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spatial changes in TP and food chain length across the ETP. 
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Abstract 

The effective evaluation of trophic interactions in pelagic food webs is essential for 
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leunderstanding food web ecology, conservation biology, and management. We tested the 

applicability of compound�specific isotope analysis of amino acids (CSIA�AA) for a) 

characterizing trophic positions (TPs) of nine species from four trophic groups (tunas, squids, 

myctophids, and euphausiids) within 

Ocean, b) evaluating trophic discrimination factors (TDFs) of each trophic group, and c) 

detecting spatial changes in TPs and food chain length 

productivity. Although δ 

food web studies. Absolute TP estimates 

(tunas: 4.0 ‰, squids: 4.6 ‰, myctophids: 5.0 ‰, and euphausiids: 7.0 ‰) 

widely�used ecosystem TDF. We used remotely sensed oceanographic data to evaluate the 

area. We did not find 

productivity gradient 

indicating non�significant spatial changes in TP and food chain length 

a pelagic food web in the eastern tropical Pacific (ETP) 

across a region with heterogeneous 

15N values of bulk tissues generally increased from south�to�north, 

CSIA�AA revealed that trophic positions were uniform throughout our study area. These results 

suggest that variability in δ
15N values were largely driven by nitrogen cycling dynamics in the 

ETP, which highlights the importance of these processes for the interpretation of δ
15N values in 

were unrealistic for higher�level species, and TDFs 

were lower than a 

physical oceanography and biological productivity throughout our study area and found 

significant relationships between δ
15N values, nitrate concentrations, and SST across our study 

a gradient in phytoplankton cell size co�occurring with an expected 

across our sampling region, which substantiated our isotope results 

across the ETP. 

Introduction 
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Understanding and evaluating trophic structure and food web dynamics is a prerequisite 
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lefor an ecosystem�based approach to fisheries and provides 

and anthropogenic impacts 

removing top predators and triggering top�down trophic cascades (Pauly et al. 1998, Worm and 

Myers 2003, Essington and Hansson 2004, Pauly and Palomares 2005). Simultaneously, 

environmental variability 

processes at seasonal, inter�annual, and decadal scales (Watters et al. 2003, Fernández�Álamo 

and Färber�Lorda 2006, Pennington et al. 2006). In order to address questions about energy flow 

through ecosystems, 

structure in dynamic marine systems. Our aim here is to test the applicability of 

technique, compound�specific isotope analysis of amino acids (CSIA�AA), 

food web to estimate trophic position (TP) and variability in trophic ecology of multiple species 

over a portion of the pelagic eastern tropical Pacific Ocean. 

Historically, the characterization of food web structure in marine ecosystems has been 

based on stomach contents analysis, which provides only a snapshot of 

meal, and can be biased by processes such 

Boggs 1986), regurgitation, and cod�end feeding. To circumvent such shortcomings, nitrogen 

isotope ratios have been used for elucidating trophic interactions and food web structure (DeNiro 

and Epstein 1981, Peterson and Fry 1987, Fry 1988). Nitrogen stable isotope values provide 

for assessing environmental a means 

on trophic ecology. Commercial fisheries can affect food webs by 

can affect nutrient availability and alter food webs through bottom�up 

we need effective methods for evaluating trophic interactions and food web 

a proliferating 

on an entire pelagic 

consumer’s most recent a 

size�based gastric evacuation (e.g., Olson and as 

information about a consumer’s diet because the δ
15N value of a consumer’s tissues is enriched 

relative to the 15N of its dietary components (DeNiro and Epstein 1981, Hobson et al. 2002). 

3 
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Although the nitrogen stable isotopic composition of bulk tissue or whole animals can provide 

useful information, this approach also has limitations when the objective is to determine absolute 
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leTPs. Traditional TP estimates for predators require, in addition to δ 

predator’s tissues, δ 

proxy for baseline values (e.g., suspension�feeding scallops, Jennings and Warr 2003). Baseline 

δ
15N measurements 

primary producers typically have very short life spans, and isotopic compositions that 

substantially (Bronk et al. 1994, Rolf 2000, Hannides et al. 2009). The δ 

base of the food web is governed by the dominant N transformation processes in the region (i.e., 

N recycling, phytoplankton utilization of nitrate, N2�fixation, 

Sarmiento 1997, Voss et al. 2001, Altabet 2001). Without reliable measurements of baseline 

baseline proxy δ 

variability in trophic structure 

values, which then propagate up the food web, 

Time�integrated TPs of 

food web can be determined using results of CSIA�AA (McClelland and Montoya 2002, Popp et 

al. 2007, Chikaraishi et al. 2009). The δ 

acids (e.g. phenylalanine, lysine) because of isotopic fractionation during transamination and 

15N measurements of the 

15N measurements of the base of the food web (primary producers), or a 

are often difficult to obtain in open�ocean, pelagic ecosystems because 

can vary 

15N composition at the 

or denitrification; Gruber and 

or 

15N values, it is unclear whether isotopic variability in predator tissues is due to 

or due to nitrogen biogeochemistry that affects baseline isotopic 

or a combination of these two factors. 

consumers and the nitrogen isotope composition at the base of the 

15N values of specific amino acids in a consumer’s 

tissues provide information that overcomes limitations of bulk tissue isotope analysis. “Trophic” 

amino acids (e.g., glutamic acid, alanine) appear to be enriched in 15N relative to “source” amino 

deamination (Chikaraishi et al. 2007, Popp et al. 2007, Chikaraishi et al. 2009). Conversely, 

source amino acid metabolism does not cleave or form nitrogen bonds, so the isotope 
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composition of these amino acids show little fractionation, and are conservative biomarkers that 

reflect the nitrogen isotope composition at the base of the food web (Chikaraishi et al. 2007, 
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lePopp et al. 2007, Chikaraishi et al. 2009). In essence, the fractional TP of 

estimated as the difference between the δ 

factoring in trophic discrimination values (McClelland and Montoya 2002, Popp et al. 2007, 

Chikaraishi et al. 2009). 

The universality of the δ 

structure for multiple 

Previous CSIA�AA studies have provided reasonable TP estimates for zooplankton in culture 

(McClelland and Montoya 2002), gastropods in 

2007), krill in the Antarctic (Schmidt et al. 2004, Schmidt et al. 2006), plankton in the Central 

Pacific (McCarthy et al. 2007), zooplankton 

turtles (Dermochelys coriacea) in the Pacific (Seminoff et al. 2012), lanternfishes 

globe (Choy et al. 2012), and yellowfin tuna in the eastern tropical Pacific Ocean (Popp et al. 

2007, Olson et al. 2010). Recent studies, however, have shown conflicting results, i.e., 

underestimated TP’s of mesozooplankton in the California Current ecosystem (Décima et al. 

2013), elasmobranchs in coastal waters of Hawaii (Dale et al. 2011), penguins (Lorrain et al. 

2009, McMahon et al. 2015), teleosts (Bradley et al. 2015), and harbor seals in captivity 

(Germain et al. 2013). These underestimates 

between source and trophic amino acids in the trophic discrimination of 

a consumer is 

15N values of the trophic and source amino acids, while 

15N CSIA�AA approach for measuring time�integrated trophic 

consumers spanning marine food webs, however, remains unclear. 

a marine coastal ecosystem (Chikaraishi et al. 

near Hawaii (Hannides et al. 2009), leatherback 

across the 

were presumably due to interspecific differences 

15N. Studies on 

variability in trophic discrimination factors (TDFs) have also been widely discussed for bulk 

δ
15N values, with increasing evidence showing that a single ecosystem TDF value is unlikely and 

5 
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arguing for lower TDF values for higher trophic level organisms (Hussey et al. 2014, Reum et al. 

2015). Despite a growing number of studies, applications of CSIA�AA have focused on isolated 

A
cc

ep
te

d 
A

rt
ic
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web is lacking. Our approach 

TPs from a natural pelagic ecosystem to test the assumption of using 

Our study was conducted in the eastern tropical Pacific Ocean (ETP), 

and oceanographically diverse region (Fiedler and Talley 2006, Pennington et al. 2006), for 

which an integrated representation of the food web has been provided (Olson and Watters 2003). 

The thermocline depth shoals from west�to�east 

availability and productivity varies spatially (Pennington et al. 2006). Additionally, 

oceanographic conditions vary on seasonal, interannual, and decadal time scales, which affect 

temporal nutrient availability and biological production in the ETP (Barber and Chavez 1986, 

Fiedler 2002). 

Although several processes influence δ 

denitrification rates in regions with pronounced oxygen minimum zones, like the ETP (Cline and 

Kaplan 1975, Voss et al. 2001, Somes et al. 2010, Lorrain et al. 2015). Since the ETP has 

the largest OMZs in the world, 

dominated by nitrogen fixation. Nitrate concentrations (Somes et al. 2010) and isotopic 

a systematic study encompassing an entire pelagic food 

was to sample the dominant functional groups occupying various 

a single ecosystem TDF 

value. Examining relationships within a single food web provides a holistic approach missing 

from previous ecological research based on δ
15N CSIA�AA. 

a biogeochemically 

across the ETP, and therefore nutrient 

15N values, previous work has demonstrated high 

one of 

we expect high baseline δ
15N values compared with areas 

fractionation due to nitrate utilization by phytoplankton (Waser et al. 1998, Altabet 2001) also 

6 
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increase δ
15N values, so we expect that δ

15N values will be related to local denitrification and 

nitrate concentrations. 
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leEnvironmental and oceanographic variability influence trophic ecology and δ 

by altering the nutrient supply to the base of the food web, and ultimately determining the 

amount of energy that reaches higher�level 

Woodworth 2012, Roussuex and Gregg 2012, Young et al. 2015). For example, in oligotrophic 

areas, small picophytoplankton (i.e., cyanobacteria) 

concentrations and therefore 

concentrations of small phytoplankton in 

increased numbers of steps in the food web by up to two trophic levels compared to food webs in 

eutrophic areas dominated by larger phytoplankton (i.e., diatoms) because many zooplankton 

cannot directly consume picophytoplankton (Seki and Polovina 2001, Barnes et al. 2010, Young 

et al. 2015). Therefore, variability in productivity throughout the ETP may be reflected by 

differences in phytoplankton cell size and subsequent food web structure. We utilized remotely� 

sensed oceanographic data to evaluate spatial variability in estimated phytoplankton cell size in 

our study area. 

The goal of this study is to evaluate the applicability of CSIA�AA for providing insight 

into the trophic structure of 

TPs of nine species in four trophic groups in the ETP, including krill, lanternfishes, squids, and 

tunas using CSIA�AA, and empirically evaluate variability in trophic discrimination factors 

15N values 

consumers (Barnes et al. 2010, Polovina and 

are capable of taking up nutrients in low 

are typically the dominant phytoplankton functional group. Large 

areas with oligotrophic conditions can result in 

a pelagic ecosystem in the ETP. Our first objective was to estimate 

(TDFs) for these components. We hypothesized that the previously�published whole�ecosystem 

TDF value of 7.6 ‰ (Chikaraishi et al. 2009) will not be appropriate for our higher TP species 
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(i.e., tunas) given findings of recent studies (Bradley et al. 2015, McMahon et al. 2015). Our 

second objective was to evaluate spatial differences in TPs of the aforementioned trophic groups. 
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leDue to a previously�described east�west productivity gradient in the ETP, 

there would be significant differences in food web structure 

food chain length and TPs, 

was to evaluate relationships between remotely�sensed oceanographic data and nitrogen isotopic 

values. We hypothesized that nutrient concentrations would provide 

variability in δ
15N values, 

biogeochemical cycling and δ 

2010). This study is the first to utilize nitrogen CSIA�AA to evaluate the major components of 

complete open�ocean, pelagic food web, and contributes to the development of CSIA�AA 

tool for measuring time�integrated trophic structure for multiple marine taxa that occupy 

of TPs. 

Methods 

Sample collection and processing 

We analyzed tissue samples from nine species that represent four distinct trophic groups 

across the food web in the pelagic ETP: macrozooplankton (euphausiid crustaceans), 

micronekton (myctophid fishes), cephalopods (squids), and micronektonivores (tunas; Table 1). 

Zooplankton, small mesopelagic fishes, and squids 

we hypothesized that 

across our study area, specifically in 

as a result of differences in phytoplankton size. The final objective 

a mechanism to help explain 

as nutrient dynamics, specifically nitrate concentrations, affect 

15N values (Voss et al. 2001, Deutsch et al. 2001, Somes et al. 

a 

as a 

a range 

were collected from July 28 to December 8, 

2006 during the National Oceanic and Atmospheric Administration’s (NOAA's) Stenella 

Abundance Research (STAR) surveys (Gerrodette et al. 2008). We defined our study area to 

8 
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include a subset of sample locations (Fig. 1, Supplementary Material (SI) 1) from the STAR 

surveys based on the presence of both east�west and north�south productivity gradients across the 
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leregion, with greater surface chlorophyll 

along the equator, according to published oceanographic data. Zooplankton samples 

sampled with a cylindrical�conical bongo net (333 Pm mesh), fished to 200 

hours after sunset, and specimens 

mesopelagic myctophid fishes Myctophum nitidulum (M.n.) and Symbolophorus 

were collected by dipnet at night. Specimens of the squids Dosidicus gigas (D.g.) and 

Sthenoteuthis oualaniensis (S.o.) also 

Olson et al. 2001, Philbrick et al. 2001 for detailed methods). 

Three species of tuna, yellowfin (T.a.; Thunnus albacares), skipjack (K.p.; Katsuwonus 

pelamis), and bigeye (T.o.; Thunnus obesus) tunas, 

observers of the Inter�American Tropical Tuna Commission onboard purse�seine fishing vessels. 

Samples of dorsal white muscle 

of uniform size were 

and bigeye tuna 450�550 

laboratory. 

