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Abstract

Fatty acids are among the least understood nutrients in marine environments, despite their
profile as key energy components of food webs and that they are essential to all life forms.
Presented here is a novel approach to predict the spatial-temporal distributions of fatty
acids in marine resources using generalized additive mixed models. Fatty acid tracers
(FAT) of key primary producers, nutritional condition indices and concentrations of two
essential long-chain (>C») omega-3 fatty acids (EFA) measured in muscle of albacore
tuna, Thunnus alalunga, sampled in the south-west Pacific Ocean were response variables.
Predictive variables were: location, time, sea surface temperature (SST) and chlorophyll-a
(Chla), and phytoplankton biomass at time of catch and curved fork length. The best model
fit for all fatty acid parameters included fish length and SST. The first oceanographic contour
maps of EFA and FAT (FATscapes) were produced and demonstrated clear geographical
gradients in the study region. Predicted changes in all fatty acid parameters reflected shifts
in the size-structure of dominant primary producers. Model projections show that the supply
and availability of EFA are likely to be negatively affected by increases in SST especially in
temperate waters where a 12% reduction in both total fatty acid content and EFA propor-
tions are predicted. Such changes will have large implications for the availability of energy
and associated health benefits to high-order consumers. Results convey new concerns on
impacts of projected climate change on fish-derived EFA in marine systems.

Introduction

Assessing the spatial and temporal distribution and availability of essential nutrients and
energy is vital to understanding what drives or constrains ecosystem functions and services. It
is also fundamental to human nutrition and food security. Fatty acids are constituents of lipids
and are essential for adequate nutrition, health, development and growth of all organisms
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[1, 2], including humans where the marine-derived omega-3 long-chain (>C,,) polyunsatu-
rated fatty acids (omega-3 or ®3 PUFA) are a major contributor to brain development [3].
Among other crucial functions, fatty acids maintain the structural integrity, viability and func-
tion of cells, and regulate gene expression, ion balance and hormones [4, 5].

In marine organisms, about twenty different fatty acids are present at relative amounts of
greater than one percent. The relative composition of different fatty acids can vary considerably
within and between individuals, species and populations. This can be due to influences of bio-
logical (tissue type, length, age, maturity) and environmental (e.g. diet, water temperature, pro-
ductivity) features, in addition to genetics [6, 7]. In marine environments, certain fatty acids,
particularly LC-PUFA, can only be incorporated in the food web after they have been synthe-
sized by primary producers such as phytoplankton or macroalgae [8] or certain bacteria [9].
Different taxonomic and functional groups (e.g. diatoms, dinoflagellates, macroalgae) have
unique fatty acid signatures [10] that can be used as fatty acid trophic markers or tracers (FAT)
to provide novel insight into energy and nutrient transfer from lower producers to higher
order consumers [11].

Despite mounting evidence of climate-induced changes in phytoplankton phenology, distri-
bution, species composition and abundance [12-14], the potential consequences of these eco-
system services and food security are relatively unknown. It is essential to develop methods
that can detect temporal and spatial shifts between key functional groups of primary producers.
This is because such shifts directly influence the structure and function of ecosystems by alter-
ing the form and availability of essential fatty acids, and other key nutrients. Indeed, shifts in
primary producers will greatly affect energy transfer efficiencies [15] which is likely to alter the
supply of essential fatty acids to higher order consumers [16, 17]. While several studies have
described temporal changes in phytoplankton-derived essential fatty acids [18-20], few have
attempted to understand the major intrinsic and external drivers so that future predictions can
be made.

This study creates a novel framework to quantify spatial and temporal changes in essential
and biomarker fatty acids measured in the muscle of albacore tuna, Thunnus alalunga, sampled
across the south-west Pacific Ocean. Albacore was an ideal study species as it is a top-predator
that provides significant economic and nutritional benefits to humans and has a broad world-
wide distribution from tropical and temperate waters. Furthermore, this study follows on from
previous fatty acid and stable isotope work on albacore tuna in the region that showed clear
geographic differences that are likely related to known environmental features in the region
[21, 22]. The study area has undergone considerable recent environmental change, with the
major oceanic feature, the East Australian Current, extending further south [23, 24] which in
turn has resulted in increases in temperature, salinity and nitrate and a decline in silicate [25].
Such changes are expected to induce long-term latitudinal shifts in phytoplankton species and
size composition, as has been shown in other climate ‘hotpot’ areas of the world [26]. Through
detailing the distribution of fatty acids assimilated in tuna muscle, our study provides spatially
and temporally resolved trophic structures and availability of essential fatty acids to humans
through seafood consumption across the south-west Pacific. We also consider the role of essen-
tial fatty acids in ecosystem stability and energy pathways.

