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once the baseline isotopic variability has been accounted for. Our study established the first data-driven
baseline §!°N isoscape for the Western and Central Pacific Ocean using particulate organic matter. Bulk
8'°N analysis on 1039 muscle tissue of bigeye and yellowfin tuna were conducted together with amino
acid compound-specific 8'°N analysis (AA-CSIA) on a subset of 21 samples. Both particulate organic mat-

Key Words". ter and tuna bulk 8'°N values varied by more than 10%o across the study area. Fine-scaled trophic position
Nitrogen isotopes . . i . .

POM maps were constructed and revealed higher tuna trophic position (by ~1) in the southern latitudes com-
Isoscapes pared to the equator. AA-CSIA confirmed these spatial patterns for bigeye and, to a lesser extent, yel-
Bigeye tuna lowfin tuna. Using generalized additive models, spatial variations of tuna trophic positions were
Yellowfin tuna mainly related to the depth of the 20°C isotherm, a proxy for the thermocline behavior, with higher tuna
Depth of the 20°C isotherm trophic position estimates at greater thermocline depths. We hypothesized that a deeper thermocline
Amino acid would increase tuna vertical habitat and access to mesopelagic prey of higher trophic position.
Compound-specific isotope analysis Archival tagging data further suggested that the vertical habitat of bigeye tuna was deeper in the south-

Biochemical markers ern latitudes than at the equator. These results suggest the importance of thermocline depth in influenc-

ing tropical tuna diet, which affects their vulnerability to fisheries, and may be altered by climate change.
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1. Introduction

Food web structure in oceanic environments can be altered by
fishing at the top of the food web (Marasco et al., 2007; Baum
and Worm, 2009; Estes et al., 2011) and by climate variability
(Hays et al., 2005; Polovina et al., 2008). Long-term and progressive
changes in food web structure have been shown to impact higher
trophic levels, including commercially valuable tuna (Olson et al.,
2014), and can affect the functioning, resilience and health of an
ecosystem (e.g., productivity and services). Understanding the
effects of fishing and climate on the trophic structure of marine
exploited ecosystems is of worldwide interest to identify the most
affected areas and species, and develop ecosystem-based manage-
ment scenarios and strategies (Hobday et al., 2015; Young et al.,
2015). Measures of trophic position in top predators can be used
as a metric to describe aspects of food web and ecosystem struc-
ture, and detect changes at time scales relevant to management
(year to decades).

In the tropical Pacific Ocean, tuna contribute significantly to the
livelihoods, food and economic security of many island nations
(Bell et al., 2015). Yellowfin tuna (Thunnus albacares) primarily
occupy the epipelagic zone (Brill et al., 1999; Gunn and Block,
2001), hence exploiting prey resources near the surface (Schaefer
et al., 2009) while bigeye tuna (Thunnus obesus) have physiological
capabilities (Brill et al., 2005) that allow them to dive deeper and to
exploit meso- and bathypelagic prey resources (Schaefer and
Fuller, 2002; Young et al., 2010; Lam et al., 2014; Fuller et al.,
2015). Despite apparent generalist feeding in tuna, previous stud-
ies have shown that differences in vertical feeding behavior, due to
difference in thermocline depth, could explain inter- and intra-
specific dietary differences over relatively short distances (Olson
et al,, 2010; Williams et al., 2015). The Western and Central Pacific
Ocean is a highly dynamic oceanic region with strong latitudinal
and longitudinal variations in mixed layer depth, thermocline
depth, oxygen, nutrients and, in turn, phytoplankton communities
(Longhurst, 2007; Le Borgne et al., 2011). These fundamental
ecosystem properties largely determine the distribution of tuna
species and could influence their feeding strategies (e.g.,
Ganachaud et al,, 2013; Fuller et al,, 2015). Knowledge of spatial
variability in tuna foraging strategies across those regions is an
important step to predicting how climate is likely to affect fish
stocks and the viability of fishing industries.

Stable isotope ratios of carbon (5'3C) and nitrogen (8!'°N) have
been widely used to examine the trophic ecology and migrations
of marine organisms (Fry, 2006). In particular, '°N values are used
to estimate the trophic position (TP) of consumers, and food chain
length when communities are assessed (Hunt et al., 2015). To cal-
culate a TP, the consumer 5'°N values must be corrected for the
815N value at the base of marine food webs (i.e., the isotopic base-
line, Graham et al., 2010) and by an averaged trophic enrichment
factor (TEF) between the consumer and its prey (Minagawa and
Wada, 1984; Post, 2002). This nitrogen (N) isotopic baseline can
show large spatial and temporal variations due to variability in
the dominant dissolved N species present, demand for the nitroge-
nous nutrients by primary producers, and N biogeochemical
cycling (Lorrain et al., 2015). For example, water column denitrifi-
cation has a large isotope effect of 25-30%., which increases the
815N value of all organisms in areas where this process is important
(Sigman et al., 2009). By contrast, dinitrogen (N,) fixation has a
small isotope effect and produces sea surface particulate organic
matter (POM) 8'°N values close to 0% (Sigman et al., 2009).

To determine the TP of top predators over a broad spatial scale,
it is necessary to know the spatial variability of the 5'°N values of
the ecosystem baseline. Few detailed maps of measured 5!°N base-
line values, or isoscapes, are available in oceanic waters (e.g., Olson

et al., 2010), with the most comprehensive provided by McMahon
et al. (2013) on zooplankton but with no data for the Western and
Central Pacific Ocean. The isotopic baseline can be derived from
primary producers, POM, or by primary consumers such as zoo-
plankton or barnacles (see Lorrain et al., 2015 for a review). Biogeo-
chemical models can also be used to provide baseline §'°N
estimates (Somes et al., 2010; Navarro et al., 2013; Young et al,,
2015). Finally, amino acid compound-specific §!°N analysis (AA-
CSIA) has been used to account for baseline effects and produce
measures of a consumer’s TP (e.g., Choy et al., 2015). Within a con-
sumer, the 5'°N values of individual source AAs (e.g., phenylala-
nine and glycine) track 8'°N values at the base of the food web
(McClelland and Montoya, 2002; Popp et al., 2007; Hannides
et al.,, 2009) while trophic AAs (e.g., glutamic acid, alanine) frac-
tionate predictably with each trophic level. Subtraction of source
from trophic AA values allows TP to be estimated using known
enrichment factors between these AAs (Popp et al, 2007;
Hannides et al., 2009; Nielsen et al., 2015).