Zooplankton samples 

and immediately refrozen in seawater. Two species, Euphausia distinguenda (E.d.) and 

Euphausia tenera 

a concentrations at the eastern end of the study area and 

were 

m approximately two 

were processed within one hour of collection. Specimens of 

reversus (S.r.) 

were collected at night, using handlines and jigs. (See 

were sampled year�round during 2003�05 by 

were taken from each fish adjacent to the second dorsal fin. Fish 

used for analysis: skipjack tuna 450�550 mm, yellowfin tuna 500�700 mm, 

mm. All samples were stored frozen until further processing in the 

were thawed slowly, and euphausiids were identified to species, 

(E.t.), were present in all bongo samples in sufficient numbers for isotope 

determinations, and were therefore chosen for the analysis. Only fully intact individuals were 

analyzed, and due to small body size, multiple individuals of each species from each sample 

9 
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were pooled for the analysis. Myctophid samples consisted of muscle and skin from individual 

fish, whereas the heads, fins, stomachs, and vertebral columns were removed. Skin was removed 
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lefrom the tuna white muscle samples and squid mantle samples before analysis. Each sample 

lyophilized for 24 hours and homogenized to 

Bulk isotope analysis 

Isotopic analysis of bulk muscle tissue 

of Hawaii’s Isotope Biogeochemistry Laboratory. All isotopic results from this study are 

available through BCO�DMO (http://www.bco�dmo.org/project/491309). 

of nitrogen were 

ratio mass spectrometer (FinniganConFlo II/Delta�Plus). Isotope values 

relative to air (DeNiro and Epstein 1981). Mean accuracy of all stable isotopic analyses 

The number of samples used for bulk isotope analysis per location for each species 

typically one (Table 1), although there 

one individual per species (SI 1). To avoid weighting certain locations 

spatial analyses (because of the imbalance in samples per location by species), 

individual bulk isotope values by species at each location where multiple samples per species 

were taken. Isotope values from tuna samples collected at the 

specimens that were 

was 

a fine powder using a ceramic mortar and pestle. 

or whole animals was performed at the University 

Stable isotope values 

determined using an on�line carbon�nitrogen analyzer coupled with an isotope 

reported in δ notation are 

was < ± 

0.1 ‰ (1 SD) based on triplicate analysis of in�house reference materials (glycine standard and 

tuna muscle) with known δ
15N values. 

was 

was a subset of locations at which we analyzed more than 

than others in the more 

we averaged the 

location were averaged, same as 

caught in the same set on a single tuna school were not independent. 

Myctophids vertically migrate in groups, and specimens caught together at the same location 

were also considered to not be independent. We analyzed bulk δ
15N of tuna white muscle tissue 

10 
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from three individuals per species at two locations in our study area, and at other stations we 

analyzed single samples per species. We analyzed two Symbolophorus reversus and Myctophum 
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lenitidulum individuals values at three and two locations, respectively, and averaged those values. 

Since the squid species 

species independent, and did not average squid isotope values. Fewer euphausiid samples 

available compared with other taxa, 

location. 

CSIA%AA 

Due to analytical costs, 

basis for sample selection 

range of sample locations along the transect. Samples 

protocol of Popp et al. (2007), Hannides et al. (2009), and Hannides et al. (2013). To isolate 

amino acids, we 

esterified (4:1 isopropanol:acetyl chloride), and derivatized (3:1 methylene 

chloride:trifluoroacetyl anhydride). The derivatization method 

acids. We analyzed trifluoroacetyl and isopropyl ester (TFA) derivatives (Hannides et al. 2013). 

Derivatives were 

spectrometer through 

liquid nitrogen cold trap with ISODAT software. We injected samples (split/splitless, 5:1 split 

we utilized are non�schooling species, we considered sample from those 

were 

so we were unable to average euphausiid isotope values by 

we conducted CSIA�AA on a subset of 48 of the samples. The 

to represent the range of variability in bulk δ
15N values and the was 

were prepared for CSIA�AA following the 

hydrolyzed samples (6N HCl, 150 °C for 70 minutes; Cowie and Hedges 1992), 

can affect the yield of amino 

analyzed by a Trace GC gas chromatograph and a Thermo Delta XP mass 

a GC�C III combustion furnace (980°C), reduction furnace (680°C), and a 

ratio) with a 180°C injector temperature and a constant helium flow rate of 2 mL min�1 onto a 

11 
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0.32 i.d., 50�m HP column with 0.52 µm thickness. More details of CSIA�AA methodology can 

be found in Popp et al. (2007) and Dale et al. (2011). 

A
cc

ep
te

d 
A

rt
ic

le
acid (AA) were < 1 ‰. Analytical 

ranged from 0.08�1.65 ‰, and averaged 0.43 ‰. The number of assays required 

three, but on occasion, 

δ
15N values of norleucine and aminoadipic acid internal reference standards with known nitrogen 

isotopic compositions; these 

by analyzing a suite of several AAs with known δ 

amino acids were 

chromatographs. Amino acids 

(Ala), aspartic acid (Asp), glutamic acid (Glu), leucine (Leu), and proline (Pro); and 

amino acids: glycine (Gly), lysine (Lys), phenlyalanine (Phe), serine (Ser), and threonine (Thr). 

Since Thr values 

including Thr as 

“metabolic” amino acid (Germain et al. 2013, Bradley et al. 2015). 

We calculated fractional TPs using glutamic acid, 

phenylalanine, a 

2012). Nitrogen isotope values of phenylalanine show minimal isotopic fractionation, which 

To maximize analytical precision and accuracy during sample analysis, we performed 

multiple assays (i.e., machine runs), until standard deviations for the δ
15N values of each amino 

15Nfor amino acid δ generally under 1 ‰, but errors were 

was typically 

additional assay was required. Amino acid values were corrected to the an 

were co�injected with each sample. Quality control was confirmed 

15N values every 4�5 assays. δ
15N values of 18 

analyzed, although some amino acids were not detected on the 

were grouped into two categories, trophic amino acids: alanine 

source 

are extremely negative relative to other source AAs, we recognize that 

AA may not be appropriate and recent studies are classifying Thr a source as a 

a trophic amino acid, and 

amino acid (Chikairishi et al. 2009, Hannides et al. 2009, Choy et al. source 

indicates that it is an appropriate source amino acids to use for estimating TPs (Chikaraishi et al. 

2009), and has been used to evaluate spatial patterns in δ
15N at the base of the food web (Popp et 

12 
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al. 2007, Chikaraishi et al. 2009, Sherwood et al. 2011, Seminoff et al. 2012, Decima et al. 

2013). We used glutamic acid as our trophic amino acid, since Chikaraishi et al. 2009 found the 

A
cc

ep
te

d 
A

rt
ic

legreatest δ
15N enrichment and smallest standard 

to others. We used the following equation to estimate TP: 

=������ � 

where TPGlu�Phe is trophic position based 

the trophic discrimination factor (the 

trophic step, reported 

enrichment in primary producers (3.4 ± 0.9 ‰; Chikaraishi et al. 2009, McCarthy et al. 2013). 

We used standard error�propagation formulas to calculate 

Blum et al. 2013; Bradley et al. 2015). 

Oceanographic data 

We analyzed pre�processed oceanographic data to evaluate relationships between 

oceanographic conditions and bulk nitrogen stable isotope values for nine species. The variables 

we chose were: nitrate and phosphate concentrations (Pg L�1), 

surface temperature [SST (°C)], sea�surface height [SSH (cm)], chlorophyll 

thermocline depth [TD (m)], and phytoplankton cell diameter (µm). Preliminary analyses 

indicated that there 

Additionally, several of the variables 

associated with this trophic AA compared errors 

��� ��� � − β ��� −  � 
+ 1 1� 

��� 

on glutamic acid (Glu) and phenylalanine (Phe), TDF is 

15N enrichment of δ
15NGlu with respect to δ

15NPhe per 

15NGlu� δ
15NPhe as 7.6 ‰ by Chikaraishi et al. 2009), and β represents δ 

errors associate with TP estimates (see 

denitrification index (N*), sea� a 

(mg/m3)], a [Chl a 

were poor relationships between isotope data and Chl a, TD, and SSH. 

were correlated with each other (see SI 2), so we limited 

13 
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our emphasis mostly to nitrate concentrations, phytoplankton cell diameter, and N*. See SI for 

more detailed information on the remainder of the oceanographic variables. 
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leIdeally, the oceanographic variables should be averaged 

δ
15N turnover rates in the tissues of the various taxa. However, estimates of tissue turnover rates 

were unavailable for most species. As 

annually, as estimated tissue turnover rates for yellowfin tuna 

interval (94% turnover; Graham et al. 2008). Nutrient concentration data 

2005 World Ocean Atlas (WOA2005) through NOAA’s National Oceanographic Data Center 

(www.nodc.noaa.gov) for one�degree, objectively analyzed 

annual averages of surface concentrations. N* 

concentrations (Gruber and Sarmiento 1997). Remotely�sensed Chl 

acquired as monthly means through NOAA’s OceanWatch program 

(http://oceanwatch.pifsc.noaa.gov/). See SI 3 for 

data acquisition. 

To evaluate the variability in phytoplankton cell size 

indicate potential differences in phytoplankton functional groups and trophic structure, 

Chl a and SST values to estimate median phytoplankton cell 

Median cell diameter (MD50) 

over time periods equivalent to 

a compromise, we averaged oceanographic variables 

are within a 12�month time 

were acquired from the 

mean annual fields, representing 

was derived using nitrate and phosphate 

a, SSH and SST were 

more detailed information on oceanographic 

across our study area, which could 

we used 

mass (MB50), using the following 

predictive equation derived from a global dataset of 361 water samples (Barnes et al. 2011): 

log�� ����� = 1.340 − 0.043 SST� + 0.929 log�� Chl (��. (2) 

was calculated from MB50 estimates using the following equation 

from Polovina and Woodworth (2012): 

�)�� = 2.14 �����
�.*� . (3) 
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We calculated a denitrification index, N*, using the follow equation by Deutsch et al. 

(2001), which was modified from that of Gruber and Sarmiento (1997): 
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leN∗ = � − 16� + 2.90 μmol kg���, 

where N and P are 

values indicate complete utilization of nitrate in regions with 

and positive values 

utilized N* values at both 0 and 200 

below the photic zone, where denitrification is likely more dominant compared with surface 

waters. 

Data analysis 

Spatial trends in nitrogen isotope values 

We used linear regression analyses to evaluate whether variability in bulk δ 

could be attributed to spatial variability in regional biogeochemistry, changes in food web 

structure, or both. To evaluate the spatial variability in δ 

regression model to the bulk isotope data of each species with latitude and longitude 

variables. Estimated slopes from these models 

used R (R Development Core Team 2013) for this and all other statistical analyses. To evaluate 

the influence of trophic differences and variability in nitrogen cycling processes 

values across our 

(4) 

nitrate and phosphate concentrations (Pg L�1), respectively. Negative N* 

a phosphate deficit (denitrification) 

are indicative of a gain in nitrate concentration (nitrogen fixation). We 

m to assess differences between surface values and those 

15N values 

15N values, we fitted a multiple linear 

as predictor 

were compared among species using a t�test. We 

on bulk δ
15N 

sampling area, we fitted a univariate linear model to data of all species for 

15Nδ
15NPhe, a source amino acid, with bulk δ as the predictor variable. Species differences were 

15 
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not considered in this analysis because, in theory, the relationship between bulk δ
15N and δ

15NPhe 

should be the same across all taxa. 
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leSpatial structure in TP estimates 

trends in TP computed from equation (1) 

species, using univariate, rather than multivariate, linear regressions due to limited sample sizes 

shown to be useful for modeling data with replicate AA δ 

Decima et al. 2013). The 

even though our 

assays run. Based 

latitude and longitude 

where sample was 

(Pinheiro et al. 2016). We fitted LMEs using two proxies for TP, δ 

� δ
15Nsource, the latter of which allowed 

selected a suite of trophic and 

where δ
15Ntrophic 

Phe, Lys, and Ser δ 

dependence on TDF and β values (Decima et al. 2013). 

We compared CSIA�AA derived TP estimates to independent TP outputs from 

was evaluated in two ways. First, we evaluated spatial 

across latitude and longitude separately, for each 

per species. Second, using data for all species, we fitted linear mixed effects models (LMEs; 

Pinheiro and Bates, 2004) to the replicate AA δ
15N measurement data, as LMEs have been 

15N measurements (Lorrain et al. 2009, 

use of LMEs made it possible to account for variability among samples 

sampling design was unbalanced as a result of the variability in the number of 

preliminary analyses and the limited sample sizes per species, we included on 

as linear terms (fixed effects), and sample and species as random effects, 

nested within species. LMEs were fitted with the ‘nlme’ package in R 

15Nglu � δ
15Nphe, and δ

15Ntrophic 

us to incorporate data for several amino acids. We 

amino acids that were detected in samples from all species, source 

15N values, and δ
15Nsource of Ala, Glu, Leu, and Pro δ of Gly, = mean = mean 

15N values. This approach is similar to using Equation 1 but circumvents the 

an 

ecosystem model of the ETP food web (Olson and Watters 2003). We empirically estimated 

TDFs for the different taxa by rearranging Eqn 1 following Bradley et al. (2015): 

16 
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���∆ = ���33 ��45 − 1� + 3.4 (5), ���� � 

15 where * NGlu%Phe = δ
15NGlu – δ

15NPhe, and TPOW represents independent trophic position 
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leestimates from an 

linear equation, is 

based on Chikaraishi et al. (2009), provides 

tests to compare the slopes of each trophic group to the line with 

recent studies have indicated that this value is not appropriate for all taxa (Bradley et al. 2015, 

McMahon et al. 2015, Nielsen et al. 2015). 

