mauritius, C2: Reunion Island and D: South Africa. (Color to be used in print)

4, Discussion

To our knowledge, our study is the first to use NFAs and baseline-corrected Sls to examine the trophodynamics
and nutritional condition of albacore caught in the western Indian Ocean. We found apparent differences in both
FATMs and NCIs of albacore between the tropical (i.e., the waters of Seychelles, Mozambique Channel,
Mauritius and Reunion Island) and temperate areas (South Africa) of the studied region. Our results reveal that
FATMs can help differentiate regional and habitat usages by albacore as explained by changes in environmental
conditions that impact the base of the food web and albacore life-history stages linked to migrations. At the same
time, we identified the importance of diatoms in maintaining a high productivity in temperate waters and thus
more efficient food webs (i.e., high 8"*Ceor. 8" Neorr and low DHA/EPA) in which albacore can maintain a higher
nutritional condition. The western Indian Ocean may be viewed as a hotspot in which SST is increasing at a faster
rate than in other regions (Dong et al., 2014; Du and Xie, 2008). In the northern hemisphere, a reduction in the
size of phytoplankton has been linked to the expansion of oligotrophic waters (Polovina and Woodworth, 2012)

with increasing dinoflagellates in association with regime shifts (M6llmann and Diekmann, 2012). Even if both
17
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diatoms and dinoflagellates have comparable nutritional requirements, dinoflagellates may have an advantage
over diatoms as they do not require silica and have ecological strategies that can promote their exploitation of
coastal waters worldwide (Smayda, 2002). With the continued rise in SST of western Indian Ocean,
dinoflagellates from the tropical areas could extend southward and potentially change the structure of the food
web. Such changes may in turn favor tropical predators at the expense of temperate ones, including albacore
(Polovina et al., 2009). In the northern hemisphere, albacore have been observed to modify their migration pattern
as a response to a regime shift triggered by climate change (Dufour et al., 2010). In this respect, the detection of
spatial patterns in ecological traits of albacore is essential for proper management of this important tuna species
particularly in areas where oceanographic conditions are changing and seawater temperatures are warming faster

than previously thought (Cheng et al., 2019).

4.1. Variations in fatty acid trophic markers and nutritional condition

The proportions of FATMs and NCls in albacore muscle were shown to be highly responsive to environmental
parameters. Both NClIs declined with increased SST and decreasing productivity while DHA/EPA showed the
opposite trend (i.e. increased dinoflagellates). Through its direct impact on enzyme activity, temperature can
affect biochemical and metabolic processes, including fatty acid synthesis, in both primary producers (Renaud et
al., 1995; Thompson et al., 1992) and fish (Tocher and Sargent, 1990). A rise of 3-5% in TFA and EPA was
observed in cultured diatoms when temperature was decreased from 25°C to 10°C for a period of 12 hours (Jiang
and Gao, 2004). Such changes in the fatty acid composition of primary producers can be observed along the food
chain in consumers, as in the case of the western Indian Ocean albacore. Previous studies on the Pacific albacore
have also demonstrated a strong effect of SST on the geographic variations of muscle fatty acids (Parrish et al.,
2015; Pethybridge et al., 2015a). The results from the latter studies are in agreement with the distribution of
DHA/EPA and other dinoflagellate/diatom FATMs (i.e., AA, 22:506,18:107,16:107) of the Indian Ocean
albacore which had a food web based mostly on dinoflagellates in tropical areas but on diatoms in temperate
waters. Indeed, Sonnekus et al. (2017) described a latitudinal change in the phytoplankton community with low
diversity and a change in dominance from dinoflagellates in the tropical regions to diatoms (mostly of genus
Pseudo-nitzschia) towards the lower latitudes in the western Indian Ocean. High nutrient levels, which have been
associated with temperatures less than 17.5°C (Sonnekus et al., 2017), favor the growth of large phytoplankton,
including diatoms (Veldhuis et al., 1997). The southwest Indian Ocean has been described as a highly dynamic
hydrographic region (Beal et al., 2011; Read et al., 2000). Along the eastern coast to the south of South Africa,
the fast Agulhas Current flows west toward the Cape Point down to the Agulhas Bank off southern Africa, where
its thermocline slope induces upwelling (Tomczak and Godfrey, 2003) thereby increasing productivity. On the
other hand, the tropical waters of Seychelles, Reunion Island and Mauritius (regions A, C1 and C2) are more
oligotrophic (Oliver and Irwin, 2008). Yet, during SWM, strong upwelling associated with the Ekman circulation
create large areas with high nutrient concentration which then encourage phytoplankton blooms along the
Somalian coast and other areas of the northern Indian Ocean (Veldhuis et al., 1997). As only fish from one season
(SIM) were sampled and analyzed for their NFA profile in Seychelles and the Mozambique Channel (regions A