In the Western and Central Pacific Ocean, large spatial varia-
tions in the POM 8'°N values have been observed along a trans-
Pacific transect from South America to Australia at 17°S (Shiozaki
et al., 2014). Active N, fixation from diazotrophs have been pro-
posed to explain the lower report of POM &'°N values in the
South-Western Pacific Ocean (~0%0) compared to the higher POM
5'°N values in the Eastern Pacific Ocean (Shiozaki et al., 2014).
By combining two stable isotope techniques (bulk 8'°N analysis
and AA-CSIA), the main aim of this study was to provide tuna TP
estimates accounting for isotopic baseline variability. We analyzed
the 8'°N values of bulk tissues and individual amino acids of two
commercially important tropical tuna species: bigeye (Thunnus
obesus) and yellowfin (Thunnus albacares), and compiled a large
dataset for POM &!°N values within the Western and Central Pacific
Ocean. The specific aims of this study were to: (i) generate fine-
scale 3!°N isoscapes and identify spatial patterns in POM, tuna bulk
muscle 5'°N values and TP estimates, (ii) provide and compare TP
estimates based on bulk POM 8'°N values and AA §8'°N of tuna
muscle, and (iii) examine the influence of environmental and bio-
logical variables on tuna TP across the Western and Central Pacific
Ocean using a generalized additive model (GAM). Tagging data for
bigeye were also used to validate the generated hypotheses regard-
ing vertical and horizontal habitats.

2. Methods
2.1. Sample collection

White muscle tissue samples (n=1039) were collected from
416 bigeye and 623 yellowfin tuna within the Western and Central
Pacific Ocean between 2001 and 2015. Sample collection was per-
formed onboard commercial fishing boats (purse seine and long-
line) by scientific observers. Tuna were captured from 138°E to
140°W and from 10°N to 26°S covering the different biogeograph-
ical provinces defined by Longhurst, 2007 (Fig. 1). Fork length (FL)
was measured to the nearest cm for each tuna, and white muscle
samples were extracted from the anal fin region. Tuna FL range
was 19-175cm (84+33cm; mean+SD) and 27-160cm
(101 £ 33 cm) for bigeye and yellowfin tuna, respectively. Samples
were then kept frozen at —20°C and freeze-dried before analyses.
Bulk 5'°N analysis was performed on all samples and a subset of
16 individuals (10 bigeye from 2012 to 2013 and 6 yellowfin from
2003, 2010 and 2013) were analyzed for AA-CSIA (Fig. 1). This sub-
set of 16 individuals was composed of tuna of similar sizes
(11011 cm and 10923 cm for bigeye and yellowfin tuna,
respectively). Their 8!°N values were representative of the mean
value of other tuna in the same region (Tables S1 and S2). Five
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Fig. 1. Tuna sampling locations for bulk §'°N analyses (black dots), amino acid compound-specific 3'°N analysis (white dots) and archival tags (blue dots). Black lines
delineate Longhurst biogeographical provinces: Warm Pool (WARM), Pacific Equatorial Divergence (PEQD), Archipelagic Deep Basins (ARCH), North Pacific Equatorial Counter
Current (PNEC), South Pacific Subtropical Gyre (SPSG) (Longhurst, 2007). Grey lines represent the exclusive economic zones. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

supplementary yellowfin AA §'°N values (from 2002 to 2003) from
Lorrain et al. (2015) were added to the dataset (Fig. 1).

Samples of POM were collected from different oceanic research
cruises in the Western and Central Pacific Ocean (Table 1). Surface
seawater (4-10 L) was filtered through pre-combusted GF/F filters
(porosity 0.7 um). Samples were stored frozen at —20°C prior to
bulk 8!°N analysis. POM 5'°N data from published literature were
added to our dataset to improve the spatial coverage of the POM
815N isoscape (Altabet, 2001; Gaston and Suthers, 2004; Baird

et al., 2008; Raimbault et al., 2008; Shiozaki et al., 2014; Lorrain
et al,, 2015).

2.2. Bulk and compound-specific stable isotope analysis

Each freeze-dried tuna muscle sample was ground to powder,
homogenized and analyzed for 5'°N and % N. The bulk 8'°N values
were determined using an elemental analyzer (Flash 2000, Thermo
Scientific, Milan, Italy) coupled to an isotope ratio mass

Table 1
Particulate organic matter 8'°N values by biochemical region delineated in this study and by cruise date (mean + SD). The mean values for each biochemical region are in bold
characters.
Biochemical regions 5'5N (mean + SD) n Date References
WARMm 6.2 £ 1.6%0 10 Jul-12 This study
5.8 +1.7%0 5 Feb-13 This study
6.7 + 4.8%o 7 Mar-14 This study
8.9 £ 1.7%0 18 Jul-Aug 15 This study
7.5 £2.7%0 40
PEQD 1.7 £ 0.5%o0 4 Aug-92 Altabet, 2001
5.5+ 0.7%o 2 Nov-04 Raimbault et al. (2008)
0.8 +2.1%0 8 Mar-05 Lorrain et al. (2015)
1.7 £ 2.3%o0 14
ARCHm 0.0 £ 2.0%0 30 Apr-Jul 09 Shiozaki et al. (2014)
6.5 + 0.3%0 2 Jul-12 This study
3.5+ 2.1%o0 11 Feb-13 This study
2.7 +3.0%0 13 Feb-Apr 15 This study
3.2 +1.3%0 4 Oct-15 This study
4.6 + 1.4%o0 4 Dec-15 This study
1.9 + 3.0%0 64
SPSGm 14.0%o0 1 Aug-92 Altabet (2001)
11.0 £ 2.9%0 39 Apr-Jul 09 Shiozaki et al. (2014)
11.1 £ 2.9%0 40
PNEC 7.5 £ 0.6%0 2 Aug-92 Altabet (2001)
7.8 £ 2.0%0 5 Mar-05 Lorrain et al. (2015)
7.7 £1.6%0 7