Methods
Ethics statement

No field permits or ethical approvals were required for this study, as all fish originated from
commercial or recreational fisheries and were already dead when provided to the sampler. No
samples were collected by the authors. Fish were sacrificed by the commercial or recreational
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fishers at sea using standard fisheries practices (most fish were dead when landed). Permission
was granted to use samples from all fish. All samples were donated. Albacore tuna are not a
protected species in any ocean.

Study species and sampling

We sampled muscle tissue of 154 albacore caught at 29 distinct sampling locations (with coor-
dinates rounded to the third decimal degree) along the eastern coast of Australia and off the
south-west coast of New Zealand, between January and December in 2009 and 2010 (data in S1
and S2 Tables). In Australia, samples were obtained from long-line catches in Queensland and
New South Wales; from recreational catches in the west Tasman Sea off Tasmania; and from
the domestic troll fishery in New Zealand. Coordinates were taken from fishing vessels within
two hours of the time of sampling. Samples collected from all regions were collected either
by observers on long-line fishing vessels, from scientist at sea during tagging operations, or
directly by the fishing crew. Fork length (FL) of each fish was measured to the nearest cm and
a sample of flesh was taken from the back of the head and frozen at -20°C until lipid analysis.
Satellite-derived sea surface temperature (SST,°C) and sea surface chlorophyll-a concentra-
tion (Chla, mg m™) data were obtained using the spatial dynamics ocean data explorer
(SDODE) interface [27] for each sampling time (day in year) and location (latitude and longi-
tude) at a resolution of 0.036 x 0.042° lat. x long (~ pixel size of 4 x 4 km). SST data were com-
posed using moving average intervals of a 3 and 15 day composite period based on pathfinder
(SST; or SST;5). Chla data were derived from MODIS over an 8 and 30 day composite period
(Chlag or Chlasp). Median phytoplankton cell mass (Mgps) was estimated using SST; and
Chlag data and equations based on Barnes et al. [28]: Mpsqo(log;o pg C) = 1.340-0.043(SST)
+0.929(Log;0(Chla)).

Fatty acid analysis

Procedures used for direct transmethylation of wet tissue were based on those described by
Parrish et al. [29]. Wet fish muscle tissue (0.04-0.05 g) was ground, weighed and directly trans-
methylated in MeOH:CHCIl;:HCI (10:1:1 v/v) for 2 hours at 80°C. After cooling, 1.5 ml of
Milli-Q water and a known concentration of internal injection standard (23:0 FAME) were
added in 1.5 ml of hexane, followed by 0.3 ml of dichloromethane. Samples were centrifuged
and the upper, organic layer was removed under a nitrogen stream. After the addition of chlo-
roform, samples were injected into the gas chromatograph (GC) equipped with a non-polar
Equity-1 fused silica capillary column, a flame ionization detector, a split/splitless injector and
an Agilent Technologies 7683B Series autosampler. Peaks were verified using a Finnigan Ther-
moquest GCQ GC/MS and were quantified using Agilent Technologies ChemStation software
(Palo Alto, California USA).

We used known fatty acid tracers (FAT) based on relative proportions of individual or
summed fatty acids that are characteristic of marine primary producers [11, 30]: diatoms
(EPA + 14:0); dinoflagellates (DHA); green algae, cryptophytes and macroalgae (C;sPUFA
algae = 18:206 + 18:4®3 + 18:3®3), and grazing and detritivorous primary consumers (@6
LC-PUFA protists = 20:406 + 22:506 + 22:406). Potential primary producers of C,s PUFA
include cryptophytes which are characteristically high in 18:2®6 [31] and brown algae (phaeo-
phyta) high in 18:4®3 [11]. The @6 LC-PUFA are connected through the fatty acid synthase or
the polyketide synthase pathways [32]. The 20:4®6 has also been associated with benthic pro-
tists [33] and rhodophytes (red algae: [11]). The detritivores thraustochytrids and labyrinthu-
lids have been associated with 22:506 and 22:406 [34]. For all fatty acids that were summed,
significant Spearman correlations (R*> 0.90, p<0.001) between individual fatty acids were
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observed, and individually they had all previously been associated with the spatial distribution
of albacore tuna fatty acids [21]. For example, the vectors for 20:406, DHA, and 14:0 had the
strongest Pearson correlations in a principal component analysis (PCA) of albacore tuna fatty
acids.