and B), the effects of strong upwelling and eddies, and where diatoms were found to dominate in patchy blooms
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(Barlow et al., 2014; Veldhuis et al., 1997) in these regions, might have been missed in albacore muscle tissue.
Instead, due to tissue turnover, FATMs reflected mostly the occurrence of picoplankton that usually dominate the
phytoplankton community in the Mozambique Channel (Barlow et al., 2014) and during inter-monsoon periods in

the northwest Indian Ocean (Owens et al., 1993).

The decline in TFA and o3/w6 with increased SST, and the latitudinal variation of v3/w6, observed in our study
were comparable to that found in albacore from the south west Pacific Ocean where the same NCIs were used as
indicators of health and productivity (Pethybridge et al., 2015a). Since lipids contain more energy in comparison
to protein and carbohydrates, a decline in the TFA content will negatively affect the energy available to albacore,
which may consequently affect their maintenance, growth and reproduction. This may specifically affect albacore
which use a capital-income breeder strategy, and relying mostly on stored energy rather than concurrent feeding
for reproduction (Dhurmeea et al., 2018). Marine organisms have been found to require long-chain PUFAs for
early life development (Bell et al., 1995; Mourente et al., 1991). The right proportion of ®3/w6 is also a
prerequisite as ®6 and ®»3 were shown to exert an inhibitory bioconversion effect on each other (Watanabe, 1982).
A high ratio of ®3/m6 seemed to be required for successful reproduction in tunas as observed in the ovaries of
female albacore in the spawning capable phase in the western Indian Ocean (Dhurmeea et al., 2018). Since
spawning of albacore occurs in tropical waters where this ratio was found to be lower in the muscle tissue during
the present study, the importance of albacore in accumulating a high ®3/w6 in its tissues during their stay in
temperate waters for feeding, as previously suggested by Dhurmeea et al. (2018), may be a prerequisite for future
successful reproduction. Therefore, declines in long-chain PUFAs availability, more specifically, that of ®3
relative to w6, as a result of climate change, is likely to negatively affect the performance and population

dynamics of albacore populations.

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

African and the tropical waters.

As concluded by Pethybridge et al. (2015a), variation of FATMSs in albacore may also be related to a combination

of interrelated factors such as ontogenetic change in diet (Young et al., 2001), faster metabolic rates of younger
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individuals and the trade-off between growth and reproduction in fishes (Claramunt et al., 2007). Further
information through the combined approach of stomach content and prey fatty acid profile analyses of mature and
immature albacore in the Indian Ocean can provide further insights into the trophic dynamics of their population.
Such biochemical-stomach content analysis (SCA) combined approach can highly improve our understanding on

trophic relationships (Annasawmy et al., 2018; Ménard et al., 2014).