WARMmMm = Warm Pool modified; PEQD = Pacific Equatorial Divergence; ARCHm = Archipelagic Deep Basins modified; SPSGm = South Pacific Subtropical Gyre modified;
PNEC = North Pacific Equatorial Counter Current.
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spectrometer (Delta V Plus with a Conflo IV interface, Thermo Scien-
tific, Bremen, Germany). Stable isotope values are reported in stan-
dard §-notation relative to atmospheric N,. Repeated analyses of
laboratory reference materials with C/N values similar to tuna mus-
cle tissue indicated that the precision and accuracy of the bulk iso-
topic measurements was <0.2%.. In addition, the precision in the
515N values of several sample tissues measured in triplicate
was <0.2%.. Values are reported as means +SD. For AA-CSIA,
freeze-dried tuna samples were prepared by acid hydrolysis fol-
lowed by derivatization to produce trifluoroacetic amino acid esters
using standard methods (Popp et al., 2007). The nitrogen isotopic
compositions of the trifluoroacetic amino acid esters derivatives of
amino acids (glycine, phenylalanine, alanine, glutamic acid, leucine
and proline) were analyzed using a Delta V Plus mass spectrometer
interfaced with an Ultra Trace GC gas chromatograph through a GC
IsoLink combustion furnace, and liquid nitrogen cold trap (Thermo
Fisher Scientific, Germany) at the National Institute of Water and
Atmospheric (NIWA, New Zealand) research institute’s stable iso-
tope ecological laboratory. Measured isotopic compositions were
corrected relative to known 8'°N values for internal reference mate-
rial (i.e., caffeine and leucine). All samples were analyzed at least in
triplicate. The average standard deviation of the multiple analyses
per amino acid was 0.9%o, ranging from 0.01%o to 3.3%o.

2.3. Contour maps

A generalized additive model (GAM) was used to generate
smoothed spatial contour maps of observed POM 5!°N values, tuna
815N values and tuna TP estimates. A GAM is a semi-parametric
approach that is able to extract flexible non-linear features in the
data through a function of non-parametric smooth functions
(Hastie and Tibshirani, 1990):

E(Y) = By + By (X1) + fa(X2) + f3(x3) +---

where Y is a response variable that belongs to an exponential family
distribution, By is the intercept, B; is an (optional) parametric
regression coefficient and fi(x;) is a smooth function of the covari-
ate xx. The GAM was fitted here with the gam() function using the
“mgcv” package (Wood, 2006) in R (R Core Team, 2016) and assum-
ing a normal error distribution.

To produce a spatially interpolated contour map of POM §'°N
values, two dimensional thin plate regression splines were fitted
to the samples by location using the structure s(longitude, latitude).
The resulting POM &§'°N contour map (i.e., isoscape) was then
examined to identify different biochemical regions within the
Western and Central Pacific Ocean, as characterized by distinct
815N values. A coarser spatial interpolation at the 7.5° resolution
was also applied, with the grid centered on the equator. The pre-
dicted values from this interpolation were used as the isotopic
baseline in the subsequent analyses of tuna TP estimates (detailed
below). We applied the coarser resolution here because using a
POM value from a single location would unlikely be representative
of that incorporated into the prey of highly-mobile top predators.
The 7.5° value was arbitrarily chosen as a compromise between a
5° and 10° resolution. The width of a 7.5° grid cell at 15°S also
approximately matches the model-estimated median lifetime dis-
placement for yellowfin tuna, i.e., 805 km (Sibert and Hampton,
2003).

2.4. Trophic position estimates of tuna

The TP was first estimated from bulk tuna muscle 8'°N and POM
515N values. For each tuna species, the POM §'°N spatial interpola-
tion at the 7.5° resolution was used to predict POM 5'°N values at
every tuna sampling location. The TP for each tuna species and
each sampling location was calculated as follows:

_ SISNX _ SISNPOM
N TEF

where x is the studied species and TEF is the trophic enrichment
factor between trophic levels, set at 2.4 following Olson et al.
(2010) and Lorrain et al. (2015), and derived from Vanderklift and
Ponsard (2003). A TPpaseline Of 1 was used for surface POM. Contour
maps of the resulting tuna TP estimates were generated using a
two-dimensional GAM as outlined above. To compare TP estimates
among biochemical regions, non-parametric Kruskal-Wallis tests
were used with Mann-Whitney post hoc test in R (significant level
set to 0.01).

The TP of tuna was also estimated using the difference in tuna
5'°N values of source (Sr-AA) and trophic (Tr-AA) amino acids.
Those values were calculated using the weighted mean of specific
suites of AAs that were present in all samples analyzed using the
following equation:

SlSNTr,AA - 515NS|‘—AA — BTr—Sr
TEFTr—Sr

TPX + praseline

TPTr—Sr = + 1

where 8'°Ng;_aa is the weighted average of glycine, and phenylala-
nine 8'°Naa values, and 5'°Ny;_aa is the weighted average of alanine,
glutamic acid, leucine, and proline 8'°Naa values. B, is the differ-
ence between trophic and source AAs in primary producers and
TEFrr.s, the '°N enrichment between Tr-AA and Sr-AA per TP. A
Bresr Of 3.6 and a TEFy.s; of 5.7 were used (Bradley et al., 2014;
Choy et al., 2015). Using the weighted mean of Sr-AA and Tr-AA
reduces uncertainty due to the possible large variation of §'°Naa
values (Hayes et al., 1990).

To compare TP estimates from bulk and AA §'°N values, we
averaged TP estimates from bulk tissue 8'°N values in a square of
7.5° centered on each AA sample location. All values are expressed
as means * SD.

2.5. Biological and oceanographic drivers of tuna TP estimates

A GAM was applied to examine the relationships among tuna TP
estimates and explanatory variables including both biological (FL)
and environmental parameters known to impact tuna habitat (e.g.,
Brill, 1994; Evans et al., 2008). The environmental parameters
selected were from the following datasets: (1) observed monthly
mean sea surface temperature (SST in °C) from the National Ocea-
nic and Atmospheric Administration (NOAA, https://www.ncdc.
noaa.govj/oisst; Reynolds et al., 2002) on a 1° x 1°grid, (2) monthly
means of net primary production (NPP in mg Cm~2d~!) from a
vertically generalized production model (VGPM, http://www.sci-
ence.oregonstate.edu/ocean.productivity; Behrenfeld and
Falkowski, 1997) available at a 9 km resolution which we interpo-
lated onto a 1° x 1° grid for coherency with SST, (3) the depth of
the 20°C isotherm (used a thermocline proxy, referred to as d20
in m) and the depth of the 12°C isotherm (d12) calculated from
1°x 1° monthly ARGO data (http://www.argo.ucsd.edu/Grid-
ded_fields.html), and (4) the depth of the 160 uM (i.e., 3.5 ml1')
0, isopleth (referred to as d160 in m), calculated from 1° x 1°
monthly climatology from World Ocean Atlas data (https://www.
nodc.noaa.gov/OC5/woal3; Garcia et al., 2013). Because the tuna
data analyzed cover the 2001-2015 time period with an important
number of observations before 2004, we computed the monthly
climatology from the inter-annual d20 and d12. For each tuna sam-
ple location, these oceanographic variables were then averaged
over a six month period preceding the capture date to take into
account the tuna muscle >N turnover rate (half life = 167 days;
Madigan et al., 2012).