Oceanographic conditions and their relation 

To summarize oceanographic conditions in 

correlations of the 8 aforementioned oceanographic variables by creating 

using the Pearson product�moment correlation coefficient (see SI) and maps of each 

oceanographic variable. 

predictors in 

each species to evaluate relationships between bulk δ 

our oceanographic variables 

variables in the multiple linear regression to surface nitrate concentration, chlorophyll 

thermocline depth. We used Akaike’s Information Criterion (AIC; Burnham and Anderson, 

ecosystem model for the ETP (Olson & Watters 2003). The slope of this 

an empirical estimate of TDF for each trophic group. The TDF of 7.6 ‰, 

a reference for comparison across taxa. We used t� 

a slope (TDF) of 7.6 ‰, as 

to isotope values 

our study area, we evaluated pairwise 

a correlation matrix 

We fitted a multiple linear regression model with oceanographic variables as the 

a stepwise manner (using forward and backward selection) to the bulk δ
15N data of 

15N and oceanographic conditions. Some of 

were correlated with each other (see SI 2), so we limited the 

a, and 

2004) to evaluate the relative performance of each model, with a `AIC threshold value of 2. The 

17 
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cephalopod species were not included in this analysis as a result of small sample sizes and 

limited spatial range of sample locations. 
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leWe evaluated spatial patterns in δ 

by fitting LME models and creating 

sample and species 

test for spatial effects 

we fit LMEs in which latitude and longitude 

for environmental effects, 

values in the stepwise model selection for the bulk isotope analysis (see Results below) and fitted 

LMEs to evaluate the relationship between 

values and nitrate concentration (linear fixed effect). We created 

isoscape, of δ
15NPhe values for 

Schlitzer, R. 2012), which interpolates 

Interpolation Variational Analysis (DIVA) gridding. 

study with previously collected and analyzed D. gigas mantle tissue samples from 2003 and 

2010. All samples 

Atmospheric Administration’s research vessels. We utilized these samples to evaluate potential 

15N values and the relationship of δ
15N to oceanography 

15N values. For all LMEs, a nitrogen isoscape of source AA δ 

were considered random effects, where sample was nested within species. To 

15N values using source amino acids, δ
15Nphe and δ

15Nsource,baseline δon 

included as linear terms (fixed effectsTo test were 

15Nwe chose the oceanographic variable that best described bulk δ 

15Nsource amino acid (Gly, Phe, Lys, and Ser) δ 

a spatial isotope map, or 

our study area using Ocean Data View 4.5.2 (http://odv.awi.de, 

areas between sampling locations by means of Data� 

Temporal mismatch caveats 

We performed preliminary comparisons of Dosidicus gigas bulk δ
15N values from this 

were collected at the Costa Rica Dome onboard the National Oceanic and 

temporal variability in bulk δ
15N values for a single species. We found no significant differences 

18 

This article is protected by copyright. All rights reserved. 

https://ourstudyareausingOceanDataView4.5.2(http://odv.awi.de
https://wereconsideredrandomeffects,wheresamplewasnestedwithinspecies.To


 

 

             

    

             

           

           

            

           

              

            

         

               

              

              

                

            

             

             

    

 

 

  

Limnology and Oceanography Page 20 of 69 

in δ
15N values between years, which provided some justification for utilizing samples collected 

from different years. 
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leThere was 

other taxa (August� December, 2006) due to opportunistically�collected samples from two 

independent sources. 

integrated processes, not to evaluate temporal variability in δ 

We also evaluated oceanographic data from 2003�2006 to determine if anomalous 

conditions were 

El Niño Southern Oscillation (ENSO) conditions during 2003�2006, using the Oceanic Niño 

Index (ONI; http://www.cpc.ncep.noaa.gov/), which is based 

anomalies in the equatorial Pacific. Although 2004 

(defined as 0.5�0.9°C SST anomaly for five consecutive months), 

differences between sampling years (ANOVA: F=1.71, p 

of variability in the tropical Pacific (Pennington et al. 2006), and temporal stability in this index 

provides some justification for utilizing samples collected in different years, while applying 

oceanographic data for 

oceanographic analyses because those data 

variables of interest. 

Results 

a temporal mismatch in our sample collection between tunas (2003�2005) and 

Additionally, our study was designed to examine large�scale time 

15N over time. 

present during our sampling period. We tested whether there were differences in 

on sea�surface temperature 

was characterized as a weak El Niño year 

we found no significant ONI 

= 0.18). ENSO is the strongest source 

one representative year. We chose 2005 annual averages for our 

were available for all 9 of our oceanographic 

Isotope analyses 

19 
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15NAcross our sampling area, we found spatial variability and a large range in bulk δ 

values by species. Species�specific mean δ
15N values over the entire region were highest for the 
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lecephalopod Dosidicus gigas (13.4 ‰), and lowest for the euphausiid species Euphausia 

(8.4 ‰; Table 2). Euphausiid δ 

sampling region, with the highest value above the 

the seven multiple regression models for δ 

significant (Fig 2, Table 3, ‘ddf’: denominator degrees of freedom): Thunnus albacares (R2 

0.62, F = 8.38, ddf 

T. obesus (R2 = 0.72, F 

ddf = 8, p = 0.01), and Symbolophorus 

significance was 

significant effect of longitude 

Using t�tests, we 

for all comparisons). We found 

and longitude for the euphausiids E. distinguenda (p 

We analyzed the isotope values of eighteen AAs, but report those for ten AAs that 

consistently detected 

δ
15N values compared with the 

substantially lower than the values of the other AAs (Table 2). We found highly significant 

positive linear relationships between the 

tenera 

15N values by sample ranged from 4.8 to 15.0 ‰ across the 

mean values for the tunas and squids. Five of 

15N, with predictors latitude and longitude were 

= 

0.01), Katsuwonus pelamis (R27, p 0.78, F = 15.07, ddf = 6, p < 0.01), = = = 

8, p < 0.01), Myctophum nitidulum (R214.07, ddf 0.59, F = 8.34,= = = 

(R2 0.52, F = 5.82, ddf = 7, p = 0.03). Model =reversus 

15N and latitude; largely driven by a significant relationship between δ no 

15N values bulk δ identified for any of the species (Table 3). on was 

found no differences in the estimated latitude slopes among species (p > 0.05 

15N values significant relationships between δ latitude no versus 

= 0.06) and E. tenera (p > 0.1). 

were 

on all chromatographs (Table 2). As anticipated, trophic AAs had higher 

amino acids. Thr δ
15N values in all species source were 

15Nphe and δ
15Nbulk across amino acid δ all taxa (p source 

< 0.001; R2 = 0.69; Fig 3). Additionally, we found similar relationships between δ
15Nbulk and 

δ
15N values of other source amino acids. The δ

15N values of glutamic acid (δ15Nglu), the trophic 
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AA we used to calculate TP, mirrored patterns in δ
15Nphe between taxa and locations, indicating 

that trophic amino acid δ
15N values were driven by variability in source amino acid δ

15N values. 
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leWe found 

(Eqn 1) as a function of latitude 

no significant differences in 

latitude or longtidue. There were, however, significant changes in 

as a function of latitude (Table 4a), which indicates that there 

the base of the food web 

Although CSIA�AA 

for estimating absolute TP 

macrozooplankton Euphausia 

TP estimates for both myctophid species, Myctophum nitidulum and Symobolophorus 

macrozooplankton predators, 

expected based on 

cephalopod species, Dosidicus gigas (3.1) and Sthenoteuthis oualaniensis (3.1), 

expected based on 

Mean TP estimates 

(2.7), Thunnus albacares (3.0), and T. obesus (3.0). Our TP estimates for the tunas 

comparable to or 

euphausiid E. distinguenda. 

15Nphe and δ
15Nglu values no significant differences in TPs estimated using δ 

longitude for any species (Fig. 4a). LME models also showed or 

15Nglu � δ
15Nphe and δ

15Ntrophic � δ
15Nsource)proxies for TP (δour across 

15N values amino acid δsource 

15N at spatial variability in δwas 

across our study area as opposed to changes in trophic structure. 

was useful to evaluate spatial variability in TP, using this technique 

was problematic for some species. Average TP estimates (Eqn 1) for 

tenera and E. distinguenda were 2.4 and 2.7, respectively, while 

reversus, 

were the same as that for E. distinguenda and much lower than that 

diet data (3.45, Olson and Watters 2003). Mean TP estimates for both 

were lower than 

diet data (4.40, Ehrhardt 1991; Shchetinnikov 1992; Olson and Watters 2003). 

were particularly low for the micronektonivore tunas, Katsuwonus pelamis 

were 

lower than those for the squids, which are tuna prey, and similar to that of the 

Empirical TDF estimates (based on Eqn 5) showed differences between trophic groups 

(Fig 5). The slopes of the lines fitted to our 12 myctophid (TDF = 5.0) and 6 squid samples (TDF 
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= 4.6 ‰) were similar to each other, whereas the TDF for the 18 samples comprising the tunas 

(TDF = 4.0 ‰) was lower than the slope for the 11 euphausiid samples (TDF = 7.0 ‰; Fig. 5). 
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leUsing t�tests, we 

samples was not significantly different (t 

by Chikaraishi et al. (2009), but the TDFs for tunas (t 

0.0001), and myctophids (t 

Oceanographic analyses 

Since there 

across our study area, 

oceanographic conditions and their relationships to δ 

oceanographic variables showed that 

concentration, phosphate concentration, and SST (SI 2). We found 

thermocline from west to east, and generally low 

area. Chl a values and phytoplankton cell diameter estimates 

and along the equator, but there 

area (Fig. 4c), further substantiating 

chain length across 

description of oceanographic conditions. 

Stepwise multiple linear model procedures for each species revealed that nitrate 

concentration was 

determined that the slope of the line fitted to the data for our euphausiid 

0.38, p > 0.1) from the TDF value of 7.6 ‰ estimated = 

= 7.74, p < 0.0001), squids (t = 16.87, p < 

= 5.45, p = 0.001) were each significantly lower than 7.6 ‰. 

were no observed changes in trophic structure with latitude and longitude 

utilized oceanographic data to better understand regional we 

15N values. A correlation matrix of the 8 

some variables were highly correlated, including nitrate 

a deepening of the 

or negative N* values throughout the study 

enhanced in coastal regions were 

were no longitudinal or latitudinal gradients across the sampling 

CSIA�AA result that there were no changes in food� our 

study area. See supplementary information for a more detailed our 

15N values, the best descriptor of variability in bulk δ nitrate was the first as 

variable selected in all significant models. Univariate linear models were generally the best fit 
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for our data. Adding additional oceanographic variables to the stepwise procedure did not lead to 

a meaningful decrease in AIC values for most species, except for T. albacares, and E. tenera¸ for 
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lewhich the best model fits included nitrate and chlorophyll 

regression models that 

oceanographic variables 

Thunnus albacares (R2 

= 0.02), and T. obesus (R2 

nitidulum (R2 = 0.60, F 

< 0.01), and a weak relationship for the euphausiid species Euphausia 

26.37, p = 0.04). 

We found spatial variability in 

concentrations. Using LMEs 

four source amino acids (phenylalanine, glycine, lysine, and serine) and nitrate concentrations 

(Table 4b), indicating that nitrate concentrations 

acid δ
15N values. The isoscape of δ 

baseline nitrogen isotopic composition (Fig 6a) and compare with spatial maps of nitrate 

concentrations and N* (Fig 6b,c). Our results indicate generally lower δ 

detected in areas 

a concentrations. Multiple linear 

15N values and were used to evaluate relationships between δ 

were significant for six of seven species analyzed: all tuna species: 

= 0.88, F = 34.47, p < 0.001), Katsuwonus pelamis (R2 = 0.48, F = 8.42, p 

0.69, F = 22.9, p < 0.001), both myctophid species Myctophum = 

(R214.68, p < 0.01), and Symbolophorus 0.57, F = 13.04, p= =reversus 

(R2 0.94, F= =tenera 

15N values, which AA δ related to nitrate source was 

15N values of all we found significant relationships between the δ 

can explain spatial variability in source amino 

15NPhe values was used to visualize the spatial variability in 

15NPhe values south of the 

equator and higher values in the northern portion of our transect and along the coast, which is 

consistent with spatial patterns in nitrate concentration and N*. Higher δ
15NPhe values were 

with lower N*. 

Discussion 
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In addition to evaluating spatial variation in trophic structure in the eastern tropical 

Pacific, our study contributes to the ongoing debate on variability in CSIA�AA trophic 

A
cc

ep
te

d 
A

rt
ic

lediscrimination factors when using this technique to estimate TPs of species. Most previous 

CSIA�AA studies involving single components of disparate ecosystems have provided 

conflicting results. Our results bolster recent arguments (Germain et al. 2013, Bradley et al. 

2015, McMahon et al. 2015) that Chikaraishi et al’s (2009) commonly�used methodology for 

estimating TP is not appropriate for all species. Our results supported 

7.6 ‰ provided unrealistic TP estimates for higher trophic level species. 

The δ
15N composition of bulk tissues and amino acids of 9 species comprising 4 trophic 

groups from a pelagic food web in the ETP indicate that spatial variability in bulk nitrogen 

isotopic values is largely explained by nitrogen cycling processes and not variability in trophic 

structure. Our study was designed to sample 

potential trophic structure variability due to differences in phytoplankton species and size 

composition. Using CSIA�AA, 

TPs, phytoplankton cell size, and food web structure. Instead, 

across our sampling 

phytoplankton cell size. Our data demonstrate that variability in bulk nitrogen isotope values 

related to regional oceanography, particularly nitrate concentrations and SST. Source amino acid 

data were also related to oceanographic conditions, and thus 

environmental conditions and dynamics at the base of the food web. 

a hypothesis that a TDF of 

across a presumed productivity gradient to capture 

we found little support for our hypotheses regarding changes in 

we found constant TP estimates 

area (Fig. 4a), which were consistent with estimates of fairly uniform 

was 

can provide information about past 

Trophic structure based on CSIA%AA 
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TP estimates based on CSIA�AA for Euphausia distinguenda and E. tenera, (mean TP = 

2.6) were comparable to previous estimates for macrozooplankton in this region (2.70, Chai et al. 
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le2002; Olson and Watters 2003). Given Brinton’s (1979) estimate that euphausiids comprise 50% 

of the total zooplankton biomass in the ETP, understanding diet and trophic interactions of 

euphausiids and other macrozooplankton is important for understanding energy transfer to higher 

trophic levels. 