4.2. Variations in corrected stable isotope values

We found that both §"°C.,r and 8"°*Nco values declined with increasing SST and decreasing productivity (Fig 4)
which is similar to the observed variations for the NClIs but opposite to DHA/EPA and w6 protists FATM (Fig 3).
Moreover, just as the FATMs and NCIs, we observed a strong latitudinal effect in corrected Sl, as shown by the
increasing southward pattern in the 3"*C.,; values and 8N, values (Fig 5). As inferred from the GAMMs,
8"C.rr values are highly influenced by latitude while 5N, values are mostly driven by SST. Our analysis also
shows the effect of month on 3**C.,, values which were lower during NEM and could be linked to the seasonal
migration of tunas from the temperate to tropical areas during this season for spawning (Dhurmeea et al., 2016b).
Several trophic studies have shown that 8**C varied strongly with latitude contrary to 8**N which responded
mostly to trophic enrichment (Cherel and Hobson, 2007; Quillfeldt et al., 2005). Sl values of predators reflect
those of their prey which is in turn dependent on the isotopic signature at the base of the food web (Fry, 2006;
Post, 2002). Yet, similarly to fatty acids, muscle Sl values do not reflect that of their recent prey due to the long
tissue turnover rate. In migratory species, the isotopic signature will be affected by both the regional Sl
composition of the sampling area and conditions of the area that it inhabited earlier (Hansson et al., 1997). Those
individuals that are more resident in one area would have Sl patterns reflecting that of the base of the food web
(Fry, 2006; Ménard et al., 2007). The combination of these effects creates variability in Sls and may blur their
interpretation as trophic tracers. This can be observed in the 8°C values in albacore muscle without adjusting for
baseline variability (Fig 6). Adjusting for baseline variability may help to overcome this issue but requires careful
interpretation as it may not reflect changes observed in other trophic studies using Sls. For instance, 5°C was
found to increase in the tissues of consumers with increasing latitude, such as in the Indian Ocean yellowfin tuna
and swordfish (Ménard et al., 2007; Zudaire et al., 2015), and the Pacific albacore tuna (Pethybridge et al.,
2015b). Indeed, §"°C of both phytoplankton and albacore muscle tissue (without baseline correction) in our study
showed the same trend to the above studies. This may possibly suggest that the variation of 5"°C at the base of the
food chain influences that of consumers and may not reveal the actual assimilation of carbon into the tissue of
consumers throughout the various trophic levels along the food web, especially if the consumer is a highly
migratory species, spending various part of its life cycle in areas characterized by different seawater isotopic
composition. Tissue 8**C of tunas is subject to such a large variability that it can even be used for investigating

variations in atmospheric CO, and anthropogenic climate changes (Lorrain et al., 2019).
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Fig 6. Plots of lipid-corrected carbon (5"°C, %o) and nitrogen (8"°N, %o) stable isotope values in the muscle tissue
of albacore tuna, caught in different regions of the western Indian Ocean, against latitude. Regions A: Seychelles,
B: Mozambique Channel, C1: Mauritius, C2: Reunion Island and D: South Africa. (Color to be used in print)

4.3. Variations in trophic position and dietary linkages

We observed an increase in TP, as derived from 8N, values, with decreasing latitude from the tropical regions
(4.9) towards the temperate waters of region D (5.4), such that three distinct groups of albacore, characterized by
different TP could be identified: albacore from (i) Seychelles and Mozambique Channel (regions A and B) (ii)
Mauritius and Reunion Island (regions C1 and C2), and (iii) South Africa (region D). The low TP of albacore
prevailing in Seychelles and Mozambique Channel could be attributed to intense foraging of prey at lower TP, for
instance, the planktophage cigarfish, Cubiceps pauciradiatus, which is known to occur in abundance in the
regions of Seychelles and Somalia, especially during NEM and SWM (Potier et al., 2008; Romanov et al., 2009;
Schott et al., 2002). Cigarfish has been described as an important prey item for yellowfin tuna in the region of
Seychelles (Zudaire et al., 2015). In contrast, in the region of the South Subtropical Gyre, which includes both the
waters of regions Mauritius and Reunion Island, the importance of cephalopods as a prey for albacore was
demonstrated with a high occurrence of squids and octopus (Dhurmeea et al., in press; Romanov et al., in press).
Squids have been described to range from medium to top trophic levels in marine food webs (Amaratunga, 1983;
Coll et al., 2013) in comparison to myctophid fishes which feed at lower TP (Cherel et al., 2010; Koz, 1995;
Young et al., 2006). Thus, feeding on prey found at higher TPs could be one of the reasons accounting for the
relatively high 8"°N., values and TP of albacore in regions of Mauritius and Reunion Island.