Explanatory variables that were shown to make a significant
contribution to the model were fitted with thin-plate
regression splines and a low spline complexity (knot = 3) to reduce
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over-fitting. A backward model selection approach was used. We
did not account for temporal effects as the sampling was uneven
across time. We evaluated model assumptions by checking the
normality of model residuals as well as selecting for smaller gener-
alized cross-validation values (GCV; Wood, 2006). The contribution
of each variable to the final model was tested by evaluating the
drop in deviance explained (drop-contribution) by the model when
the variable was removed, with variables showing a high drop-
contribution assigned a greater explanatory rank (Castella et al.,
2001; Gallardo et al., 2009) (see also Table S3 for the deviance
explained when the variables are used as the sole explanatory vari-
able in the model).

2.6. Tagging data for bigeye tuna

Tracking data from both archival tags and pop-up satellite tags
were extracted from the large scale Pacific Tuna Tagging Pro-
gramme (see Leroy et al., 2013). We specifically selected 4 large
adult bigeye tuna (~100cm) with enough days at liberty
(>2 months) and with sizes and movements that fell within the
bounds of our tuna sample coverage, targeting fish from the PEQD,
WARM, and ARCH biogeographical provinces. The bigeye tuna
were tagged at 2 different locations (Fig. 1): two at the equator
(Phoenix Islands, in the PEQD and WARM Longhurst biogeograph-
ical provinces, archival tags Mk9, manufactured by Wildlife Com-
puters, Redmond, WA, USA) and two off New Caledonia (in the
ARCH Longhurst biogeographical province, pop-up satellite archi-
val tags PAT-4, Wildlife Computers, Redmond, USA). The depth
(pressure), ambient temperatures, and light-level data were
recorded at frequencies of either 30 or 60s. The materials and
methods used for tagging and releasing bigeye tuna with archival
tags are described by Schaefer and Fuller (2002). Estimated daily
positions for each tag were derived from the UKFsst model
(Nielsen et al., 2006) or from the state-space model described in
Nielsen and Sibert (2007) implemented in the R software package
“trackit” (www.soest.hawaii.edu/tag-data/trackit). Recorded tem-
perature and depth time series data were used to examine the ver-
tical movement behavior of each fish. Mean day and night depths
show where fish species spend most of their time on average dur-
ing daylight and night hours, excluding dawn and dusk, with 7:00-
17:00 for daylight hours and 19:00-5:00 (UTC + 11:00) for night
hours.

3. Results
3.1. POM &'°N spatial variability

The spatial GAM used to generate the POM &!°N isoscape
demonstrated strong spatial trends in the distribution of POM
8'°N values (with 74.4% of variance explained). According to these
observed 8'°N spatial patterns and considering the strong similar-
ity with the biogeographical provinces defined by Longhurst
(2007) (Fig. 1), we delimited 5 biochemical regions named after
Longhurst’s nomenclature: “Warm Pool modified” (WARMm),
“Pacific Equatorial Divergence” (PEQD), “South Pacific Subtropical
Gyre modified” (SPSGm), “North Pacific Equatorial Counter Cur-
rent” (PNEC), and “Archipelagic Deep Basins modified” (ARCHm)
(Fig. 2). The longitudinal delimitation of WARMm, SPSGm and
ARCHm biochemical regions being slightly different from
Longhurst (2007), they were denoted “modified”. The ARCHm bio-
chemical region from 10°S to 25°S was characterized by low POM
8'°N values (1.9 # 3.0%., Fig. 2, Table 1). Along the 20°S transect,
POM &8'°N values then increased eastward from ARCHm to reach
a maximum in SPSGm (11.1 +2.9%o). In the eastern part of our
study area, POM 3'°N showed a clear latitudinal gradient with val-

ues lowest at the equator in the PEQD (1.7 + 2.3%0) and increasing
poleward to SPSGm (11.1 + 2.9%0) and PNEC (7.7 £ 1.6%o). Finally,
the north-western part of the studied area from 10°S to 7°N
showed intermediate 8'°N values (7.5 % 2.7%o).

3.2. Tuna §"°N values

Observed averaged tuna §'°N values over the entire study area
were 14.7 + 3.0%0 and 12.6 + 3.0%. for bigeye and yellowfin tuna,
respectively (range 8.4-23.1%. for bigeye and 7.9-21.5%. for yel-
lowfin). The spatial GAM, including latitude and longitude,
explained 73.6% and 63.0% of variability in §!°N values of bigeye
and yellowfin tuna, respectively (Fig. 3). All tuna species exhibited
strong spatial gradients in 8'°N values with similar patterns dis-
played among the 2 species (fitted maps; Fig. 3). Maximum &§!°N
values were found in the south-east in SPSGm (19.4 + 2.5%. and
17.2 £2.6%0 for bigeye and yellowfin tuna, respectively), while
minimum values were recorded in the south-west off New Caledo-
nia, Fiji and Tonga in ARCHm (12.5 + 1.8%0 and 10.9 + 2.0%. for
bigeye and yellowfin tuna, respectively). Intermediate values were
found at the equator in WARMm (15.5 + 1.7%0 and 14.1 * 2.5%. for
bigeye and yellowfin tuna, respectively). Finally bigeye and yel-
lowfin tuna showed low &'°N values in PEQD (12.1+ 1.6%. and
13.0 £ 2.6%o, respectively). No tuna were sampled in PNEC.

3.3. Trophic position estimates

Tuna TP estimated from POM &'°N values averaged 4.6 +1.1
(range 1.9-8.1) and 4.3 + 1.1 (range 1.5-8.2) over the entire study
area for bigeye and yellowfin tuna, respectively. The spatial GAM,
including latitude and longitude, explained 64.8% and 51.4% of
bigeye and yellowfin tuna 8'°N variability, respectively (Fig. 4).
Contour maps of TP estimates showed a consistent latitudinal
trend for bigeye and to a lesser extent yellowfin, with lower TP
estimates (by ~1) above ~5°5-10°S compared to southern lati-
tudes from 10 to 25°S. The highest TP estimates for the 2 tuna spe-
cies were observed in ARCHm around Fiji at 180°W from 10°S to
25°S, and at 150°W-10°S in the western part of French Polynesia
(SPSGm). According to biochemical regions, mean TP estimates
for bigeye were 5.6+0.8, 54+1.1, 41+0.8 and 3.7%0.8 in
ARCHm, SPSGm, WARMm and PEQD, respectively (Table 2;
Fig. S1). Mean TP estimates for yellowfin were 4.8 £0.9, 4.6 £ 1.1,
3.6+1.1 and 3.7+0.9 in ARCHm, SPSGm, WARMm and PEQD,
respectively. Bigeye and yellowfin tuna had significantly lower TP
values in biochemical regions above ~10°S (i.e, WARMm and
PEQD) compared to those at higher southern latitudes (i.e., ARCHm
and SPSGm; Fig. S1).