Our TP estimates for Myctophum nitidulum and Symbolophorus 

2.6) were slightly lower than estimates for other myctophids based 

contents (2.9 and 3.2 respectively, Choy et al. 2012) and lower than the estimates from the 

ecosystem model (Olson and Watters 2003) based 

were grouped with other small mesopelagic fishes (the bristlemouths, Phosichthyidae) in the 

ecosystem model, and the diet 

Noord et al. (2013 and 2016) found mesozooplankton (TP 2.7, Olson and Watters 2003) almost 

exclusively in the gut contents of three myctophid species in the 

estimates based on 

and ecologically important family of mesopelagic fishes that occupy lower�middle trophic levels 

in the eastern tropical Pacific food web (Nafpaktitis 1968, Gjosaeter and Kawaguchi 1980), and 

provide a trophic link between zooplankton and higher�level species. 

Our TP estimates for cephalopods (3.1) and tunas (2.7, 3.0) based 

lower than estimates from previous studies based 

reversus (mean TP = 

on CSIA�AA and stomach 

on diet data (3.45). Myctophids, however, 

was assumed to comprise meso� and microzooplankton. Van 

same region, so our TP 

CSIA�AA are not ecologically realistic. Myctophids comprise an abundant 

on CSIA�AA were 

on stomach contents analyses (Olson and 

Watters 2003, Markaida et al. 2008, Olson et al. 2010) and stable isotope analysis of bulk muscle 

tissue and amino acids (yellowfin tuna Popp et al. 2007, Olson et al. 2010). One possible 
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explanation is that stomach contents analysis failed to elucidate all prey items in the diet, as it 

provides information about only the most recent prey consumed and likely overestimates the 
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ledietary importance of large prey that 

quickly (Olson and Boggs 1986). Stomach contents analysis is particularly difficult for squids, 

they macerate their prey. The CSIA�AA based TP estimates for tunas 

the same as those for the squids, which 

Underestimated TPs based 

elasmobranchs, and the harbor seal (Lorrain et al. 2009; Dale et al. 2011; Germain et al. 2013, 

Hoen et al. 2014, McMahon et al. 2015). 

previous work that 

species with TPs < 3.0 (Hannides et al. 2009, Chikaraishi et al. 2009, Dale et al. 2011, Germain 

et al. 2013, Bradley et al. 2015). We empirically estimated TDF values using the methodology of 

Bradley et al. (2015) and found decreasing TDF values with increasing TPs. The 

TDF for tunas was 

myctophids and squids. Our study is the first to demonstrate sequentially decreasing TDF values 

with increasing TP for multiple taxa in 

It is unclear why TDFs vary among marine 

et al. 2015, Bradley et al. 2015) The TDF of 

efficiency (Choy et al. 2012, Germain et al. 2013, McMahon et al. 2015). Organisms assimilate 

~75% of the protein they consume, while the remainder is catabolized and excreted (Popp et al. 

are evacuated slowly and small prey that are evacuated 

as 

were lower than or nearly 

are common prey of tunas. 

on CSIA�AA have also been reported for penguins, two 

TP estimates from our study support the contention of 

a TDF of 7.6 ‰, based on Chikaraishi et al. (2009), is adequate only for 

mean empirical 

significantly lower than our TDF estimate for the euphausiids but not for the 

a single pelagic ecosystem. 

consumers (McCarthy et al. 2013, McMahon 

a consumer may be related to protein assimilation 

2007, Choy et al. 2012). During assimilation there is preferential excretion of 14N, which leads to 

enrichment in 15N in the consumer’s tissue. If a predator’s diet consists of little protein and has a 
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different amino acid composition than the predator itself, there will be more catabolism, 

excretion of 14N, and thus fractionation. Conversely, if a predator’s diet has a similar amino acid 
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lecomposition to itself (high protein), 

less fractionation. Germain et al. (2013) suggested that the form of nitrogen excretion, ammonia 

versus urea, might influence TDF values. Ammonia production 

and results in no 

fractionation (Champe and Harvey 2010). Germain et al. (2013) hypothesized that organisms that 

produce urea have lower TDF values compared with ammonia�producing organisms. Our results 

do not support their hypothesis, 

followed by the squids and myctophids, all of which 

Hoen et al (2014) found 

and ammonia producing teleosts in semi�controlled feeding studies. 

Recent studies have proposed 

values of three source 

(glutamic acid, leucine, and alanine), rather than relying solely on δ 

(Bradley et al. 2015, Lorrain et al. 2015, Nielsen et al. 2015). Although Bradley et al. (2015) 

focused on teleosts, 

estimates for all taxa [micronektonivores (4.1), cephalopods (4.2), micronekton (3.1), and 

macrozooplankton (2.5)], which may suggest that 

However, the mechanisms driving differences in δ 

more protein is assimilated without catabolism and there is 

in one deamination step occurs 

isotopic fractionation, whereas urea production requires two steps and leads to 

as our empirical TDF estimates were lowest for the tunas, 

are ammonia�producing organisms. Further, 

no difference in TDF values between urea producing elasmobranches 

15Nan alternative method to estimate TP, using mean δ 

amino acids (glycine, lysine, phenylalanine) and three trophic amino acids 

15Nphe and δ
15Nglu values 

applied their equation to our data and found more realistic mean TP we 

one ecosystem�level TDF value is plausible. 

15Nglu�δ
15Nphe remain elusive, and future 

experiments are needed to investigate and re�examine TDF variability among taxa. 
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Despite general trends of bulk δ
15N values increasing from south to north (Fig. 2), TP 

estimates based on CSIA�AA were uniform across the study transect (Fig. 4), and we found a 
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lesignificant relationship between δ 

variability we observed 

biogeochemical processes in the ETP, not trophic differences. Furthermore, LME models, which 

were used to evaluate spatial and temporal variability in proxies for TP (δ 

δ
15Ntrophic � δ

15Nsource) showed 

illustrated that source 

differences in baseline δ 

the utility of the CSIA�AA method to evaluate multiple components of 

single ecosystem. 

and nitrate concentrations, which supports 

explain variability in δ 

SST and phosphate concentrations, which 

focused our analyses 

isotope values. Our analyses suggest that nitrate concentration 

patterns, which is in agreement with previous research (i.e., Somes et al. 2010). We found few 

15N15NBulk values and δ
15NPhe (Fig. 3). Therefore, the δ 

across our study region was governed primarily by differences in 

15NGlu � δ
15NPhe and 

changes across latitude or longitude. The LME models no 

15N varied amino acid δ function of latitude and longitude, and as a 

15N values were driving the variability in bulk δ
15N, which underscores 

a food web within a 

15 
Oceanography and δ N values 

Overall, we found highly significantly negative relationships between bulk δ
15N values 

our hypothesis that nutrient concentration data could 

15N values. We found significant relationships between δ
15N values and 

were highly correlated with nitrate concentrations. We 

nitrate concentrations, as they have a direct influence on nitrogen on 

15Nare useful for evaluating δ 

relationships between bulk isotope values and most other oceanographic variables, including 

thermocline depth, chlorophyll a, and phytoplankton cell diameter, which indicates that nitrate 
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concentrations (and SST, and phosphate concentrations) provide the most useful information 

about spatial variability in δ
15N. 

A
cc

ep
te

d 
A

rt
ic

leOur analyses 

used a multiple regression analysis approach for evaluating relationships between bulk isotope 

data and oceanographic variables because it 

species together given that the relationships between δ 

were not uniform 

were not enough data in this study to fit 

values for each species varied linearly with latitude and longitude, and 

identically distributed Gaussian 

overall summary of the relationships between δ 

given the spatial complexity of the oceanographic environment, 

considered if more 

The δ
15NPhe values of the samples 

our study area, which may be 

biogeochemistry in the ETP. Several biogeochemical processes influence δ 

isotopic fractionation 

denitrification, and the relative influences of these factors varies spatially and temporally (Cline 

and Kaplan 1975, Saino and Hattori 1987, Liu and Kaplan 1989, Gruber and Sarmiento 1997, 

Waser et al. 1998, Altabet 2001, Deutsch et al. 2001). Denitrification discriminates against 

were limited by the number of samples per species that we analyzed. We 

was not appropriate to group data from multiple 

15N values and oceanographic parameters 

taxa. Given the limited sample sizes for each species (Table1), there across 

complex models. We assumed that bulk isotope more 

an independent and 

error structure was adequate. This approach provided a useful 

15N and oceanography for each species. However, 

more complex models should be 

data for each species were available. 

we analyzed for CSIA�AA were highly variable across 

result of our large spatial coverage and variability in nitrogen a 

15N values, including 

as a result of nitrate utilization by phytoplankton, nitrogen fixation, and 

15N, 

which results in a residual nitrate pool with high δ
15N values (Voss et al. 2001, Deutsch et al. 

2001). This phenomenon has been documented in areas with pronounced oxygen minimum 
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zones (OMZ) such as the ETP (Voss et al. 2001, Somes et al. 2010, Lorrain et al. 2015). 

Therefore, δ
15N values in regions of the ETP with a pronounced OMZ are higher than areas 
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ledominated by nitrogen fixation processes (Cline and Kaplan 1975, Liu and Kaplan 1989, Somes 

et al. 2010). 

We used the denitrification index, N*, to evaluate the relative influence of nitrogen 

fixation (addition of nitrate, positive values) and denitrification (subtraction of nitrate, negative 

values). Our N* values 

patterns in the ETP (Gruber and Sarmiento 1997). Certain portions of 

strong denitrification signal. Since N* values 

of different water 

landscapes (or isoscapes) in biogeochemically diverse 

stable isotopes in ecological studies. Our δ 

relationships between 

of denitrification 

Despite our 

significant relationships in 

δ
15NPhe values were 

δ
15N in this study can partially be explained by nitrogen cycling and physical forcing, rather than 

changes in trophic structure. LMEs showed that 

nitrate concentrations, which demonstrates that CSIA�AA 

were largely negative, which is congruent with published values and 

our study area showed a 

on a local level vary owing to mixing and transport 

masses (Gruber and Sarmiento 1997, Deutsch et al. 2001), creating isotope 

areas is useful for the interpretation of 

15NPhe isoscape, spatial maps of nitrate and N*, and 

15N values and nitrate concentrations indicate that high rates source AA δ 

were likely the mechanism driving spatial trends in isotope composition. 

relatively small sample sizes for CSIA�AA analyses, we found strongly 

15Namino acid δ function of latitude and longitude. source as a 

significantly related to δ
15NBulk values, indicating that variability in bulk 

15N values amino acid δ related to source were 

can be used to successfully evaluate 

trophic structure and fluctuations in biogeochemical cycling at the base of the food web. 
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Although CSIA�AA provides baseline δ
15N values, the cost of analysis limits sample 

sizes. Using CSIA�AA in conjunction with bulk δ
15N analysis of lower trophic level species 
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le
Productivity and δ 

Previous research has documented spatial variability in ETP oceanography (Fiedler and 

Talley 2006, Pennington et al. 2006) with 

hypothesized might relate to changes in phytoplankton cell size and changes in TP of higher 

level consumers. 

west across our study area, indicating 

eastern portion of 

cell diameter values > 2 um, 

overall small median cell diameter < 2 um, corresponding to 

phytoplankton and oligotrophic conditions. Thus both phytoplankton dell sizes and CSIA�AA 

data agree that a 

Given the size based nature of pelagic food webs, this suggests uniform food�web length 

our study area. Targeted sampling efforts in highly eutrophic coastal waters contrasted with 

offshore oligotrophic waters 

length and productivity in the open 

(e.g., Jennings and War 2003) and modeling (e.g., Somes et al. 2010) will provide a better 

understanding of spatial gradients in oceanic δ
15N values. 

15N values 

an east�west productivity gradient which we 

The data we compiled showed a deepening of the thermocline from east�to� 

more upwelling and higher primary productivity in the 

our study area (SI). Although coastal upwelling regions showed phytoplankton 

our remotely�sensed phytoplankton cell size analysis showed 

a region dominated by pico� 

marked east�west productivity gradient across our study area did not exist. 

across 

are necessary to adequately address relationships between food�web 

ocean. 

Conclusions 
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Our results suggest that nitrogen cycling, particularly denitrification, in the ETP is a 

driver of variability in δ
15NBulk and source amino acid δ

15N values at the base of the food web, 
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lewhich propagated up to higher�trophic�level predators. Evaluating relationships between nitrogen 

isotope values, oceanography, and biogeochemistry is crucial for understanding isotopic 

variability in marine ecosystems. This finding highlights the utility of the CSIA�AA method in 

differentiating causal relationships of δ 

spatial variability in nitrogen cycling processes. Our results show that CSIA�AA is 

applicable, useful tool for evaluating food webs, trophic structure, and energy flow, particularly 

in biogeochemically diverse 

We report CSIA�AA TDFs based 

squids: 4.6 ‰, myctophids: 5.0 ‰, and euphausiids: 7.0 ‰) within the 

These values are 

2015). Our results suggest that 

for accurately estimating absolute TPs in food webs. Combining CSIA�AA data with diet studies 

and ecosystem models will help elucidate food web structure in different oceanographic regions 

and is a useful approach for ecosystem�based management of fisheries. 

Acknowledgements 

We would like to thank N. Wallsgrove, C. Lyons, and D. Hoen for assistance with laboratory 

15N variability in an ecosystem, trophic ecology versus 

a broadly 

areas. 

on empirical estimates for multiple taxa (tunas: 4.0 ‰, 

same pelagic ecosystem. 

consistent with those found in recent studies (Nielson et al. 2015, Bradley et al. 

a better understanding of mechanisms influencing TDFs is critical 

work, L. Duffy for laboratory and data management support, J. van Noord for myctophid 

identification, and R. Hetherington for assistance with programming and oceanographic data. We 

32 

This article is protected by copyright. All rights reserved. 

https://identification,andR.Hetheringtonforassistancewithprogrammingandoceanographicdata.We


 

 

              

           

              

             

                 

          

              

      

 

 

  

            

        

               

          

               

         

  

              

         

         

             

Limnology and Oceanography Page 34 of 69 

are especially grateful for scientists onboard the 2006 STAR cruises and observers from the 

Inter�American Tropical Tuna Commission for collecting samples that made our research 

A
cc

ep
te

d 
A

rt
ic

lepossible. This is SOEST Contribution Number ####, and this work 

National Science Foundation, OCE1041329 to BNP and JCD. The findings and conclusions of 

this manuscript are 

Science Foundation, National Oceanic and Atmospheric Administration, 

Tropical Tuna Commission. Finally, 

their contributions to improve this manuscript. 