However, studies based on SCA need to be interpreted carefully as they only reflect the most recent meal and may
not represent the actual diet (Das et al., 2000). SCA also requires a large number of samples to capture spatial and
temporal variations of the diet (Ménard et al., 2007). This is particularly crucial in the case of highly migratory

species like tunas. Moreover, the length of a food chain and the relative TP of a consumer that forages in different
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regions can be affected by the complexity of the food webs that prevail in these different regions (Jennings et al.,
2008; Vander Zanden and Fetzer, 2007). This may be because factors that can affect 3°N values of a predator are
not only the number of trophic levels before that of the predator in a food web but may also involve isotopic
baseline variations (Lorrain et al., 2015; Vander Zanden and Rasmussen, 2001). High primary productivity may
increase a consumer's TP by supporting large prey densities (Olsson et al., 2008). For instance, it was recently
shown that "°N values and TP of micronekton in the western Indian Ocean varied between the oligotrophic
regions of the South Subtropical Gyre and the more mesotrophic east African coast with higher values found in
both mesopelagic fishes, squid and crustaceans in the latter area (Annasawmy et al., 2018). This may in turn
account for the high TP observed in albacore caught in South African waters. High productivity in this region is in
accordance to the increased concentrations of oxygen, nitrate and nitrite, and phytoplankton biomass in the waters
from the lower latitudes of the western Indian Ocean (Sonnekus et al., 2017), potentially being part of the sub-
Antarctic surface water (Pollard and Read, 2017), and the associated FATMs indicative of a diatom-based food
web observed in this region. In contrast, low TP in the other regions of the western Indian Ocean, within the
South Subtropical Gyre, may be linked to their more oligotrophic nature (Chouvelon et al., 2017; Longhurst,
2006) usually characterized by low Chla concentrations, up to 0.1 mg m™ (Vecsei, 2003) and where nitrate is the
major limiting factor (Moore et al., 2013) resulting in lower particle organic matter 8*°N values. The oligotrophy
is especially pronounced during inter-monsoon periods (SIM and AIM) when the Indian Ocean is stratified with
very low Chla concentrations (< 0.2ul™) in surface waters thereby decreasing the productivity (Veldhuis et al.,
1997). Our observation of the rising trend of the corrected Sl values in the muscle tissue of albacore with Chla is
also therefore consistent with the fact that high Chla concentrations (> 0.2 mg m'®), characteristic of mesotrophic
waters (Vecsei, 2003), are associated with high levels of inorganic nitrogen (Polovina et al., 2001) leading to an
enrichment of zooplankton with ®N (Mullin et al., 1984). In comparison to tropical tunas that prefer warm and
anoxic waters, temperate tunas have a preference for habitats rich in chlorophyll (Arrizabalaga et al., 2015; Duffy
etal., 2017). In fact, juvenile albacore were observed to be associated with chlorophyll fronts (with concentrations
of around 0.2 mg m®) exploiting them during their migration route across the Pacific Ocean as they feed on prey
which themselves forage along these fronts (Polovina et al., 2001).

The estimated TP for albacore in our study (4.25-5.92) was higher compared to that of adult bluefin tuna, Thunnus
thynnus (4.1), yellowfin, juvenile bluefin and albacore tunas (3.2-3.6) from the North Atlantic (Estrada et al.,
2005). Apart from the probable complexity in food web in different regions, these differences may also originate
from assumptions when estimating TP, such as the different baseline values and TEF used by different authors.
The assumption of a TEF of around 3% per TP is not consistent among consumers and may lead to errors (Caut et
al., 2009; Hussey et al., 2014; Vanderklift and Ponsard, 2003). Through this study, one method to adjust for
baseline variability effects from tissue 5"°N signature was utilized. Despite these possible variations in TP, the fact
that, in the western Indian Ocean region, crustacean, fish and squid micronekton, which form the link between
zooplanton and large predatory fishes (Potier et al., 2007), have been reported to be tertiary consumers with TP
2.6-4.2 (Annasawmy et al., 2018; Ménard et al., 2014), is in accordance with the observed TP of albacore in the
present study. In addition, using baseline correction, TP similar to our results have been identified globally for

albacore (4.5), yellowfin (4.7) and big eye (5.1) tunas (Pethybridge et al., 2018).
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4.4. Variations in lipid and baseline corrected stable isotope of carbon