Total fatty acid content (TFA, % of total mass), which has a positive linear correlation with
total lipid content in albacore muscle (R*=0.97, p<0.001, [30]) was used as a nutritional con-
dition index (NCI) with higher values associated with larger energy reserves and better health
[8]. Calculated ratios of omega-3 versus omega-6 polyunsaturated fatty acids (@3/06) were
also used as an index of fish nutritional condition with higher values indicative of a fish in bet-
ter nutritional condition with respect to human consumption [35]. TFA and concentrations of
essential fatty acids (EFA) EPA and DHA were calculated using known concentrations of inter-
nal standard solution.

The models

Generalized additive mixed models (GAMMs; [36]) were generated to describe and predict
spatiotemporal patterns of essential and biomarker fatty acids. Different GAMM:s were run to
test the effect of several non-linear covariates: fork length, spatial (latitude and longitude), envi-
ronments (SST, Chla, or Mgs,) and time (day of year). Multiple fish were collected from each
localized sampling location; these were aggregated into one of 10 regions based on proximity of
sampling location (latitude and longitude) (data in S2 Table). Region was included as a random
intercept in models to reflect the data’s underlying hierarchical nature and account for geo-
graphic variation not explained by the main effects. Fork length was included in all models to
account for intrinsic physiological processes and a potentially confounding spatial distribution
pattern; large individuals are caught more often in the north and smaller individuals in the
south of the study area. With the exception of model 12, environmental variables, SST and
Chla, were separated due to colinearity (R* = 0.46, p = 0.007). Data for FAT, EFA and TFA
content were log;o transformed to meet model assumptions of homogeneity of variance. Ratios
of ®3/®6 did not require transformation prior to analysis.

Model performance was evaluated using standard diagnostic checks. Model selection (data
in S3 Table) was based on minimization of the corrected (for small sample size) Akaike infor-
mation criteria (AICc, [37]). Model performance was evaluated by cross-validation where the
full model was plotted against model predictions for an independent dataset [21]. Predictions
based on the GAMM:s were made using least square regression analysis of particular sections of
the smoothing spline (e.g. <18°C or Mgs (log;o) < or > 0). Analyses were performed using
the gamm4 package [38] in R [39].

FATscapes

Based on a GAMM including sampling location (latitude, longitude) as the only predicative
variable (model 4), oceanographic spatial contour maps (here named FATscapes as an exten-
sion to the well known isoscapes: [40]) were produced to graphically illustrate the predicted
and interpolated distribution of fatty acid parameters measured in albacore tuna muscle tissue.
FATscapes were used to delineate and define geographically distinct fatty acid bioregions.

Results

Sixty-six fatty acids were identified of which relative proportions of the top 11 are presented in
S1 Table. Spearman’s ranked correlation showed highly significant correlations between FAT
of diatoms and C,gPUFA synthesizing algae (C;5 algae: R* = 0.91, p<0.001) and between FAT
of dinoflagellates and @6 LC-PUFA synthesizing protists (@6 protists: R* = 0.78, p = 0.008).
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Model formulations for each FAT, EFA (mg/100 g), and NCTI'S, including TFA (as % of wet
tissue) and ratios of ®3/@6 PUFA are given in S3 Table, with the best model for the eight
response variables presented in Table 1. Fork length and SST; were included in five of the eight
best models. The three exceptions were for FAT of @6 protists which included fork length and
median phytoplankton cell mass, and for TFA and DHA which included fork length only
(Table 1). Geographical location (Latitude, Longitude), day of year (DOY) or satellite-derived
observations of Chla proved to be less efficient predictors for FAT and EFA.

Changes in median phytoplankton cell mass [Mgso(log;o pg C)] were reflected in FAT of all
primary producers, EFA concentrations, and to a lesser extent in NCI (Fig 1). Model plots of
the FAT- Mgs relationship show clear transitions at Mpso of 0 (or 1.0 pg C as an inverse loga-
rithm) with diatoms increasing almost linearly, while C,5 algae showed a compound curve
with highest proportions found in largest values of Mpso. FAT of dinoflagellates and @6 protists
showed limited variation < 1.0 Mgso pg C, but sharply declined thereafter. Relationships
between EFA concentrations and Mgs, were similar to those observed for diatoms (EPA) and
dinoflagellates (DHA). Opposite trends between the two NCI and Mgs, were observed with
proportions of TFA increasing, and ratios of @3/@6 PUFA decreasing with increasing Mgsp.