Literature Cited 

Altabet, M.A. Nitrogen isotopic evidence for micronutrient control of fractional NO3 

in the equatorial Pacific. 2001. Limnol. Oceanogr. 46(2):368�380. 

Barber, R.T., and F.P. Chavez. 1986. Ocean variability in relation to living 

1982–83 El Niño. Nature 319:279–285, doi: 10.1038/319279a0 

Barnes, C., D. Maxwell, D. Reuman, and S. Jennings. 2010. Global patterns in predator�prey size 

relationships reveal size�dependency of trophic transfer efficiency. Ecology 91:222–232, 

doi: http://dx.doi.org/10.1890/08�2061.1 

Barnes, C., X. Irigoien, J.A.A. De Oliveira, D. Maxwell, and S Jennings. 2011. Predicting 

marine phytoplankton community size structure from empirical relationships with 

was supported by the 

those of the authors and do not necessarily reflect the views of the National 

or the Inter�American 

we would also like to thank two anonymous reviewers for 

� utilization 

resources during the 

remotely sensed variables. J. Plankton Res. 33(1):13�24, doi: 10.1093/plankt/fbq088 

Bradley, C.J., N.J. Wallsgrove, C.A. Choy, J.C. Drazen, D.K. Hoen, E.D. Hetherington, B.N. 

33 

This article is protected by copyright. All rights reserved. 



 

 

            

       

            

         

             

     

            

       

  

            

            

            

 

           

      

             

            

             

 

               

            

Page 35 of 69 Limnology and Oceanography 

Popp. 2015. Trophic position estimates of teleosts using amino acid compound specific 

isotopic analysis. Limnol. Oceanogr.: Meth., doi: 10.1002/lom3.10041 

production. Science 265:1843–1856. 

A
cc

ep
te

d 
A

rt
ic

leBrinton, E. 1979. Parameters relating to the distribution of planktonic organisms, especially 

euphausiids in the eastern tropical Pacific. Prog. Oceanogr. 8:125–189. 

Bronk D.A., P.M. Gilbert, and B.B. Ward. 1994. Nitrogen uptake, dissolved nitrogen release, 

and new 

Burnham, K.P., D.R. Anderson. 2004. Multimodel inference understanding AIC and BIC in 

model selection. Sociological methods and research. 33:261�304, 

doi: 10.1177/0049124104268644 

Chai, F., R.C. Dugale, T.�H. Peng, F.P. Wilkerson, R.T. Barber. 2002. One�dimensional 

ecosystem model of the equatorial Pacific upwelling system. Part I: model development 

and silicon and nitrogen cycle. Deep�Sea Res. Part II 49: 2713�2745, doi: 10.1016/S0967� 

0645(02)00055�3 

Champe, P.C., R.A. Harvey. 2010. Lippincott’s illustrated reviews: biochemistry, 5th efn. 

Lippincott Williams & Wilkins, Philadelphia, PA 

Chikaraishi, Y., Y. Kashiyama, N.O. Ogawa, H. Kitazato, and N. Ohkouchi. 2007. Metabolic 

control of nitrogen isotope composition of amino acids in macroalgae and gastropods: 

implications for aquatic food web studies. Mar. Ecol. Prog. Ser. 342:85 90, doi: 

10.3354/meps342085 

Chikaraishi, Y., N.O. Ogawa, Y. Kashiyama, Y. Takano, H. Suga, A. Tomitani, H. Miyashita, H. 

Kitazato, and N. Ohkouchi. 2009. Determination of aquatic food�web structure based on 

34 

This article is protected by copyright. All rights reserved. 



 

 

         

   

             

             

         

            

 

            

          

              

            

           

 

             

           

     

                

     

               

       

 

Limnology and Oceanography Page 36 of 69 

compound�specific nitrogen isotopic composition of amino acids. Limnol. Oceanogr.: 

Meth. 7:740�750, doi:10.4319/lom.2009.7.740 

A
cc

ep
te

d 
A

rt
ic

leChoy, C.A., P.C. Davidson, J.C. Drazen, A. Flynn, E.J. Gier, J.C. Hoffman, J.P. McClain� 

Counts, T.W. Miller, B.N. Popp, S.W. Ross, and T.T. Sutton. 2012. Global trophic 

position comparison of two dominant mesopelagic fish families (Myctophidae, 

Stomiidae) using amino acid nitrogen isotopic analyses. PLoS ONE 7(11): e50133, doi: 

10.1371/journal.pone.0050133 

Cline, J.D., and J.R. Kaplan. 1975. Isotopic fractionation of dissolved nitrate during 

denitrification in the eastern tropical North Pacific. Limnol. Oceanogr. 21:379�388. 

Dale, J.J., N.J. Wallsgrove, B.N. Popp, and K.N. Holland. 2011. Nursery habitat 

foraging ecology of the brown stingray Dasyatis lata determined from stomach contents, 

bulk, and amino acid stable isotopes. Mar. Ecol. Prog. Ser. 433:221�236, 

doi:10.3354/meps09171 

Décima, M., M.R. Landry, and B.N. Popp. 2013. Environmental perturbation effects 

δ15N values and zooplankton trophic flexibility in the southern California Current 

Ecosystem. Limnol. Oceanogr. 58(2):624�634, doi:10.4319/lo.2013.58.2.0624 

DeNiro, M.J., and S. Epstein. 1981. Influence of diet 

animals. Geochim. Cosmochim. Acta. 45(3):341�351. 

Deutsch, C., N. Gruber, R.M. Key, and J.L. Sarmiento. 2001. Denitrification and N2 fixation in 

the Pacific Ocean. Global Biogeochem. Cycles 15(2):483�506, 

use and 

on baseline 

on the distribution of nitrogen isotopes in 

doi:10.1029/2000GB001291 

35 

This article is protected by copyright. All rights reserved. 



 

 

             

             

  

           

             

 

            

         

 

              

        

              

    

                

     

             

           

        

               

            

     

 

Page 37 of 69 Limnology and Oceanography 

Ehrhardt, N.M. 1991. Potential impact of a seasonal migratory jumbo squid (Dosidicus gigas) 

stock on a Gulf of California sardine (Sardinops sagax caurulea) population. Bull. Mar. 

A
cc

ep
te

d 
A

rt
ic

leSci. 49:325�332. 

Essington, T.E., and S. Hansson. 2004. Predator�dependent functional responses and interaction 

strengths in 

10.1139/F04�146 

Fernández�Álamo, M.A., and J. Färber�Lorda. 2006. Zooplankton and the oceanography of the 

eastern tropical Pacific: A review. Prog. Oceanogr. 69(2–4): 318–359, 

doi:10.1016/j.pocean.2006.03.003 

Fiedler, P.C. 2002. Environmental change in the eastern tropical Pacific Ocean: review of ENSO 

and decadal variability. Mar. Ecol. Prog. Ser. 244:265�283. 

Fiedler, P.C., and L.D. Talley. 2006. Hydrography of the eastern tropical Pacific: A review. 

Prog. Oceanogr. 69:143�180, doi:10.1016/j.pocean.2006.03.008 

Fry, B. 1988. Food web structure 

compositions. Limno. Oceanogr. 33(5): 1182�1190. 

Germain, L.R., P.L. Koch, J. Harvey, and M.D. McCarthy. 2013. Nitrogen isotope fractionation 

in amino acids from harbor seals: implications for compound�specific trophic position 

calculations. Mar. Ecol. Prog. Ser. 482:265�277, doi:10.3354/meps10257 

Gerrodette, T., G. Watters, W. Perryman, and L. Ballance. 2008. Estimates of 2006 dolphin 

abundance in the eastern tropical Pacific, with revised estimates from 1986�2003. NOAA 

a natural food web. Can. J. Fish. Aquat. Sci. 61:2215�2226, doi: 

on Georges Bank from stable C, N, and S isotopic 

Technical Memorandum NOAA�TM�NMFS�SWFSC�422. Available at 

https://swfsc.noaa.gov/publications/PubBIN#/search/ 

36 

This article is protected by copyright. All rights reserved. 

https://swfsc.noaa.gov/publications/PubBIN#/search


 

 

               

     

              

           

    

                 

      

            

          

       

                

             

            

  

               

               

    

              

             

      

              

        

Limnology and Oceanography Page 38 of 69 

Gjøsaeter, J., and K. Kawaguchi. 1980. A review of the world resources of mesopelagic fish. 

FAO Fisheries Technical Paper 193:151. 

A
cc

ep
te

d 
A

rt
ic

leGraham, B.S. 2008. Trophic dynamics and movements of tuna in the tropical Pacific Ocean 

inferred from stable isotope analyses. Ph.D. dissertation, University of Hawaii, Manoa, 

Hawaii, USA: 228 

Gruber, N., and J.L. Sarmiento. 1997. Global patterns of marine nitrogen fixation and 

denitrification. Global Biogeochem. Cycles 11(2): 235�266. 

Hannides, C.C.S., B.N. Popp, M.R. Landry, and B.S. Graham. 2009. Quantitative determination 

of zooplankton trophic position using amino acid�specific stable nitrogen isotope 

analysis. Limnol. Oceanogr. 54:50�61, 1, doi:10.4319/lo.2009.54.1.0050 

Hobson, K.A., A. Fisk, N. Karnovsky, M. Holst, J.M. Gagnon, and M. Fortier. 2002. A stable 

isotope (δ 

trophodynamics and the flow of energy and contaminants. Deep�Sea Res. Part II 

49:5131�5150, doi:10.1016/S0967�0645(02)00182�0 

Hoen, D.K., S.L. Kim, N.E. Hussey, N.J. Wallsgrove, J.C. Drazen, B.N. Popp BN. 2014. Amino 

acid 15N trophic enrichment factors of four large carnivorous fishes. J. of Exp. Mar. Bio. 

and Ecol. 453:76�83, doi:10.1016/j.jembe.2014.01.006 

Hussey, N.E., M.A. MacNeil, B.C. McMeans, J.A. Olin, S.F.J. Dudley, G. Cliff, S.P. Wintner, 

S.T. Fennessy, A.T. Fisk. 2013. Rescaling the trophic structure of marine food webs. 

Ecology Letters 17 239–250 DOI: 10.1111/ele.12226 

13C, δ
15N) model for the North Water food web: Implications for evaluating 

Jennings, S., and K.J. Warr. 2003. Environmental correlates of large�scale spatial variation in the 

δ
15N of marine animals. Mar. Biol. 142(6): 1131�1140. 

37 

This article is protected by copyright. All rights reserved. 



 

 

                

         

 

                

              

            

 

                   

          

           

             

 

              

             

        

              

           

       

 

             

           

         

Page 39 of 69 Limnology and Oceanography 

Liu, K.K., and I.R. Kaplan. 1989. The eastern tropical Pacific as a source of 15N�enriched nitrate 

in seawater off southern California. Limnol. Oceanogr. 34:820�830, doi: 

A
cc

ep
te

d 
A

rt
ic

le10.4319/lo.1989.34.5.0820 

Lorrain, A, B. Graham, F. Ménard, B. Popp, S. Bouillon, P. 

Nitrogen and carbon isotope values of individual amino acids: 

ecology of penguins in the Southern Ocean. Mar. Ecol. Prog. Ser. 391:293�306, 

doi:10.3354/meps08215 

Lorrain, A., B.S. Graham, B.N. Popp, V. Allain, R.J. Olson, B.P.V. Hunt, M. Potier, B. Fry, F. 

Galván�Magaña, C.E.R. Menkes, S. Kaehler, F. Ménard. 2015. Nitrogen isotopic 

baselines and implications for estimating foraging habitat and trophic position of 

yellowfin tuna in the Indian and Pacific Oceans. Deep�Sea Res. Part II, doi: 

0.1016/j.dsr2.2014.02.003 

Markaida, U., W.F. Gilly, C.A. Salinas�Zavala, R. Rosas�Luis, and J.A.T. Booth. 2008. Food and 

feeding of jumbo squid Dosidicus gigas in the central gulf of California during 2005� 

2007. Calif. Coop. Ocean. Fish. Invest. Rep. 49:90�103. 

McCarthy, M.D., R. Benner, C. Lee, and M.L. Fogel. 2007. Amino acid nitrogen isotopic 

fractionation patterns 

organic matter. Geochim. Cosmochim. Acta 71(19): 4727�4744. 

doi:10.1016/j.gca.2007.06.061 

McCarthy, M.D., J. Lehman, and R. Kudela. 2013. Compound�specific amino acid δ15N patterns 

van Bruegel, Y. Cherel. 2009. 

a tool to study foraging 

as indicators of heterotrophy in plankton, particulate, and dissolved 

in marine algae: Tracer potential for cyanobacterial vs. eukaryotic organic nitrogen 

sources in the ocean. Geochim. Cosmochim. Acta, 103: 104�120. 

38 

This article is protected by copyright. All rights reserved. 



 

 

            

          

   

                  

             

        

               

              

        

            

           

     

            

         

               

         

 

                

              

            

    

 

Limnology and Oceanography Page 40 of 69 

McClelland J.W., and J.P. Montoya. 2002. Trophic relationships and the nitrogen isotopic 

composition of amino acids in plankton. Ecology 83:2173�2180, doi:10.1890/0012� 

A
cc

ep
te

d 
A

rt
ic

le9658(2002)083[2173:TRATNI]2.0.CO;2 

McMahon, K. W., M. J. Polito, S. Abel, M. D. McCarthy, and S. R. Thorrold. 2015a. Carbon and 

nitrogen isotope fractionation of amino acids in 

penguin (Pygoscelis papua). Ecol. Evol. 5: 1278–1290, doi:10.1002/ece3.1437 

McMahon, K. W., S. R. Thorrold, T. S. Elsdon, and M. D. McCarthy. 2015b. Trophic 

discrimination of nitrogen stable isotopes in amino acids varies with diet quality in 

marine fish. Limnol. Oceanogr. 62: 1076–1087. doi: 10.1002/lno.10081 

McMahon, K.W., S.R. Thorrold, L.A. Houghton, M.L. Berumen. 2015c. Tracing carbon flow 

through coral reed food webs using 

Oecologia 180(3): 809�82, doi: 10.1007/s00442�015�3475�3 

Nafpaktitis, B.G. 1968. Taxonomy and distribution of the lanternfishes, genera Lobianchia and 

Diaphus, 

Nielsen, J.M., B.N. Popp, M. Winder. 2015. Meta�analysis of amino acid stable isotope ratios for 

estimating trophic position in marine organisms. Oecologia 178(3): 631�642, doi:10. 