3'°C values of phytoplankton are expected to decrease from low to high latitudes (Lourey et al., 2003) due to
variations in the 3"*C gradient in particulate organic matter of surface waters which are usually higher in the
northern warm subtropical waters but lower in colder Antarctic waters (Francois et al., 1993; Trull and Armand,
2001). Indeed, estimated 5"°C values of phytoplankton were higher in the regions of Seychelles, Mauritius and
Reunion Island, but the adjustment for baseline variability (through the use of 8130mrr) led to different results.
Instead, we found that 8*C.,, values were higher in the temperate South African waters. High 81C values in
consumers may also occur in temperate waters if the region that they prevail falls within the Subtropical,
Subantarctic or Polar front, where abrupt increases in §'°C gradient in particle organic matter are known to occur
(Cherel and Hobson, 2007; Ménard et al., 2007). Furthermore, in the Subtropical Convergence, peak particulate
organic carbon (POC)- **C was found to coincide with, not only peak particulate organic matter, but Chla as well
(Francois et al., 1993). This could account for the observed relationships of 8**C,, with Chla and SST in the
present study where §"3C,,, was found to increase with the former but decrease with the latter. The high 8**Ceor
values in albacore muscle tissue in South Africa region may thus reflect the assimilation of 8**C when albacore
fed along these fronts in the more temperate regions. Besides, *3C of a predator can be affected by the planktonic
communities prevailing in a particular area. We found that diatoms had a larger contribution than dinoflagellates
in the temperate waters of South Africa. Despite the fact that diatoms exhibit slower growth rates at low
temperatures (Curl Jr and McLeod, 1961; Sakshaug, 1977), larger carbon fractionations have been observed (Fry,
1996). Phytoplankton utilizing bicarbonate as their carbon source increase the level of POC-5"3C while those
taking up mainly dissolved carbon dioxide, decrease its level (Francois et al., 1993). In this way, the elevated
SCoorr prevailing in the tissues of albacore from South African waters may be linked to the fact that diatoms use
the heavy isotope of bicarbonate ion as a source of carbon and are thus usually heavier in their §°C compared to
flagellates (Fry and Wainright, 1991). Furthermore, POC from temperate regions characterized by high
productivity have a tendency to be isotopically heavier and may be associated to diatoms' ability to rapidly
assimilate nitrogen with increased uptake of bicarbonate (Wilkerson and Dugdale, 1987; Zimmerman et al.,
1987). As such, diatoms go through a larger fractionation of carbon during photosynthesis and contribute to
higher §"C values (Lorrain et al., 2019) which upon grazing provide the bulk of the carbon in marine food webs
in the temperate areas. Even small changes in phytoplankton community composition or physiology are suspected
to influence tuna muscle 8C values (Lorrain et al., 2019). This implies that a reduction in the abundance of
diatoms as a result of climate change may negatively impact on §°C values of consumers in marine food webs
(Fry and Wainright, 1991). Yet, other factors such as nutritional status, physiological change (Focken and Becker,
1998; Lorrain et al., 2002) and growth rate (Olive et al., 2003) may affect §'°C in predators.