Sea surface temperature 3-day composite (SST5), as a single explanatory variable, was more
important than fork length for the FAT of larger primary producers (diatoms and C; 4 algae)
accounting for 61 and 73% of the variability respectively, compared to 60 and 71% for fork
length (data in S3 Table). In contrast, for FAT of smaller dinoflagellates, albacore fork length
was shown to be more important than SST3, particularly for @6 protists. For all SST;—FAT
models, there was a clear transition at 18-19°C with steepest inclines observed at <18°C (Fig
2). FAT of larger primary producers were more prevalent at lower temperatures than smaller
producers. For SST; models of NCI, predicted proportions of TFA and ratios of @3/®6 were
highest in cooler waters <19°C and <21°C, respectively (Fig 3A and 3B). Concentrations of
EFA also showed similar trends with EPA and DHA decreasing linearly with SST; and the
intercept crossing at 22°C (Fig 3C and 3D).

Under a scenario of a 1°C increase in SST3, our models predict that in temperate waters
(<18°C) FAT of diatoms and C; 4 algae will show an average decrease of 12% and 32% respec-
tively, while those of dinoflagellates and @6 protists will increase 12% and 22%, respectively.

In sub-tropical waters (>19°C) a similar increase in SST will only cause a decrease of 4% and
<1% for FAT of diatoms and C;5 algae, respectively, and a mean increase of 0.8% and 1.5% for
FAT of dinoflagellates and @6 protists, respectively. Under the same scenario, TFA in albacore
would be reduced on average by 12% and 4% in temperate and sub-tropical waters, respec-
tively. In contrast, ratios of ®@3/®6 will increase on average by 10% in temperate waters and
decrease by 3% in sub-tropical waters. Model projections show that if SST increased by 1°C
EPA and DHA concentrations in albacore tuna in all waters would decrease by 3% (~8 mg/g)
and 1.5% (~16 mg/g), respectively.

Fish size had a clear influence on all predictive variables (FAT, NCI and EFA) with two dis-
tinct transitions observed at 50 cm and 80 cm (Figs 2 and 3). For FAT of larger primary pro-
ducers, lowest relative proportions were observed in albacore <50 cm FL and >80 cm FL,
while the opposite trend was found for FAT of smaller primary producers (Fig 2). The best
model fit for TFA and ratios of @3/®@6 PUFA included length, which alone explained 69 and
60% of the predicted variance, respectively (data in S3 Table). For all NCI and EFA there was a
clear transition at 80 cm, with lower proportions of TFA, ratios of ®3/®@6 and concentrations
of EPA and DHA observed in albacore > 80 cm FL (Fig 3).

FATscapes were produced for each FAT, NCI, and EFA in albacore tuna muscle and distinct
biogeographical zones and latitudinal and longitudinal gradients were displayed (Fig 4). FAT
of larger phytoplankton were generally highest in the Tasman Sea with diatoms increasing
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Table 1. Parametric coefficients for the best

model fits for environmental and geographical models predicting fatty acids tracers (FAT), nutritional

condition indices (NCI), and essential fatty acid concentrations (EFA) as determined by AICc (S3 Table). FAT are divided into 3 groups of primary pro-
ducers (diatoms, dinoflagellates, C1g PUFA producing algae) and a group of grazing and detritivorous primary consumers (LC-w6 PUFA producing protists).
FL—fork length; SST; and SST,5 —sea surface temperature of 3 and 15 day composites, respectively; Mgso —median phytoplankton cell mass. Edf—equiva-

lent degrees of freedom; @ —omega; PUFA—po

FAT Diatoms: log(EPA%+14:0%)

Dinoflagellates: log(DHA%)

Cg algae: log(ZC4g PUFA%)

@6 protists: log(XLC-w6 PUFA%)

NCI 203/Z06 PUFA
log(TFA%)

EFA log(EPA mg/100 g)
log(DHA mg/100 g)

* Significant,

** Moderately significant,
*** Highly significant.

doi:10.1371/journal.pone.0131598.1001

lyunsaturated fatty acids; LC—Ilong-chain (>C,o), TFA—total fatty acid (mass %).