Based on AA-CSIA, bigeye TP estimates varied considerably over
the study area with mean values of 5.0+0.8 and 4.8+1.0 in
ARCHm and SPSGm, respectively and lower TP estimates of
4.0+ 1.1 in WARMm (Fig. 5B, Table S1). Over the same biochemical
regions, there was a small spatial difference for yellowfin TP only
between ARCHm and other regions with mean estimates of
43+0.7 in ARCHm vs. 39+0.6 and 4.1+£0.9 in SPSGm and
WARMmM, respectively.

The comparison of the spatial trends of tuna TP estimated from
both methods (AA-CSIA vs. bulk 5'°N analysis, Fig. 5) showed sim-
ilar results for bigeye but slightly different for yellowfin tuna, with
AA-CSIA showing slightly higher TP estimates in ARCHm (but not
in SPSGm) compared to WARMm.

3.4. Drivers of tuna TP estimates
The GAM that produced the highest variance explained

included the depth of the 20°C isotherm (d20), fork length (FL),
SST and the depth of the 160 uM O, isopleth (d160) for bigeye
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and yellowfin tuna (Table 3). The depth of the 12°C and 20°C iso- formance of the 12°C was poorer for yellowfin (Table S3). Given
therms had similar explanatory power for both species but the per- that those two variables are collinear over much of our study area,
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Table 2

Trophic position (TP) estimates for bigeye and yellowfin tuna from bulk 5'°N analysis within biochemical regions delineated in this study for the Western and Central Pacific
Ocean. Kruskal-Wallis test with Mann-Whitney post hoc tests were used to assess difference in TP estimates between biochemical regions. Regions sharing the same letter are not

statistically different.

Species Biochemical regions Bulk 5'°N values
n TP (mean * SD) Post-hoc test

Bigeye tuna ARCHm 111 5608 a

SPSGm 57 54+1.1 a

WARMm 178 4.1+0.8 b

PEQD 51 3.7+08 [«
Yellowfin tuna ARCHm 327 4.8+09 a

SPSGm 45 46+1.1 a

WARMm 237 3.6+1.1 b

PEQD 5 3.7+09 ab

WARMmMm = Warm Pool modified; PEQD = Pacific Equatorial Divergence; ARCHm = Archipelagic Deep Basins modified; SPSGm = South Pacific Subtropical Gyre modified;

PNEC = North Pacific Equatorial Counter Current.

we elected to retain the d20 as the explanatory variable standing
for thermocline depth. Net primary production was tested but
was not retained in the final model selection as it explained less
than 1% of TP estimates and showed limited spatial variation
within most of the study region. The best GAM explained 48.6%
and 33.4% of the variance for bigeye and yellowfin tuna, respec-
tively (Table 3). Of the environmental variables, d20 was the most

effective single explanatory variable for both species explaining
16.9 and 10.3% of TP variability for bigeye and yellowfin tuna,
respectively. The d20 was positively correlated with tuna TP and
a rise of ~1.5 TP and ~1 TP, respectively, was predicted when
d20 shifted from 160 m to 250 m deep (i.e., at southern latitudes;
Fig. 6). The SST and FL were weaker predictors for bigeye and yel-
lowfin, contributing an additional 4% of explained variation. The
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Table 3

Summary of results from the best generalized additive models (GAM) applied on
bigeye and yellowfin tuna trophic position estimated from bulk §!°N analysis. For
each variable we included the effective degree of freedom (edf), the p-value and the
deviance explained by all the predictors combined (DE).

Best GAM selected Trophic Position

Bigeye tuna Intercept estimate + SE: 4.54 + 0.04

edf p-value DE (%)
s(d20, k=3)+ 1.78 <2e-16 48.6
s(FL, k=3)+ 1.92 5.88e—-07
S(SST, k=3)+ 2.00 7.24e-07

s(d160, k = 3) 1.01 1.52e-04

Yellowfin tuna Intercept estimate + SE: 4.31 + 0.04

edf p-value DE (%)
s(d20, k=3)+ 1.83 <2e-16 334
s(FL, k=3)+ 1.89 9.20e—-08
S(SST, k=3)+ 1.97 5.66e—08
s(d160, k =3) 1.00 3.64e—-08

d160 was the lowest ranked environmental variable for bigeye and
yellowfin tuna explaining 2.1 and 3.9% of TP estimates,
respectively.

3.5. Bigeye tuna tagging data

The four tagged bigeye tuna displayed distinct diel pattern in
depth preferences (Fig. 7). Bigeye tuna tagged in ARCHm (New

Caledonia) mostly spent daytime hours between 300 and 450 m
deep, while fish tagged at WARMm and PEQD (at the equator)
spent daytime hours at shallower depths, between 250 and
350 m deep. Average day time depth for tagged bigeye were 343
and 323 m at the equator and 391 and 409 m in New Caledonia
(Table 4). The opposite pattern occurred at nightime, with bigeye
from WARMm and PEQD occupying deeper depths than bigeye
from WARMm. Bigeye tuna experienced a wider temperature
range in WARMm and PEQD (10-25°C) than those in ARCHm
(15-25°C) (Table 4). However, as bigeye from the equator occupied
deeper habitats during the night and shallower habitats during the
day, over a 24 h cycle, all individuals experienced mean tempera-
ture close to 19-20°C (Table 4). Both bigeye from ARCHm remained
within the New Caledonia exclusive economic zone with maxi-
mum horizontal movements of about 460 km from their release
position over 60 days (Fig. 4). At the equator, both bigeye displayed
eastward movements with the greatest eastward movement bee-
ing ~1900 km from their release position after 90 days (Fig. 4). Lat-
itudinal movements were restricted with a maximum latitudinal
movement of ~370 km for all studied bigeye.