1007/s00442�015�3305�7 

Olson, P.A., R.L. Pitman, L.T. Ballance, K.R. Hough, P.H. Dutton, and S.B. Reilly. 2001. 

Summary of seabird, marine turtle, and surface fauna data collected during 

the eastern tropical Pacific Ocean, July 28�December 9, 2000. NOAA Technical 

an avian marine predator, the Gentoo 

a 

a compound�specific stable isotope approach. 

in the North Atlantic. Dana Report 73:131. 

a survey in 

Memorandum NOAA�NMFS�SWFSC�304. Available at 

https://swfsc.noaa.gov/publications/PubBIN#/search/ 

39 

This article is protected by copyright. All rights reserved. 

https://swfsc.noaa.gov/publications/PubBIN#/search


 

 

             

          

           

                

        

           

          

             

            

   

                

      

                

          

             

           

   

               

   

              

             

Page 41 of 69 Limnology and Oceanography 

Olson, R.J., and C.H. Boggs. 1986. Apex predation by yellowfin tuna (Thunnus albacares): 

independent estimates from gastric evacuation and stomach contents, bioenergetics, and 

A
cc

ep
te

d 
A

rt
ic

lecesium concentrations. Can. J. Fish. Aquat. Sci. 43 (9):1760�1775, doi: 10.1139/f86�220 

Olson, R.J., and G.M. Watters. 2003. A model of the pelagic ecosystem in the eastern tropical 

Pacific Ocean. Inter�American Tropical Tuna Commission, Bulletin 22(3):133�217. 

Olson, R.J., B.N. Popp, B.S. Graham, G.A. Lopez�Ibarra, F. Galvan�Magana, C.E. Lennert� 

Cody, N. Bocanegra�Castillo, N.J. Wallsgrove, E. Gier, V. Alatorre�Ramirez, L.T. 

Ballance, and B. Fry. 2010. Food�web inferences of stable isotope spatial patterns in 

copepods and yellowfin tuna in the pelagic eastern Pacific Ocean. Prog. Oceanogr. 

86:124�138, doi: doi:10.1016/j.pocean.2010.04.026 

Pauly, D., V. Christensen, J. Dalsgaard, R. Froese, and F. Torres, Jr. 1998. Fishing down marine 

food webs. Science 279:860�863. doi: 10.1126/science.279.5352.860 

Pauly, D., and M.L. Palomares. 2005. Fishing down marine food web: it is far 

than we thought. Bull. Mar. Sci. 76(2): 197�211, doi: 

Pennington, T.J., K.L. Mahoney, V.S. Kuwahara, D.D Kolber, R. Caienes, and F.P. Chavez. 

2006. Primary production in the eastern tropical Pacific: A review. Prog. 

Oceanogr.69:285�317, doi: 10.1016/j.pocean.2006.03.012 

Peterson, B.J., and B. Fry. 1987. Stable isotopes in ecosystem studies. Annual review of ecology 

and systematics, 18:293�320. 

Philbrick, V.A., P.C. Fiedler, J.T. Fluty, and S.B. Reilly. 2001. Report of Oceanographic studies 

more pervasive 

conducted during the 2000 eastern tropical Pacific Ocean survey on the research vessels 

40 

This article is protected by copyright. All rights reserved. 



 

 

        

    

              

         

        

             

             

          

          

   

              

         

 

               

           

   

            

         

               

          

        

Limnology and Oceanography Page 42 of 69 

David Starr Jordan, and McArthur. NOAA Technical Memorandum NOAA�TM�NMFS� 

SWFSC�309. Available at https://swfsc.noaa.gov/publications/PubBIN#/search/ 

A
cc

ep
te

d 
A

rt
ic

lePolovina, J.J., and P.A. Woodworth. 2012. Declines in phytoplankton cell size in the subtropical 

oceans estimated from satellite remotely�sensed temperature and chlorophyll, 1998�2007. 

Deep�Sea Res. Part II 77(80): 82�88, doi: 10.1016/j.dsr2.2012.04.006 

Popp, B.N., B.S. Graham, R.J. Olson, C.C.S. Hannides, M.J. Lorr, G. Lopez�Ibarra, F. Galvan� 

Magana, B. Fry. 2007. Insight into the trophic ecology of yellowfin tuna, Thunnus 

albacares, 

acids. Stable Isotopes 

Netherlands pp 173�190. 

R Development Core Team (2008). R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. ISBN 3�900051�07�0, URL 

http://www.R�project.org. 

Rolff, C. 2000. Seasonal variation in δ13C and δ15N of size�fractionated plankton at 

station in the northern Baltic proper. Mar. Ecol. Prog. Ser. 203:47–65, 

doi: doi:10.3354/meps203047 

Rousseaux, C.S., Gregg, W.W. 2012. Climate variability and phytoplankton composition in the 

Pacific Ocean. J. Geophys. Res. 117: 1�10, doi: 10.1029/2012jc008083 

Reum, J. C. P., Jennings, S. and Hunsicker, M. E. (2015), Implications of scaled δ15N 

fractionation for community predator–prey body 

from compound specific nitrogen isotope analysis of proteinaceous amino 

as Indicators of Ecological Change Elsevier, Amsterdam, 

a coastal 

mass ratio estimates in size�structured 

food webs. J Anim Ecol, 84: 1618–1627. doi:10.1111/1365�2656.12405 

41 

This article is protected by copyright. All rights reserved. 

http://www.R�project.org


 

 

               

              

        

 

              

         

          

 

                

          

          

 

           

         

  

            

            

        

               

             

 

Page 43 of 69 Limnology and Oceanography 

Saino, T., A. Hattori. 1987. Geographical variation of the water column distrubution of 

suspended particulate organic nitrogen and its 15N natural abundance in the Pacific and its 

A
cc

ep
te

d 
A

rt
ic

lemarginal 

0 

Schmidt, K., J.W. McClelland, E. Mente, J.P. Montoya, A. Atkinson, and M. Voss. 2004. 

Trophic�level interpretation based 

fractionation and amino acid composition. Mar. Ecol. Prog. Ser. 266:43�58, 

doi:10.3354/meps266043 

Schmidt, K., A. Atkinson, K.�J. Petzke, M. Voss, and D.W. Pomd. 2006. Protozoans 

source for Antarctic krill, Euphausia superba: Complementary insights from stomach 

content, fatty acids, and stable isotopes. Limnol. Oceanogr. 51:2409�2427, doi: 

10.4319/lo.2006.51.5.2409 

Shchetinnikov, A.S. 1992. Feeding spectrum of squid Sthenoteuthis oualaniensis (Oegopsida) in 

the Eastern Pacific. J. Mar. Biol. Assoc. U.K. 72:849–860, 

doi: http://dx.doi.org/10.1017/S0025315400060082 

Sherwood, O.A., M.F. Lehmann, C.J. Schubert, D.B. Scott, M.D. McCarthy. 2011. Nutrient 

regime shift in the western North Atlantic indicated by compound�specific d15N of deep� 

sea gorgonian corals. Proc. Natl. Acad. Sci. doi:10.1073/pnas.1004904108 

Seki, M.P., and J.J. Polovina. 2001. Food webs: 

K, Thorpe, S (Eds), Encyclopedia of Ocean Sciences, vol 4 Academic Press, pp 1959– 

seas. Deep�Sea Res. Part I 34(5�6): 807�827, doi:10.1016/0198�0149(87)90038� 

δ15N values: implications tissue�specific on on 

as a food 

ocean gyre ecosystems In: Steele, JH, Turekian, 

1965. 

42 

This article is protected by copyright. All rights reserved. 

https://doi:http://dx.doi.org/10.1017/S0025315400060082


 

 

               

            

          

 

                    

              

           

 

               

           

         

          

            

        

  

             

             

      

              

            

   

             

Limnology and Oceanography Page 44 of 69 

Seminoff, J.A., S.R. Benson, K.E. Arthur, T. Eguchi, P.H. Dutton, R.F. Tapilatu, and B.N. Popp. 

2012. Stable isotope tracking of endangered sea turtles: validation with satellite telemetry 

A
cc

ep
te

d 
A

rt
ic

leand δ15N analysis of amino acids. PLoS 

10.1371/journal.pone.0037403 

Somes, C. J., A. Schmittner, E. D. Galbraith, M. F. Lehmann, M. A. Altabet, J. P. Montoya, R. 

M. Letelier, A. C. Mix, A. Bourbonnais, and M. Eby (2010), Simulating the global 

distribution of nitrogen isotopes in the ocean, Global Biogeochem. Cycles, 24, 

doi:10.1029/2009GB003767. 

Van Noord. J.E., R.J. Olson, J.V. Redfern, and R.S. Kaufmann. 2013. Diet and prey selectivity 

of three surface�migrating myctophids in the eastern tropical Pacific. Ichthyol. Res. 

60(3): 287�290, doi: 10.1007/s10228�013�0350�2Vokhshoori, N. L., and M. D. 

McCarthy. 2014. Compound�specific d15N amino acid measurements in littoral mussels 

in the California upwelling ecosystem: A 

isoscapes for coastal ecosystems. PLoS ONE 9: e98087. 

doi:10.1371/journal.pone.0098087 

Van Noord, J.E., Olson, R.J., Redfern, J.V., Duffy, L.M., Kaufmann, R.S., 2016. Oceanographic 

influences 

Ocean. Fish. Bull. U.S. 114, 274–287. 

Voss, M., J.W. Dippner, and J.P. Montoya. 2001. Nitrogen isotope patterns in the 

oxygen�deficient waters of the Eastern Tropical North Pacific Ocean. Deep�Sea Res. Part 

one 7(5):e37403, doi: 

new approach to generating baseline d15N 

on the diet of 3 surface�migrating myctophids in the eastern tropical Pacific 

I. 48:2905�1921, doi:10.1016/S0967�0637(00)00110�2 

Waser, N.A.D., P.J. Harrison, B. Nielsen, and S.E. Calvert. 1998. Nitrogen isotope fractionation 

43 

This article is protected by copyright. All rights reserved. 



 

 

              

      

              

             

             

           

 

            

         

 

              

               

           

  

 

 

 

 

 

 

 

 

Page 45 of 69 Limnology and Oceanography 

during the uptake and assimilation of nitrate, nitrite, ammonium and urea by a marine 

diatom. Limnol. Oceanogr. 43:215�224, doi: 10.4319/lo.1998.43.2.0215 

A
cc

ep
te

d 
A

rt
ic

leWatters, G.M., R.J. Olson, R.C. Francis, P.C. Fiedler, J.J. Polovina, S.B. Reilly, K.Y. Aydin, 

C.H. Boggs, T.E. Essington, C.J. Walters, and J.F. Kitchell. 2003. Physical forcing and 

the dynamics of the pelagic ecosystem in the eastern tropical Pacific: simulations with 

ENSO�scale and global�warming climate drivers. Can. J. Fish. Aquat. Sci. 60:1161�1175, 

doi:10.4319/lo.1998.43.2.0215 

Worm, B., and R.A. Myers. 2003. Meta�analysis of cod�shrimp interactions reveals top�down 

control in oceanic food webs. Ecology 84:162�173, doi: http://dx.doi.org/10.1890/0012� 

9658(2003)084[0162:MAOCSI]2.0.CO;2 

Young, J.W., B.P.V. Hunt, T.R. Cook, J.K. Llopiz, E.L. Hazen, H.R. Pethybridge, D. Ceccarelli, 

A. Lorrain, R.J. Olson, V. Allain, C. Menkes. 2015. The trophodynamics of marine top 

predators: Current knowledge, recent advances and challenges. Deep�Sea Res. Part II 

113:170�87, doi:10.1016/j.dsr2.2014.05.015 

44 

This article is protected by copyright. All rights reserved. 

http://dx.doi.org/10.1890/0012�


 

 

   
 

              
                
           

             
          

           
           

          
 

               
             

             

            
            

 
                

          
         

         

              
         

 
            

            
           

         
             

       
 

               
            

               
                

             
         

             
              

            
 

                  
              

Limnology and Oceanography Page 46 of 69 

Figure Captions 

Fig. 1. Map of sea�surface temperature and sampling locations in the eastern tropical Pacific, 
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with an inset showing the larger geographic context of 
into four trophic groups: 1) small micronektonivores (■): Thunnus albacares, 
pelamis, and T. obesus, 
mesopelagic micronekton (○): Myctophum nitidulum and Symbolophorus 

macrozooplankton (▲): Euphausia distinguenda and E. 

data are 2005 annual 
Refer to SI 1 for locations of replicate samples. 

Fig. 2. Significant relationships between δ15N of bulk tissue (δ15Nbulk) and latitude for five of 
seven species analyzed using multiple linear regressions. a) three species of tunas, Thunnus 

albacares, Katsuwonus pelamis, 
nitidulum, and Symbolophorus 

(110°W), using the equation from the multiple linear regression output (Table 3). 

Fig. 3. δ15N values of phenylalanine (δ15Nphe) 
small micronektonivores: Thunnus albacares, 
cephalopods: Dosidicus gigas and Sthenoteuthis oualaniensis, 
Myctophum nitidulum and Symbolophorus 

distinguenda and E. 

2) were ≤ ± 1.0 ‰ for all values. 

Fig. 4. Trophic position estimates (Eqn 1) from compound�specific nitrogen isotope analysis 
versus a) latitude and b) longitude for 1) small micronektonivores: Thunnus albacares, 
Katsuwonus pelamis, 
oualaniensis, 3) mesopelagic micronekton: Myctophum nitidulum and Symbolophorus 

and 4) macrozooplankton: Euphausia distinguenda and E. 

phytoplankton cell diameter estimates and sample locations. 