Best model Intercept Edf F-value p-value DE%
~s(FL) 1.79+0.04 2.75 2.75 0.01* 67
+5(SST5) 3.58 3.58 3.07¢ 7%

~s(FL) 3.27+0.04 2.92 8.79 28105 * 42
+8(SSTs) 3.72 11.03 2.05e 07 ¥

~s(FL) 0.37+0.05 3.14 5.85 708 g 04xxx 74
+s(SSTs) 3.39 7.66 47105 %%

~s(FL) 1.26+0.05 3.54 12.21 7776 08% %% 72
+5(Mgso) 3.46 5.66 6.57 e 04xxx

~S(FL) 7.14+0.10 3.42 40.25 <2.00e 16 %+ 71
+5(SSTy) 3.2 6.81 1.03g 04 **

~S(FL) 0.45+0.08 2.68 1.73 0.02*% 60
~S(FL) 3.04+0.09 2.90 3.07 0.03* 66
+5(SSTys) 1.00 7.59 6.57e03x*

~S(FL) 4.99+0.08 1.32 3.96 0.04* 50

from north-west to south and C;5 algae increasing from north to south. In contrast, FAT of
smaller phytoplankton was typically highest in the western areas of the Coral Sea with dinofla-
gellates increasing from north-east to west and @6 protists increasing from south-east to
north-west. Clear regional differences between fatty acid parameters of albacore sampled from
the east and west Tasman Sea were evident for FAT of dinoflagellates and @6 protists. NCI
were highest in the Tasman Sea with TFA increasing from north-west to south-east and ratios
of ®@3/®6 increasing from north-east to south-west. EFA followed similar patterns to their cor-
responding primary producers with EPA increasing from north-west to south-east, similar to
FAT of diatoms and DHA increasing from north-east to south, somewhat similar to FAT of
dinoflagellates.

The best model for each FAT was refitted using an independent fatty acid dataset for 30
albacore previously sampled in the Coral and Tasman Sea [21]. For all models, good fits with
high degrees of confidence were observed (S1 Fig). High linear correlations (R*>0.85) were
observed for model predicted variables and our own observations, demonstrating that the
models performed well, especially at mean predicted values which were only 2-12% off the
observed values.

Discussion
Tuna EFA’s predicted to decline with increasing SST

Relative proportions and absolute values of fatty acids in albacore tuna muscle were shown to
be highly responsive to variations in SST, particularly in temperate waters < 18°C. Large
declines in projected TFA content, FAT of large primary producers and concentrations of EPA
and DHA in albacore tuna muscle occurred as a results of a 1°C change in SST. Temperature
has a major and direct effect on biochemical and enzymatic (or metabolic) processes, including

PLOS ONE | DOI:10.1371/journal.pone.0131598 July 2, 2015 6/17



el e
@ ) PLOS ‘ ONE Patterns and Predictions of Tuna Fatty Acids

0
05

log(w3/w6)

48

og(w6 protists)

I
log(DHA mg/100g)

log(C18 algae)

0.0

'
'
Ll il [T | NTWHAT NN RT |

' | |
Ll ju il TN WHAT N1 | Lol [ TN WHTTTRTT AT Ll il L LU g |

-1.0 -05 0.0 0.5 -1.0 -0.5 0.0 0.5 -1.0 -0.5 0.0 05 -1.0
log(Masy pg C) log(Mgso Pg C) log(Mgso pg C)

-0.5 0.0 0.5
log(Mgso g C)
Fig 1. Relationship between observed median phytoplankton cell mass and GAMM predicted fatty acid parameters in albacore. Fatty acid
parameters include those representative of: (A) diatoms, (B) C4g algae, (C) dinoflagellates, (D) @6 protists, (E) total fatty acid content (% of tissue), (F) ratios
of @3/@6, (G) EPA, and (H) DHA. The dashed horizontal black lines represent the intercept (or zero line) in each plot. The dashed vertical lines approximately
delineate the range of the explanatory variable above the zero line used as thresholds. The solid grey area bracketing the response curves show the
confidence limits of the model and are twice the standard error. A star represents the model fit for that particular response variable with the highest %
deviance explained (S3 Table).

doi:10.1371/journal.pone.0131598.g001

the synthesis of fatty acids, particularly PUFAs, by primary producers [41, 42] and fish [43].
Controlled feeding studies have shown that at lower temperature treatments the production of
saturated and monounsaturated fatty acids decreases while LC-PUFA increase [44-46]. In
certain diatom species, TFA and EPA yields have been shown to increase by 3 to 5% when tem-
perature decreased from 25 to 10°C for just 12 hours [47]. Our results demonstrate that tem-
perature driven changes in the fatty acid composition of the phytoplankton community can
propagate up the food chain to higher order consumers.