4. Discussion
Our study established the first data-driven baseline &'°N

isoscape for the Western and Central Pacific Ocean. We proposed
a delimitation of biochemical regions based on the spatial
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distribution of these POM &!°N values that reflected the previously
defined Longhurst biogeographical provinces. We showed that
tropical tuna 8'°N values vary spatially, which, given the rate of
15N isotope turnover in muscle (half life =167 days; Madigan
et al., 2012), reflects some degree of regional residency, as already
reported elsewhere for tropical tuna (Popp et al., 2007; Graham
et al.,, 2010). Correcting for the baseline influence on tuna 5'°N val-
ues through two separate methods (using POM and tuna bulk 3'°N
values, and AA-CSIA), we produced maps of tuna trophic position
estimates across the Western and Central Pacific Ocean. Finally,

using a compilation of biological and environmental data, we
found that the depth of the 20°C isotherm was the most important
factor influencing the spatial distribution of bigeye and yellowfin
trophic positions (TP) within the Western and Central Pacific
Ocean, although the effect was less strong for yellowfin tuna.

4.1. POM 6N spatial patterns and utilization to estimate tuna TP

Combining data from this study and previously published POM
8'>N values, we generated a fine-scaled baseline 8'°N isoscape
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Table 4
Characteristics and summary statistics of tagging data from 4 tracked bigeye tuna.
Temperature (°C) Depth (m)
Sample ID  Biochemical region  Time period Day Night 24 h Day Night 24 h
Start End Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

109198 PEQD 01/12/2010  05/02/2011 11 2 24 5 19 7 —343 62 —66 37 -181 139
109337 WARMm 03/02/2011 02/05/2011 11 4 24 6 19 8 -323 82 -63 36 -181 138
40201 ARCHm 07/09/2007  15/12/2007 15 4 22 3 19 5 -391 117 -55 58 -230 181
40204 ARCHm 24/03/2005  08/05/2005 14 2 24 4 20 6 —409 88 —45 114  -215 199

WARMm = Warm Pool modified; PEQD = Pacific Equatorial Divergence; ARCHm = Archipelagic Deep Basins modified; SPSGm = South Pacific Subtropical Gyre modified;

PNEC = North Pacific Equatorial Counter Current.

based on observations for the Western and Central Pacific Ocean, a
region missing from the only global isoscape available (see
McMahon et al., 2013). Our study revealed strong spatial patterns
in POM 8'°N values (~10%. range) with clear gradients detected in
the Western and Central Pacific Ocean §!°N isoscapes. These regio-
nal variations provided the opportunity to define several biochem-
ical regions that are in relative agreement with Longhurst
biogeographical provinces (Longhurst, 2007). The main difference
was the longitudinal separation of ARCHm and SPSGm biochemical
regions, with ARCHm extending further east compared to Long-
hurst ARCH province (~160°W vs. 170°E, i.e., a 30° difference). This
ARCHm biochemical region is represented in our study by low POM
51N values (~2%o) characteristic of high N, fixation rates (Shiozaki
et al.,, 2014). N, fixation results in the production of organic matter
with a 8'°N value of ~0%. as diazotrophs fix the atmospheric N,
gas (8'°N=0%.) dissolved in seawater, with negligible isotopic
fractionation (Minagawa and Wada, 1984; Altabet, 2006).
Geochemical studies (Deutsch et al., 2001; Yoshikawa et al.,
2015) and direct rates measurements (Shiozaki et al., 2014; Bon-
net, personal communication) report that N, fixation is particularly
active and diazotrophs particularly abundant (Campbell et al.,
2005; Moisander et al., 2010) in ARCHm compared to other regions
of the Western and Central Pacific Ocean. In those studies, the
influence of N, fixation is not only observed in New Caledonia
but also in Fiji and up to 160°W. We are therefore confident to

extend the ARCHm frontier towards the east compared to the
Longhurst ARCH biogeographical province (Longhurst, 2007).

The biochemical regions outlined in this study are in accordance
with known N processes fueling primary production in the Wes-
tern and Central Pacific Ocean. For example in PEQD, low POM
515N values (~1%) were displayed but are not due to N, fixation
(Bonnet et al., 2009). In this upwelling region, low phytoplankton
51N values should occur due to incomplete and low levels of nutri-
ent utilization driven by Rayleigh fractionation (Altabet, 2001;
Yoshikawa et al., 2006; Graham et al., 2010). For SPSGm that exhib-
ited the highest POM &'°N values (~11%o0), the nitrate pool would
be completely utilized resulting in no isotope fractionation effect
(Rafter et al., 2013). Finally, WARMm exhibited intermediate
515N values (~7%o), since new primary production is mainly fueled
by nitrate (Yoshikawa et al., 2006; Rafter and Sigman, 2016).

Delimitations of biochemical regions based on 5N POM values
from this study would benefit from higher temporal resolution of
POM values given the seasonal variability reported in the literature
(Rolff, 2000; Dore et al., 2002). In particular, the east-west and
north-south limits of these biochemical regions are temporally
dynamic, and robust POM estimates require multiple sampling
cruises over different seasons and years. For example, our POM iso-
scape in SPSGm (between 160°W and 100°W) was based on results
from only one cruise and must be interpreted with caution. Never-
theless, our results provide novel and comprehensive insights into
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spatial 8'°N variations at the base of the food web in the Western
and Central Pacific Ocean.

4.2. Tuna 8N patterns and tuna movement

Tuna bulk muscle 8'°N values showed strong spatial trends in
the Western and Central Pacific Ocean, varying as much as 10%o
on average in accordance with previous work across comparable
geographical scales (Graham et al., 2010). A high degree of spatial
similarity was observed among the two tuna species and POM §°N
values. Such trends in tuna bulk 8'°N values are only possible if
tuna movements are restricted at the scale of their muscle nitrogen
turnover rate (i.e., half life = 167 days-5.6 months; Madigan et al.,
2012). These isotope-based results are corroborated by the tuna
tagging data, which showed for a three month period a maximum
longitudinal bigeye movement of ~1900 km at the equator, and
~460 km for the two bigeye from ARCHm (New Caledonia).
According to both tagging and isotopic data, bigeye seemed to dis-
play restricted latitudinal migration at the equator which is in
accordance with Schaefer et al. (2015). Previous tuna tagging stud-
ies have demonstrated that the majority of Pacific tropical move-
ments were restricted to ca. 1852 km radius from their release
locations (Hampton and Gunn, 1998; Evans et al., 2008; Schaefer
and Fuller, 2010; Schaefer et al., 2015) and showed a high rate of
fidelity to their tagging areas (Fonteneau and Hallier, 2015). Specif-
ically, 47 tagged bigeye from the equatorial region demonstrated
constrained latitudinal dispersion between about 8°N and 5°S as
well as some regional fidelity (Fuller et al., 2015).