Fig. 5. Linear relationships (Eqn 5) between δ15N values of glutamic acid (δ15Nglu) minus δ15N 
values of phenylalanine (δ15Nphe) 
position estimates 
discrimination factor (TDF, 7.6 ‰) and the β�value (3.4 ‰) of Chikaraishi et al. (2009), which 
are the slope and y�intercept. The equations for the purple [small micronektonivores (tunas)], 
blue [Cephalopods (squids)], green [micronekton (myctophids)], and red [Macrozooplankton 
(euphausiids)] lines yield slopes that indicate TDF values (in parenthesis) for these taxa. 
Different symbols within each trophic group represent the different species within the group. The 
average TDF values for each trophic group 

study area. Nine species are clustered our 
Katsuwonus 

2) cephalopods (X): Dosidicus gigas and Sthenoteuthis oualaniensis, 3) 
reversus, and 4) 

tenera. Sea�surface temperature (SST) 
from NODC’s World Ocean Atlas (https://www.nodc.noaa.gov/). means 

and T. obesus, and b) two species of Myctophidae, Myctophum 

Regression lines were computed at a fixed longitude reversus. 

versus δ15N values of bulk tissue (δ15NBulk) for 1) 
Katsuwonus pelamis, and T. obesus, 2) 

3) mesopelagic micronekton: 
reversus, and 4) macrozooplankton: Euphausia 

δ15Nphe values represent means from multiple assays, and SDs (Table tenera. 

and T. obesus, 2) cephalopods: Dosidicus gigas and Sthenoteuthis 

reversus, 
tenera. Panel c) is median annual 

versus trophic position minus 1, where independent trophic 
are from Olson and Watters (2003). The solid black line represents the trophic 

are represented in the insert. 

Fig. 6. Maps of spatial variability in a) δ15Nphe values from 49 samples of 9 species, b) annual 
nitrate concentrations averaged from 0�50 m, and c) a denitrification index, N*, where positive 
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values indicate nitrogen fixation and negative values indicate denitrification. Black dots in panel 
a indicate sample locations from this study. Nitrate and N* values are from the World Ocean 
Atlas (see Methods for more details). 
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 Trophic r  Group  Species  Name  Common  Name 
 Trophic 

 Position 

 N 
15

(δ NBulk)  
 N 
15  (δ NAA) 

 Thunnus  albacares  Yellowfin  tuna  4.57  14  6 

A  Micronektonivores 
 Thunnus  obesus 

 Katsuwonus 

 pelamis 

 Bigeye  tuna 

  Skipjack tuna 

 4.53 

 4.57 

 13 

 15 

 6 

 6 
 Dosidicus  gigas Humboldt  squid  8  3 

 Cephalopods  Sthenoteuthis   Purpleback flying  4.40 
 oualaniensis  squid  3  3 

 Myctophum d  Mesopelagic 
 micronekton 

 nitidulum 

Symbolophorus  
 Lanternfish  3.19 

 13  6 

te  reversus  13  6 
 Euphausia 

 Macrozooplankton  distinguenda  Krill  2.70  7  6 
 Euphausia  tenera  6  5 
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Table 1.   Trophic groups, species names, and common names of the nine species utilized in our  

study. Trophic position (TP) estimates are from Olson and Watters (2003) and are used to  

cl
ecompare with our TP estimates using δ15N values from compound�specific isotope analysis of  

amino acids. Sample sizes (N) per species varied for bulk isotope analysis (δ15NBulk) and  

compound�specific isotope analysis of amino acids (δ15NAA).    
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Table 2. Species names, mean δ15NBulk  values, δ15NBulk  range for each species, mean amino acid  

δ15N values ±  standard deviations, and trophic position estimates from CSIA�AA δ15N values  

(TPAA) ±  propagated  errors. Abbreviations for amino acids are: alanine (Ala), aspartic acid  

(Asp), glutamic acid (Glu), leucine (Leu), and proline (Pro), and  source amino acids: glycine  

(Gly), lysine (Lys), phenylalanine (Phe), Serine (Ser), and Threonine (Thr). nd  = not detected on  

chromatographs.   
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Source Amino Acids Trophic Amino Acids 

15
Bulk δ N 

(‰; Mean ± 

SD, Range) 

Species 

(Samp No.) 
Gly Lys Phe Ser Thr Ala Asp Glu Leu Pro TP* 

cl
e

12.6 ± 2.3 

8.1 - 14.6 

T.a. (4) -1.9 ± 1.3 6.9 ± 0.6 7.6 ± 0.7 4.3 ± 0.2 -25.1 ± 0.7 26.5 ± 0.9 26.3 ± 0.2 25.9 ± 0.1 24.9 ± 0.4 21 ± 0.7 3.0 ± 0.4 

T.a. (5) -1.9 ± 0.1 5.8 ± 0.2 8.7 ± 0.4 3.8 ± 0.6 -25.3 ± 0.6 26.4 ± 0.1 24.5 ± 0.3 26.1 ± 0.1 25.1 ± 0.2 21.3 ± 0.4 2.8 ± 0.2 

T.a. (7) -0.9 ± 0.1 6.4 ± 0 7.7 ± 0.2 4.9 ± 0.3 -25.4 ± 0.5 27.3 ± 0.1 28.4 ± 0.2 27.9 ± 0.3 25.9 ± 0.3 23.6 ± 0.3 3.2 ± 0.1 

T.a. (8) -0.7 ± 0.5 6.2 ± 0.2 6 ± 0.6 4.6 ± 0 -23.8 ± 0.4 26.7 ± 0.6 26.1 ± 0.2 25.6 ± 0.2 24 ± 0.2 21.8 ± 0.3 3.1 ± 0.3 

T.a. (9) 0.4 ± 0.5 5.8 ± 0.4 5.6 ± 0.2 5.1 ± 0.3 -20.3 ± 0.7 25.3 ± 0.2 24.6 ± 0.3 24.3 ± 0.8 22.9 ± 0.1 19.9 ± 0.2 3.0 ± 0.4 

T.a. (12) -4.4 ± 0.3 2.1 ± 0.2 2.3 ± 0.9 -1.1 ± 0.6 -28 ± 2.5 21.6 ± 0.6 21.6 ± 0.2 20.9 ± 0.3 19.3 ± 0.3 18.2 ± 0.9 3.0 ± 0.5 

A
rt

i
11. 9 ± 1.6 

8.3 - 14.4 

K.p. (2) -1.9 ± 0.4 3.7 ± 0.3 7.7 ± 0.6 3 ± 0.7 -22.4 ± 0.3 23.3 ± 0.4 24.6 ± 0.2 24 ± 0.4 22.7 ± 0.1 19 ± 0.2 2.7 ± 0.4 

K.p. (5) -1.4 ± 0.2 6.4 ± 0.3 10.2 ± 0.2 4.6 ± 0.7 -22.8 ± 0.4 25.9 ± 0.3 27.3 ± 0.1 27.3 ± 0.3 25.1 ± 0.3 22.7 ± 0.5 2.8 ± 0.1 

K.p. (6) -3.2 ± 0.5 4.3 ± 0.2 7.4 ± 0.5 2.8 ± 0.3 -25.7 ± 0.4 25.2 ± 0.5 26.6 ± 0.3 25.4 ± 0.3 24.3 ± 0.3 21.5 ± 0.2 2.9 ± 0.3 

K.p. (8) -3.3 ± 0.1 3.5 ± 0.1 7.4 ± 0.5 2.3 ± 0.4 -25.6 ± 0.6 23.6 ± 0.1 23.2 ± 0.2 23.3 ± 0.3 22.1 ± 0.4 17.5 ± 0.4 2.6 ± 0.3 

K.p. (11) -0.1 ± 0.4 6.7 ± 0.2 10.5 ± 0.1 4.6 ± 0.5 -20.5 ± 0.5 25.1 ± 0.3 25.2 ± 0.1 24.5 ± 0.1 23.2 ± 0.3 17.6 ± 0.3 2.4 ± 0.1 

K.p. (13) -5.3 ± 0.2 0.5 ± 0.1 4.8 ± 0.3 -0.5 ± 0.6 -23.7 ± 0.4 21.6 ± 0.5 21.6 ± 0.1 21.2 ± 0.2 19.4 ± 0.1 14.2 ± 0.6 2.7 ± 0.2 

12.7 ± 1.4 

8.7 - 14.2 

T.o. (3) 1.7 ± 0.2 7.4 ± 0.2 10.1 ± 0.7 6.5 ± 0.5 -19.4 ± 0.2 27.8 ± 0.2 26.9 ± 0.2 26.7 ± 0.2 25.1 ± 0.1 23 ± 0.3 2.7 ± 0.4 

T.o. (5) 1 ± 0.2 6.3 ± 0.5 7.2 ± 1 5 ± 0.2 -22 ± 0.8 26.7 ± 0.1 26.2 ± 0.4 25.6 ± 0.4 24 ± 0.2 21.9 ± 0.5 3.0 ± 0.6 

T.o. (7) -2.3 ± 0.4 6.2 ± 0.1 8 ± 0.3 3.5 ± 0.9 nd nd 27.3 ± 0.2 26.1 ± 0.2 24 ± 0.2 23.2 ± 0.4 2.9 ± 0.2 

T.o. (11) -2.5 ± 0.3 5.9 ± 0.6 6.7 ± 0.6 1.8 ± 0.3 -23.6 ± 1.1 26.1 ± 0.1 26.4 ± 0.2 24.9 ± 0.1 22.7 ± 0.2 22.1 ± 0.4 2.9 ± 0.3 

T.o. (13) -0.8 ± 0.3 nd 6 ± 0.5 4.5 ± 0.7 -25.5 ± 0.4 nd 25.7 ± 0.2 26 ± 0.4 24.4 ± 0.4 21 ± 0.6 3.2 ± 0.3 

T.o. (15) 0.3 ± 0.1 6.1 ± 0.2 7.3 ± 0.2 4.3 ± 0.7 nd 26.4 ± 0.2 26.5 ± 0.1 25.8 ± 0.3 23.6 ± 0.2 21.8 ± 0.5 3.0 ± 0.1 

dn = 8 

13.4 ± 0.9 

12.5 - 14.8 

D.g. (1) 1.3 ± 0.9 7 ± 0.3 6.2 ± 0.7 9.6 ± 0.9 nd 25.8 ± 0.7 21 ± 0.3 25.2 ± 0.2 23.7 ± 0.4 23.9 ± 0.8 3.1 ± 0.4 

D.g. (4) 1.9 ± 1.1 nd 5.8 ± 0.2 2 ± 0.7 -15.8 ± 0.7 26.5 ± 0.6 21.2 ± 0.5 25.9 ± 0.7 25.5 ± 0.6 22 ± 0.8 3.2 ± 0.3 

D.g. (6) 2.8 ± 0.3 5.7 ± 0.4 4.6 ± 0.6 9.3 ± 0.1 -16.2 ± 0.8 25.1 ± 0.7 18.4 ± 0.3 23.4 ± 0.2 23.5 ± 0.1 20.5 ± 0.7 3.0 ± 0.3 

12.9 ± 1.1 

11.7 - 13.7 

S.o. (1) -2.2 ± 0.5 nd 4.8 ± 0.3 9.3 ± 0.7 -21.1 ± 0.7 25.3 ± 0.4 20.4 ± 0.3 24.3 ± 0.2 25 ± 0.5 24 ± 0.5 3.1 ± 0.2 

S.o. (2) -4 ± 0.1 4.8 ± 0.1 4.6 ± 0.6 5.6 ± 0.5 -19.5 ± 0.5 25.4 ± 0.2 19.4 ± 0.2 23.3 ± 0.2 23.3 ± 0.3 21.3 ± 0.7 3.0 ± 0.3 

S.o. (3) -1.8 ± 0.6 nd 7.2 ± 0.3 8.6 ± 1 -19 ± 0.8 28.4 ± 0.2 22 ± 0.4 26.2 ± 0.2 25.8 ± 0.4 23.3 ± 0.4 3.1 ± 0.2 te10.8 ± 2.0 

5.8 - 12.4 

M.n. (1) 1.8 ± 0.8 4.5 ± 0.6 5.4 ± 0.3 5.2 ± 0.7 -10 ± 0.7 21.6 ± 0.4 15.6 ± 0.1 19 ± 0.5 18.3 ± 0.3 15.7 ± 0.8 2.3 ± 0.3 

M.n. (3) -1 ± 0.1 nd -0.5 ± 0.7 1.8 ± 0.6 -13.5 ± 0.9 18.3 ± 0.3 12.3 ± 0.3 15.7 ± 0.1 14.7 ± 0.3 12.3 ± 1.2 2.7 ± 0.4 

M.n. (5) 2.8 ± 0.1 5.4 ± 0.3 3.6 ± 0.3 4.9 ± 0.5 -11.3 ± 0.5 23.2 ± 0.5 16.2 ± 0.3 19.8 ± 0.5 19.3 ± 0.1 16.5 ± 0.5 2.7 ± 0.3 pM.n. (6) -0.6 ± 0.5 4.8 ± 0.3 2.7 ± 0.2 3.6 ± 0.4 -11.2 ± 0.5 21.5 ± 0.3 16 ± 0.4 19.8 ± 0.1 19.3 ± 0.4 16.6 ± 0.3 2.8 ± 0.1 

M.n. (7) 3.4 ± 0.3 6.1 ± 0.6 3.1 ± 1.6 6.3 ± 0.4 -9.3 ± 0.4 22.2 ± 0.3 15.7 ± 0.3 18.7 ± 0.2 18.2 ± 0.4 16.1 ± 0.4 2.6 ± 0.8 

M.n. (11) -2.8 ± 0.2 0.7 ± 0.4 -0.7 ± 0.5 -0.2 ± 0.8 -18 ± 0.3 17.7 ± 0.3 11.1 ± 0.2 14.8 ± 0.2 13.6 ± 0.2 10.8 ± 0.2 2.6 ± 0.3 

ce12.2 ± 2.5 

5.6 - 15.8 

S.r. (1) 1.9 ± 0.3 5.6 ± 0.3 3 ± 0.5 4.5 ± 0.1 -13.6 ± 1 20.8 ± 0.7 14.4 ± 0.2 19.4 ± 0.2 17.6 ± 0.5 15.3 ± 0.3 2.7 ± 0.3 