As lipids have a higher calorific value than protein and carbohydrates, a reduction in relative
and absolute amounts of TFA content will affect the availability of energy to consumers, and
thus ecosystem productivity. In temperate waters, we predicted that EPA and DHA concentra-
tions would decline by 7 and 15 mg/100 g albacore tuna muscle with increasing SST. In marine
organisms, LC-PUFA play a critical role in the maintenance of membrane fluidity [48] and in
early life-history development [6] meaning that sufficient declines could adversely affect the
functional performance and productivity of albacore tuna and their main consumers. For
humans, the daily recommended intake of EPA + DHA is 0.25-2 g/d [49, 50] and a resulting
omega 3 index (O3I) of greater than 8% (of total fatty acids) is desirable. A reduction in these
EFA and the O31 in human nutrition has been linked to increased risk of nutritional related
diseases and conditions including coronary heart disease, Alzheimers and multiple sclerosis
[51, 52]. Our findings build upon recent concern and evidence that the supply of essential fatty
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confidence limits of the model and are twice the standard error. A star represents the model fit for that particular response variable with the highest %
deviance explained (S3 Table).

doi:10.1371/journal.pone.0131598.g002

PLOS ONE | DOI:10.1371/journal.pone.0131598 July 2, 2015 8/17



el e
@ ) PLOS ‘ ONE Patterns and Predictions of Tuna Fatty Acids

LENGTH ENVIRONMENTAL

(A) o4

"
w
=
[a]
£
% 0.2 11 I!IIlIIIIII! 1l II!III IIIII;IIIIIII I!IIIIIIII !II 1 Il -0.211 Il IIIIIlIlII:IIIl IlIII 11 I,lIIII lIIII | | II 11 IIII'I 11 Il
= 50 60 70 80 9 100 110 16 18 20 2 24 26 28 30
[=)
2 |
10
S :
1
91 i
E i
) 81 i
D_ 1
© Al A T U B
3 i
) 1
B3 61 i
1
1
(B) 51 i
1
TN NIyl IIIIIIIIIIIII LR enenrt Jirt 1 | (TR IIII:II NN i omoy oyl 1
50 60 70 80 9 100 110 16 18 20 2 24 26 28 30
(C) 4.0 X
1
1
1
35 !
o 2 =
2 €80T~/ """ I i
g g =
1
é w25 !
(@] |
e 201 :
o | |
o 15 11 I!IIIIIIIII! il II!III IIIIIiIIIIIII I!IIIIIIII !II 1 Il 2.0 1 1 |I IIIIIIIIIIIIII IIIII 11 I;IIIII lIIII 1 lI 11l IIIIII 11 Il
o 50 60 70 80 ) 100 110 16 18 20 2 24 26 28 30
<
Ll
w 561 i i
i i
541 ! !
—_ | 5.2 |
2. i i
? - 1 1
1 1
< 501 Tm-—- - -----TEEes et 50T R S
g 1 1
1 1
> 48 E 487 E
= 46 | |
(D) ' : !
44 : 467 :
11 I!IIIIIIIII! il ||!I|I IIIIIiIIIIIII I!IIIIIIII !II 1 Il 1 |l IIIIIIIIIIIIII IIIII 11 I;IIIII lIIII 1 II 11l IIII'I 11 Il
50 60 70 80 90 100 110 16 18 20 2 24 26 28 30
Length(cm) SST(XC) (3 days)

Fig 3. Smoother plots of GAMM predicted albacore condition indicies. (A) total fatty acids (TFA, %) and (B) ratios of ®3/@6, and absolute concentrations
of the essential fatty acids (EFA): (C) EPA and (D) DHA (mg/100 g of muscle tissue). Black dots are the 29 sampling locations and the lines are contour
means. A star represents the best model fit for that particular predictor variable based on % deviance explained (S3 Table). The dashed horizontal black lines
represent the intercept in each plot. The dashed vertical lines approximately delineate the range of the explanatory variable above the zero line used as
thresholds. The solid grey area bracketing the response curves show the confidence limits of the model; twice the standard error.

doi:10.1371/journal.pone.0131598.g003
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Fig 4. FATscapes or oceanographic contour spatial maps of fatty acid parameters measured in albacore. Black dots represent the 29 sampling
locations (Data in S2 Table) and the lines are contour means.

doi:10.1371/journal.pone.0131598.g004

acids (EPA and DHA), particularly from fish harvested from cooler waters, will be insufficient
for the projected increase in global human populations [53-55].