4.3. Spatial variations of tuna TP estimates

A consistent latitudinal gradient of TP estimates from bulk anal-
yses was observed for bigeye and yellowfin tuna within the Wes-
tern and Central Pacific Ocean, with TP estimates increasing by
1-1.5 TP from ~8°N to ~25°S. This latitudinal pattern was corrob-
orated by the AA-CSIA for bigeye but only to a lesser extent for yel-
lowfin tuna. Other studies using bulk 5!°N analyses and AA-CSIA
datasets did not show any spatial TP shift for yellowfin tuna over
large regions in the Indian and Pacific Ocean (Ménard et al.,
2007; Popp et al., 2007; Lorrain et al., 2015; Hetherington et al.,
2016). However, Olson et al. (2010) observed a higher TP for off-
shore yellowfin tuna compared to inshore yellowfin tuna in the
Eastern Pacific Ocean. Additional AA-CSIA on yellowfin tuna is
therefore required to confirm the TP latitudinal patterns for this
species, especially given the high individual variability in our data
and the range of years sampled for this species.

Spatial variations in the TP of tuna, as detected in this study,
could result from i) differences in the structure of the lower trophic
levels of the regional food webs or ii) differences in tuna diet.

The size of primary producers fundamentally influences the
length of food chains (Le Borgne et al., 2011; Hunt et al., 2015).
In oligotrophic waters where N; fixation occurs (i.e., ARCHm), the
presence of picophytoplankton (such as diazotrophs) favors meso-
zooplankton as an extra step in the food chain (Sommer et al.,
2002; Gutiérrez-Rodriguez et al., 2014). By contrast, in regions
where new primary production is fueled by nitrate, large phyto-
plankton such as diatoms are directly grazed by macrozooplank-
ton, leading to a “shorter” food chain (Le Borgne et al.,, 2011).
With a similar diet, tuna would have a different TP according to
the structure and function of the lower trophic levels and the
length of the food chain. Changes occurring at the base of the food
web should affect the TP of all the tuna species equally if they
reside in the region for the same period of time. As a result, clear
spatial difference in TP estimates would be expected between
ARCHm (Southwest region) where high N, fixation rates have been
observed compared to the other biochemical regions where N, fix-

ation is low (e.g., SPSGm; Deutsch et al., 2001; Shiozaki et al.,
2014). As the bulk 5'°N analyses and AA-CSIA data showed no clear
difference in tuna TP estimates between ARCHm and SPSGm, we
conclude that differences in the structure and complexity of the
base of the food web was not the main factor explaining the
observed spatial TP variation.

A second explanation relates to tuna diet, with tuna from south-
ern regions (ARCHm, SPSGm) relying on a diet of higher TP com-
pared to northern regions (WARMm, PEQD). The results from our
study showed that tuna TP estimates were explained more by envi-
ronmental variables directly constraining tuna vertical habitat (i.e.,
depth of the 20°C isotherm) for bigeye and yellowfin tuna rather
than by surface environmental variables (i.e., NPP and SST) or bio-
logical variables (FL). The depth of the 20°C isotherm is a com-
monly used proxy for the thermocline waters (Fuller et al., 2015),
and is used here as such to represent the potential vertical habitat
of tuna, with a deeper thermocline leading to a larger vertical habi-
tat. We then hypothesize that this increased vertical habitat in the
southern regions would allow tuna greater access to mesopelagic
micronekton prey of higher TP. Temperature and oxygen are
indeed known to restrict vertical distribution of tuna (Brill, 1994;
Graham and Dickson, 2004). Strong spatial trends in the vertical
structure of temperature exist in the Western and Central Pacific
Ocean, with the depth of the 20°C isotherm ranging from
~140 m in the western equatorial Pacific (WARMm) to ~240 m
along 20°S (ARCHm and SPSGm; Fig. 6). The vertical structure of
oxygen also displays latitudinal and longitudinal trends with the
depth of the 160 uM O, (d160) being at ~1200m in ARCH-
m,~350 m in SPSGm and ~200 m along the equator (WARMm).
These spatial variations in temperature and oxygen potentially
impact the vertical distribution of tuna.

Variations in vertical foraging habitat have been shown to
explain intra-specific dietary differences at small spatial scales
(Potier et al., 2004; Olson et al., 2010; Williams et al., 2015). For
example, the vertical behavior and diet of albacore tuna differed
substantially between tropical and temperate latitudes in the
South Pacific Ocean, and this was related to the thermal structure
of oceanic waters (Williams et al., 2015). Similarly, Olson et al.
(2010) observed a higher TP for yellowfin tuna offshore compared
to inshore waters in the Eastern Pacific Ocean and related it to off-
shore access to a higher volume of habitat and to prey of higher
TPs.

Tagging data from 4 bigeye tuna in our study revealed that the
average seawater temperature the 4 individuals were exposed to
over 24 h was close to 20°C, giving further support to the use of
the depth of the 20°C isotherm as a proxy for the vertical habitat
of tuna. The depth of the 20°C isotherm was positively correlated
with TP estimates of bigeye and to a lesser extent of yellowfin, with
higher TP estimates with increasing the depth of the 20°C iso-
therm. Yellowfin tuna mainly inhabit shallow and warm waters
above 150 m and feed on epipelagic prey and to a lesser extent
on mesopelagic prey compared to bigeye, which forage deeper in
the water column on mesopelagic prey (Josse et al., 1998; Brill
et al., 1999; Weng et al., 2009; Young et al., 2010). Thus, yellowfin
mostly inhabiting seawaters shallower than 150 m might not ben-
efit as much as bigeye from the deepening of the depth of the 20°C
isotherm to 240 m at 20°S (Fig. 8). For bigeye, a deeper habitat in
the southern regions (ARCHm) was supported by archival tag data,
where the mean diving depth of bigeye was higher in New Caledo-
nia than in the western equatorial Pacific (WARMm, depth differ-
ence of 50-90 m according to individuals). This shift in bigeye
vertical habitat coincides with the spatial distribution of the depth
of the 20°C isotherm that is on average located ~50 m deeper in
the southern regions (ARCHm) compared to the equatorial zones
(WARMmMm). A deeper 20°C isotherm in ARCHm may allow bigeye
tuna to access greater depths and prey of higher TP (Fig. 8).
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Fig. 8. Conceptual diagram of preferential vertical habitat and feeding of yellowfin and bigeye tuna in the two contrasted biochemical regions defined in our study,

Archipelagic Deep Basins modified (ARCHm) and Warm Pool modified (WARMm).