4.5. Ontogenetic changes in stable isotopes
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For both 8*C.r and 8°Ngor, length was a significant explanatory variable, particularly when both sexes were
combined. Differences between small and large fish were observed whereby large individuals (>100 cm Lg)
exhibited higher Sl values in their muscle tissue. Size difference in 8Ny Was noted in South African waters
only where a high proportion of immature albacore individuals occurred (Dhurmeea et al., 2016b). Such variation
may be linked to smaller albacore consuming mostly prey species at lower trophic levels while the larger fish
could prey on larger and higher trophic level species, as similarly described for swordfish in the region (Ménard et
al., 2007). For instance, large swordfish are known to have a preference for cephalopods while small swordfish
preyed on lower trophic level species such as mesopelagic fishes (Potier et al., 2007; Young et al., 2006). Both
SCA and nitrogen Sl values in fish have demonstrated that both prey size and trophic level increase with
increasing size of predators (Jennings et al., 2002; Scharf et al., 2000). Similar enrichment of §'°N with size was
observed in the Pacific albacore by Pethybridge et al. (2015b) as well as other species although large predators
could still feed on small prey (Ménard et al., 2007; Young et al., 2010). The increase in 8N, With size may be
linked to the increased diving ability of adult fish to access a wider range of prey (Sardenne et al., 2016). Juvenile
albacore, less than 80-90 cm L, are thought to be less capable to perform vertical migration as their swim bladder
is not yet functional (Gibbs and Collette, 1967). As adult albacore can dive below 400 m depth (Bertrand et al.,
2002), their diet composition may therefore depend on their vertical behavior as seen in the Pacific albacore
(Williams et al., 2015) which exhibited diel vertical behavior in tropical regions and had a higher diversity of prey
in the stomach, consisting mainly of deep-water dwelling species. On the other hand, in temperate areas, albacore
showed almost no vertical movement with individuals restricted to waters above the mixed layer depth (Williams
et al., 2015). Compared to smaller individuals, larger predators may additionally be able to catch larger prey,
characterized by higher 8"°N (Parry, 2008), from their larger mouth-gape and higher chasing ability (Carey and
Robinson, 1981). The increase in the Sl of carbon has also been reported in the Pacific bluefin, Thunnus orientalis
(Madigan et al., 2012), and albacore tunas (Pethybridge et al., 2015b) which was in turn associated to the
variations in feeding with size and/or age as described for tropical tunas (Sardenne et al., 2016) where smaller
individuals fed at shallower depths compared to adults. Another factor that may affect 3'3C.,, is the faster
metabolic rate of young albacore resulting in higher isotopic turnover rates in comparison to adults (MacAvoy et
al., 2006).

5. Conclusion

Our biochemical tracer approach using predictive models revealed the effects of fish length, geographic location
and environmental parameters on NFA and Sl trophic tracers of the albacore from the western Indian Ocean.
Their variability was also attributed to the life-history stage distribution of albacore with smaller and younger
individuals inhabiting the South Africa waters having different isotopic and NFA signatures compared to the
larger albacore. Nutritional condition was lower in albacore from the tropical than temperate waters, suggesting
that increased SST as a result of climate change could negatively affect population dynamics and nutritional
quality of albacore. Both SI and NFA trophic tracers agree and confirm that changes in SST and productivity will
impact nutrient flow and energy transfer in the marine food web. Furthermore, we found that §"°N, (affected by

prey consumption) was effective at defining trophic relationships tissue while §%Cg, (determined by
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geographical position) could be used to track movement patterns. Further analyses, covering both a maximum
number of seasons and other areas, including the central and eastern part of the Indian Ocean, as well as the south-
east Atlantic, would be required to fully assess their regional variation. In particular, analyzing additional small
albacore individuals (<70 cm Lg), found within the southern temperate waters, would be needed to better
understand the sensitivity of the albacore population to global changes. Future studies should also focus on the

examination of the NFA profiles of prey of albacore in various regions of the western Indian Ocean.
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HIGHLIGHTS

A multi-tracer approach was taken to examine the trophodynamics of albacore tuna
Albacore inhabiting temperate southern waters feed on a diatom-based food web
Albacore trophic position was lowest in the northern tropical waters

Ontogenetic shifts in stable carbon and nitrogen isotopes were observed

High seawater temperature lowers the nutritional condition of albacore
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