Projected changes in all fatty acid parameters were reflected in size-related changes of pri-
mary producers. This was particularly the case for FAT of large-celled producers (diatoms, C;g
algae) and small-celled producers (dinoflagellates and @6 protists) confirming their correct uti-
lization in trophic studies. This result adds another dimension to recent worldwide concerns of
climate driven shifts in community composition, abundance and size-structure of primary pro-
ducers [56-58]. Of particular concern is a global trend towards smaller picophytoplankton
(typically <2 pm, such as dinoflagellates) outcompeting larger phytoplankton (such as dia-
toms) as ocean temperatures and coastal eutrophication increase [59]. Such size-structured
changes are projected to decrease the energy transfer efficiencies of marine food chains [14]
and EFA are increasingly being recognized as an important contributor. Muller-Navarra et al.
[60] assessed the aquatic and fatty acid literature and recognized that phytoplankton-derived
EFA (particularly EPA and DHA) are likely to determine energetic transfer efficiency across
the plant—animal interface (especially zooplankton biomass), secondary production and the
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strength of trophic coupling in pelagic food webs. Low transfer efficiencies between primary
producers and consumers during cyanobacteria bloom conditions were related to low relative
EPA content of the primary producer community [60]. Penhar et al. [17] tested the essential
PUFA limitation hypothesis using a deterministic model and showed that essential PUFA can
limit zooplankton growth at similar rates to macronutrients (N, P, Si). This agrees with an
increasing number of empirical studies (e.g., [61]), and is further supported by captive feeding
trials [62].

In addition to temperature, projected values of fatty acid parameters were shown to be influ-
enced by individual fish length of albacore tuna. Ontogenetic changes and spatial variability in
fatty acid parameters in albacore tuna are likely related to: (i) known ontogenetic changes in
diet [63], (ii) younger organisms having faster metabolic rates, (iii) the fact that smaller alba-
core spend more time in temperate waters and show reduced annual migration than adults
[64], and (iv) dynamic trade-off energy constraints between growth and reproduction [65].
The last point could be significant given that albacore undergo long spawning migrations and
that fatty acids are the major metabolic energy resource for fish reproduction [6]. The unusual
Gaussian-like curve found in this study was also detected in a concurrent study using stable
isotopes [22] and has been detected in dietary studies of albacore in other ocean basins [66].
Using the models developed, most EFA and NCI can be estimated based solely on an animal’s
fork length with reasonably high confidence (DE >50%). Smaller albacore caught from tem-
perate waters were observed as having the best nutritional value with highest NCI and EFA
concentrations. Such nutritional information can be used to inform consumers where products
fit into national food standards and healthy eating guidelines.

A novel approach of using signature fatty acids and predictive models

The framework presented here includes the development and first time demonstration of
FATscapes and, to the authors’ knowledge, the first utilization of GAMMs for organic com-
pounds. Application of FATscapes provides a new approach for describing the past spatial and
temporal distributions of phytoplankton produced and essential fatty acids, in addition to
being used as a tool for exploring potential impacts of future climate change. This is a signifi-
cant advancement to previous approaches (such as, PCA, MDS, ANOSIM and PERMANOVA)
used to explain variation in fatty acid profiles and trophic markers which are typically based
on symmetric matrix of dissimilarities, distances, or their ranks, to test among a priori groups
based on their fatty acid composition. These previously used and widely applied statistical
approaches give valuable information, although they have limited predictive capacity. There is
an increasing need to understand changes in trophic relationships over time and space (in the
context of climate change and increasing human pressure), and therefore it is vital to use statis-
tical tools that are both exploratory and predictive. GAMMs have the advantage of allowing
highly flexible nonparametric relationships between predictor and response variables which
are often desirable when there is no a priori reason for choosing a response function.