Average depths found in this study are based on a small number
of tagging individuals. However Fuller et al. (2015) found similar
ranges of average daytime depth (~330 m) from a large number
of tagged bigeye tuna in the equatorial zone (WARMm) and
Evans et al. (2008) reported bigeye tuna of comparable size in
the western Pacific Ocean (ARCHm) to have deeper daytime depths
at about 400-450 m, which reinforce the idea of a deepening of
bigeye vertical habitat in the southern regions. Fuller et al.
(2015) also suggested a positive relationship between the deepen-
ing of the thermocline and average bigeye daytime depths from
west to east in the equatorial Pacific region. Thermocline depth
cannot be considered as the depth of feeding but we hypothesize
that a deeper vertical habitat could give access to a greater diver-
sity of prey with higher TP.

Giving further support to this vertical habitat hypothesis and, in
turn to an access to different prey communities at greater depth, a
recent stomach content analysis study revealed spatial difference
in the prey composition and diet diversity of bigeye tuna within
the Western and Central Pacific Ocean (Duffy et al, in press).
Specifically, the authors found a diet shift at 14°S with bigeye
exhibiting an increase in the consumption of deeper preys south
of 14°S (mesopelagic species > 500 m such as some Myctophidae).
Our understanding of micronekton diet of top pelagic predators is
scarce but several studies suggested that deeper micronekton spe-
cies could be more carnivorous and have higher TP’s than upper
mesopelagic and epipelagic species. Indeed, Burghart et al. (2010)
found that the diets of bathypelagic species were largely carnivo-
rous with a higher proportion of fish consumption than their meso-
pelagic counterparts. Furthermore, using AA-CSIA, Hannides et al.
(2013) found that zooplankton TP increased by up to 0.65 between
the surface ocean and the mesopelagic zone providing evidence for
changes in food resources between epipelagic and mesopelagic
zooplankton communities. Indeed, feeding on sinking particles
had been shown to be insufficient to respond to mesopelagic zoo-
plankton metabolism (Steinberg et al., 2008; Wilson et al., 2008).
Instead, difference in zooplankton TP at depth was more likely dri-
ven by a carnivorous feeding on other zooplankton species per-
forming diel vertical migration (Hannides et al., 2013). This
difference in TP in the mesopelagic zone could then be transferred

to consumers that access this resource. In addition, Choy et al.
(2012) found differences in TP among mesopelagic micronekton
species with dragonfishes (family Stomiidae) having higher TP esti-
mates than lanternfishes (family Myctophidae). It is however not
clear that these differences are related to depth as these two fam-
ilies seem to have a similar depth repartition (Choy et al., 2012).
More AA-CSIA on non-migrant micronekton species, such as Par-
alepididae and Sternoptychidae (200-500 m), or Chiasmodontidae
(>500 m), is required to confirm that higher TP for tuna foraging
deeper in the southern regions would be due to foraging on prey
of higher TP due to a larger proportion of carnivorous diet for
micronekton species occurring therein. Mercury isotope analysis
could also assist to track meso-pelagic feeding of tuna as Blum
et al. (2013) showed that mercury isotope signatures of pelagic
fishes were correlated to their foraging depth.

Combining AA-CSIA and bulk 8'°N analysis allowed us to over-
come some limitations from baseline effects when assessing preda-
tor TP over large spatial scales. Our goal was not to assess the
performance of either techniques in producing TP estimates, but
rather to verify they resulted in coherent spatial trends in tuna
TP. However, we should note that TP estimates based on bulk anal-
yses present some limitations due to TEF and POM assessment.
First, while mean tuna TP estimates based on bulk analyses by
region gave relatively coherent values when compared with AA-
CSIA and the literature (TP estimates between 3.6 and 5.6), individ-
ual outliers were found with values as high as 8 and as low as 2
(less than 6% of the data, see Fig. 6). These unrealistic values can
be attributed to isotope mismatch between POM and tuna §'°N
values, e.g.: migrating tunas that display different bulk 5!°N values
compared to the average value at the capture location and/or to a
potentially inaccurate assessment of POM &'°N values. For exam-
ple, POM §'°N values have been shown to increase with depth
due to preferential bacterial degradation of depleted >N organic
matter (Saino and Hattori, 1987; Altabet, 1988; Hannides et al.,
2013). By accessing greater depths, tuna can forage on mesopelagic
prey that relies on a >N enriched, sinking POM baseline. Therefore
our use of surface POM as the baseline may have overestimated
tuna TP. Additionally, the turnover rates of nitrogen isotopes in
POM is higher (weeks; Rolff, 2000; Dore et al., 2002) compared
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to the tissue of long live top predators (several months; Madigan
et al,, 2012). Those differences in response times, in addition with
potential tuna migration, can thus introduce a bias when estimat-
ing tuna TP over large spatial scales (O'Reilly et al., 2002; Richert
et al.,, 2015). In order to constrain isotopic mismatch linked to
POM data, Post (2002) suggested using primary consumers as
baseline, but over our large spatial scale, this data was not avail-
able. Using a different TEF, such as 3.4 (Minagawa and Wada,
1984; Post, 2002), would modify the absolute TP estimates devel-
oped in this study, but not the spatial patterns observed. Caut et al.
(2009) suggested applying different TEF depending on the baseline
815N value, which would modify or reduce our TP spatial varia-
tions. However their results remain controversial (see Perga and
Grey, 2010) as there is no functional explanation for higher TEF
in regions of low §!°N values. A different TEF could be pertinent
if tuna had access to food with low protein content in a low base-
line region as several studies have now demonstrated higher TEF
when low quality food was provided to consumers (Vanderklift
and Ponsard, 2003). This would however be highly hypothetical
in our study, and, given that AA-CSIA confirmed at least partially
the TP latitudinal patterns, we are confident of our interpretation
of these spatial variations.

In conclusion, correcting for baseline through bulk stable iso-
tope POM-based isoscape for the Western and Central Pacific
Ocean and data from AA-CSIA enables this study to overcome some
of the limitations in the interpretation of the spatial variations
observed in tuna. In the absence of large scale AA data, our study
showed that bulk 3'°N analyses can be used to provide reasonable
mean estimates of TP at large spatial scales (even if this is not true
at an individual scale). Combining stable isotope techniques and
archival tagging data suggest that bigeye TP (and to a lesser extent
yellowfin TP) is influenced by its vertical habitat, which depends
on the thermal structure of pelagic habitat (depth of the 20°C iso-
therm). Our study indicate that thermocline depth might be an
important factor to consider in trophic studies and more AA-CSIA
data on several tuna species are now needed to investigate further
this spatial pattern on other tropical tuna. With the current and
projected warming of the upper ocean (e.g., Bopp et al.,, 2013),
tropical tuna could occupy deeper habitats, leading to higher tuna
TP estimates in the Western and Central Pacific Ocean altering
energy pathways and the function and structure of marine pelagic
food webs.
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