Spatial contour or landscape maps are increasingly produced for naturally occurring iso-
topes (isoscapes; [40]) to quantify and understand spatio-temporal distributions of isotopic
variations in natural systems at beyond regional scales (i.e. at landscape, ocean basin and global
scales). They are particularly powerful when attempting to understand macro-ecological pat-
terns responsible for intra-specific and inter-specific differences observed. In a concurrent
study, Pethybridge et al. [22] produced isoscapes for bulk carbon §'>C and nitrogen §"°N iso-
topes of albacore tuna (including the same individuals analyzed in this study) and then used
them to classify distinct bioregions that corresponded to known physical and biological pro-
cesses. Clear bioregions were also identified from the FATscapes produced in the present study
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(Fig 4). Predictive values of FAT of large primary producers, NCI, and EFA were all highest in
the Tasman Sea and lowest in the Coral Sea reflecting the influence of the East Australian Cur-
rent and the Tasman Front which extends to ~35°S [67] on diatom/flagellate partitioning [68,
69]. Predicted FAT of smaller producers were highest in the Coral sea and eastern coast of Aus-
tralia. Longitudinal gradients reflect distinct inshore/offshore communities of dominant phyto-
plankton [41, 70].

Caveats and future research

The utility of primary producer FAT's as primary drivers contributing to lipid profiles of ter-
tiary consumers is complicated by mid-trophic level dynamics and unknown trophic transfer
efficiencies of fatty acid nutrients from lower to higher trophic groups. Furthermore, the
migratory nature of albacore tunas could drastically affect the spatial resolution of our results.
This study attempted to reduce this error by including composite environmental data just (3
days) before and moderately (15 and 30 days) before tuna were sampled. Surprisingly, however,
all predictive variables responded better to the shorter-term (3 day composite) predictive vari-
ables, rather than longer-term data that encompass a period of time when fatty acids of muscle
tissue are replaced by those more representative of their diet (with turnover rates of muscle
being ~3-10 weeks). Future studies should consider a greater time lapse (e.g. 30-90 days)
between the date top consumers were sampled and when environmental data are acquired.
Future work should also aim to combine data on the biochemical composition of individual
fish and their movement patterns (through tagging studies) so that better relationships between
diet and location (degree of residency) can be made.

It is important to note that the FATscapes produced in this study represent the spatial distri-
bution of fatty acids of albacore tuna muscle tissue sampled over a two year period and could
reflect differences for a given season, particularly in the temperate areas of the study where
there is greater seasonality of the prevailing physical properties and phytoplankton dynamics.
As fatty acids in tuna muscle tissue have faster turnover rates, compared to stable isotopes (~2-
4 months, [71]), they are considered to be better tracers to investigate finer scale time-series
changes in regional food webs and may provide an earlier warning to fishery managers for
potential shifts. Whilst time of the year (DOY; models 6 and 7) did not appear in any of the
best models, we recommend that future research look to acquire fatty acid data for samples col-
lected over a finer temporal scale so that more detailed (e.g. seasonal-based) FATscapes are
produced. Likewise, finer-scale spatial predictive maps of fatty acids could be achieved through
the collection and analysis of producers or consumers with smaller movement patterns.

Conclusions

We developed a framework that can quantify and predict the spatial and temporal variability
of various fatty acid parameters measured in the tissues of large commercially important
marine predators. Using this framework we found that the supply and availability of EFA are
likely to be negatively affected by increases in sea surface temperature, particularly in temperate
environments. The changes in fatty acid proportions and concentrations reflect shifts in phyto-
plankton dynamics, including species composition and size structure, and describe mecha-
nisms by which marine energy pathways and ecosystem stability could change. The models
presented can be used to infer the fatty acid composition of other generalist marine top preda-
tors with similar movement patterns and metabolic parameters. They can also be used to
understand potential future impacts driven by natural and anthropogenic climate change. Indi-
cators of climate change are thought to be important in planning adaptation strategies for
harvested marine species [72]. Indeed, measuring the fatty acid composition and content of
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regularly fished resources offers a cost effective approach to understand trophic structure
dynamics and their response to change. International efforts are now needed to assess broad,
global-scale patterns in marine fatty acids similar to that being undertaken for isotopes [73]
and trace elements [74].

Assessing and monitoring entire ecosystem dynamics from nutrient inputs to top predators
is notoriously difficult, largely because there are very few methods that can detect multi-scale
and food web integrated signals [75]. As fatty acids are derived from primary producers and
are essential for marine organisms to grow, reproduce and survive, they provide excellent tools
to simultaneously examine bottom-up drivers of energy transfer, trophic structure and nutri-
tional condition or health at the organismal and community scales.
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S1 Fig. Model cross-validation of fatty acid parameters in albacore. Best model fit (black
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methyl branched fatty acids. Fatty acid data is presented as mean area percent of total fatty
acids.

(DOCX)

$2 Table. Collection, biological, environmental and biochemical data used in this study.
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