S.r. (2) 4.2 ± 0.6 7.9 ± 0.2 6.1 ± 1.6 5.3 ± 0 -9.8 ± 0.9 23.3 ± 0.4 17.7 ± 0.3 21.1 ± 0.2 21.6 ± 0.4 17.8 ± 0.5 2.5 ± 0.8 

S.r. (5) 3 ± 0.3 6.4 ± 0.1 3.5 ± 0.6 5.4 ± 0.7 -13 ± 1.4 21.3 ± 0.7 15.8 ± 0.1 20.3 ± 0.2 18.1 ± 0.1 15.2 ± 0.4 2.8 ± 0.3 

S.r. (6) 6.7 ± 0.3 10.5 ± 0.2 7.4 ± 0.5 8.8 ± 0.8 -10.8 ± 0.8 25.3 ± 0.5 19.6 ± 0.2 23.9 ± 0.1 22.6 ± 0.6 20.5 ± 0.4 2.7 ± 0.3 

S.r. (9) -2.6 ± 0.6 nd -1.5 ± 1 -1.3 ± 1 -14.4 ± 0.7 17.6 ± 1.1 9.9 ± 0.4 13.1 ± 0.3 13.4 ± 0.3 10.9 ± 0.5 2.5 ± 0.5 

S.r. (10) 0.6 ± 0.6 4.7 ± 0.1 1.4 ± 0.2 2.3 ± 0.2 -16.8 ± 0.4 20.7 ± 0.4 14.3 ± 0.2 19 ± 0.2 17.5 ± 0.5 15 ± 0.4 2.9 ± 0.1 

A
c

9.0 ± 3.2 

5.0 - 15.0 

E.d. (2) 10.8 ± 0.2 11.1 ± 0.2 7.8 ± 0.3 13.2 ± 0.5 -2.3 ± 0.5 24.8 ± 0 20 ± 0.5 24.6 ± 0.3 20.2 ± 0.4 17.3 ± 0.3 2.8 ± 0.2 

E.d. (3) 1.7 ± 0.2 1.8 ± 0.6 -0.4 ± 0.3 3.9 ± 0.2 -11 ± 0.3 13.8 ± 0 9.7 ± 0.2 13.3 ± 0.2 10.4 ± 0.4 7 ± 0.3 2.4 ± 0.2 

E.d. (4) 1 ± 0.3 1.8 ± 0.3 -1.1 ± 0.6 2.7 ± 0.6 -9.5 ± 0.2 12.5 ± 0.6 8.5 ± 0.1 13 ± 0.1 9.4 ± 0.5 5.3 ± 0.6 2.4 ± 0.3 

E.d. (5) 3.8 ± 0.1 4.5 ± 0.2 0.3 ± 0.4 7.4 ± 0.6 -10.2 ± 0.3 18.7 ± 0.1 14.2 ± 0.7 20.3 ± 0.1 14.2 ± 0.2 11 ± 0.3 3.2 ± 0.2 

E.d. (6) 5.8 ± 1.4 5 ± 0.6 3.1 ± 0.4 8.3 ± 0.7 -9.7 ± 0.6 19.7 ± 1.2 15.8 ± 0.4 19.6 ± 0.4 16 ± 0.8 13.8 ± 0.5 2.7 ± 0.3 

E.d. (7) 7.4 ± 0.5 5.7 ± 0.5 2.3 ± 0.1 7.6 ± 0.9 nd nd 15.7 ± 0.1 20.3 ± 0.3 13.7 ± 1 11.2 ± 0.9 2.9 ± 0.1 

8.4 ± 3.1 

4.8 - 13.7 

E.t. (1) 2.5 ± 0.5 2.1 ± NA 0.3 ± 0.9 4.4 ± 0.6 -10.6 ± 0.8 15.7 ± 0.5 9.9 ± 0.7 14.3 ± 0.5 10.9 ± 0.1 7.3 ± 0.6 2.4 ± 0.6 

E.t. (2) 11.9 ± 0.8 nd 7.9 ± 0.7 12 ± 0.8 -4.5 ± 0.6 nd 20.5 ± 0.9 22.9 ± 0.4 19.3 ± 0.3 17.4 ± 0.4 2.5 ± 0.4 

E.t. (4) 4.2 ± 0.6 4.1 ± 0.5 2.8 ± 0.7 6.1 ± 0.4 nd 17.9 ± 0.4 11.8 ± 0.5 14.7 ± 0.8 11.1 ± 0.5 10.8 ± 0.4 2.1 ± 0.7 

E.t. (5) 6 ± 0.8 6.4 ± 0.9 3.1 ± 0.4 7.9 ± 0.9 nd 18.8 ± 0.7 1.3 ± 0.9 17.9 ± 0.6 14.8 ± 0.2 12.9 ± 0.5 2.5 ± 0.4 

E.t. (6) 5.3 ± 0.4 nd 3.1 ± 0.3 9.2 ± 0.8 -8.3 ± 0.3 19.2 ± 0.5 14.7 ± 0.3 17.4 ± 0.3 14.6 ± 0.5 12.9 ± 0.6 2.4 ± 0.2 
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Est. Co. SE p(value 

T. albacares 

Intercept 3.55 4.61 0.47 
Lat 0.54 0.13 < 0.01 

Lon �0.06 0.04 0.15 

K. pelamis 

Intercept 8.26 3.50 0.06 
Lat 0.59 0.14 < 0.01 

Lon �0.01 0.03 0.76 

T. obesus 

Intercept 8.71 2.63 0.01 
Lat 0.37 0.07 < 0.001 

Lon �0.02 0.02 0.30 

M. nitidulum 

Intercept 4.45 3.49 0.24 
Lat 0.65 0.16 < 0.01 

Lon �0.03 0.03 0.32 

S. reversus 

Intercept �0.06 4.31 0.99 
Lat 0.53 0.16 0.01 

Lon �0.08 0.04 0.06 
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Table 3. Significant multiple linear regression model results for bulk δ15N values versus latitude  

and longitude, with the estimated coefficient (Est. Co.), standard errors for coefficients (SE), and  

p�values for each variable, where p < 0.05 is significant.  
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Table 4. Estimated parameters from the LME models for a) of glutamic acid minus  

phenylalanine δ15N values (δ15N 15
 Glu� δ NPhe), trophic minus source amino acids δ15N values  

A
rt

ic
le(δ15N rp� δ1

T  5NSrc)  versus latitude and longitude, and b) δ15N values of phenylalanine, glycine,  

serine, and lysine (δ15N  15 15 15
Phe, δ NGly, δ NSer, and δ NLys)  versus surfaces nitrate concentrations.  

Shown for the fixed effect component of each LME  are the estimated coefficients, and in  

parentheses the standard  errors and p�values. Shown for the fixed effect component of each LME  

are the estimated standard deviations of the random effect distributions, and in parentheses the  

approximate 95% confidence intervals. For the LMEs for δ15
 N   δ15

Lys and NSrc,  the full model  

estimates of σspecies  were  nearly zero, and hence the model was re�fitted with only a random  

effect for sample.   

A
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d Sample No. 

Ta'1 

Ta'2 

Ta'3 

Ta'4 

Ta'5 

Ta'6 

Ta'7 

Ta'8 

Ta'9 

Ta'10 

Ta'11 

Ta'12 

Ta'13 

Ta'14 

Kp'1 

Kp'2 

Size 15 
Sample Date Latitude Longitude Replicate δ N (Mean) 

(mm) 

6/1/2004 3.43ᵒN 118.53ᵒW 662 1 13.5 

7/23/2004 1.87ᵒN 139.82ᵒW 580 1 14.6 (14.1) 

7/23/2004 1.87ᵒN 139.82ᵒW 570 2 14.3 (14.1) 

7/23/2004 1.87ᵒN 139.82ᵒW 570 3 13.4 (14.1) 

6/25/2004 3.65ᵒN 107.08ᵒW 615 1 13.6 

9/29/2004 4.55ᵒN 111.97ᵒW 630 1 13.8 

9/17/2004 4.08ᵒN 127.65ᵒW 640 1 14.4 

2/10/2005 8.90ᵒN 99.67ᵒW 640 1 12.5 

2/27/2005 6.38ᵒN 92.57ᵒW 670 1 12.8 (13.5) 

2/27/2005 6.38ᵒN 92.57ᵒW 530 2 13.8 (13.5) 

2/27/2005 6.38ᵒN 92.57ᵒW 540 3 14.0 (13.5) 

7/5/2005 1.05ᵒS 126.10ᵒW 619 1 8.1 

6/23/2004 2.95ᵒS 108.45ᵒW 565 1 8.8 

1/15/2005 4.18ᵒS 111.35ᵒW 553 1 8.7 

7/23/2004 1.87ᵒN 139.82ᵒW 500 1 13.8 (11.8) 

7/23/2004 1.87ᵒN 139.82ᵒW 490 2 10.8 (11.8) 

Kp'3 7/23/2004 1.87ᵒN 139.82ᵒW 510 3 10.8 (11.8) 

Kp'4 7/10/2004 6.02ᵒN 99.12ᵒW 432 1 12.9 

Kp'5 8/6/2004 8.85ᵒN 106.93ᵒW 502 1 14.4 

Kp'6 9/29/2004 4.55ᵒN 111.97ᵒW 500 1 11.6 

Kp'7 9/14/2004 3.60ᵒN 119.62ᵒW 510 1 11 
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leTable 1. Sample collection data, and stable isotope values for bulk tissues for Thunnus  albacares  

(T.a.), Katsuwonus  pelamis  (K.p.), Thunnus  obsesus  (T.o.), Dosidicus  gigas  (D.g.), Sthenoteuthis  

oualaniensis  (S.o.), Myctophum n itidulum  (M.n.), Symbolophorus  reversus  (S.r.), Euphausia  

distinguenda  (E.d.), and Euphausia  tenera  (E.t.). Mean values  were calculated for replicate  

samples of the tunas  and myctophids from a subset of stations that were analyzed for within  

location variability. NA  = not applicable. See Methods for more details on within' location  

replicate samples.  A
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Kp'8   9/17/2004  4.08ᵒN  127.65ᵒW  490 1   10.6 

Kp'9   1/13/2005  4.35ᵒN  105.65ᵒW  480 1   12.5 

Kp'10   2/27/2005  6.38ᵒN  92.57ᵒW  480 2    13.0 (12.8) 

Kp'11   2/27/2005  6.38ᵒN  92.57ᵒW  470 3    13.0 (12.8) 

Kp'12   2/27/2005  6.38ᵒN  92.57ᵒW  470 1    12.5 (12.8) e
Kp'13   7/5/2005  1.05ᵒS  126.10ᵒW  510 1   8.3 l To'1  10/15/2003  4.70ᵒN  103.63ᵒW  423 1    13.7 (13.9) 

 To'2  10/15/2003  4.70ᵒN  103.63ᵒW  424 2    13.7 (13.9) c To'3  10/15/2003  4.70ᵒN  103.63ᵒW  438 3    14.2 (13.9) 

A
rt

i To'4  3/17/2004  4.48ᵒN  130.00ᵒW  438 1   13.8 

 To'5  5/23/2004  5.27ᵒN  125.52ᵒW  506 1   13.3 

 To'6  7/23/2004  1.87ᵒN  139.82ᵒW  540 1    12.5 (12.8) 

 To'7  7/23/2004  1.87ᵒN  139.82ᵒW  520 2    12.9 (12.8) 

 To'8  7/23/2004  1.87ᵒN  139.82ᵒW  530 3    13.1 (12.8) 

 To'9  6/23/2004  2.95ᵒS  108.45ᵒW  517 1   10.9 

 To'10  6/27/2004  5.13ᵒN  110.00ᵒW  503 1   13.6 

 To'11  7/1/2004  1.55ᵒN  113.42ᵒW  466 1   12 

 To'12  9/14/2004  3.60ᵒN  119.62ᵒW  500 1   12.1 

 To'13  1/12/2005  6.78ᵒN  105.23ᵒW  500 1   13.4 d  To'14  1/15/2005  4.18ᵒS  111.35ᵒW  511 1   8.7 

 To'15  7/5/2005  1.05ᵒS  126.10ᵒW  452 1   12.6 eDg'1   10/17/2006  8.73ᵒN  108.05ᵒW  98 1   13.4 

Dg'2   10/17/2006  8.73ᵒN  108.05ᵒW  148 1   14.7 tDg'3   10/12/2006  8.20ᵒN  100.19ᵒW  225 1   14.8 

Dg'4   10/5/2006  9.03ᵒN  93.06ᵒW  197 1   13.3 pDg'5   10/5/2006  9.03ᵒN  93.06ᵒW  193 1   13.2 

Dg'6   9/22/2006  6.23ᵒN  90.91ᵒW  167 1   12.6 eDg'7   9/21/2006  8.38ᵒN  89.48ᵒW  155 1   12.9 

A
cc

Dg'8   9/21/2006  8.38ᵒN  89.48ᵒW  159 1   12.5 

So'1   8/27/2006  7.25ᵒN  101.37ᵒW  125 1   13.4 

So'2   9/22/2006  6.23ᵒN  90.91ᵒW  113 1   11.7 

So'3   9/20/2006  10.38ᵒN  87.68ᵒW  105 1   13.7 

Mn'1   8/25/2006  5.65ᵒN  108.00ᵒW  53 1    12.1 (12.3) 

Mn'2   8/25/2006  5.65ᵒN  108.00ᵒW  59 2    12.4 (12.3) 

Mn'3   9/15/2006  0.23ᵒN  119.92ᵒW  57 1   7.6 

Mn'4   8/29/2006  7.07ᵒN  95.32ᵒW  54 1   9.6 

Mn'5   9/10/2006  4.48ᵒN  134.73ᵒW  50 1   12.2 

Mn'6   9/12/2006  6.83ᵒN  80.83ᵒW  54 1   11.5 

Mn'7   9/22/2006  6.23ᵒN  90.90ᵒW  44 1    12.1 (12.1) 

Mn'8   9/22/2006  6.23ᵒN  90.90ᵒW  49 2    11.8 (12.1) 

Mn'9   9/22/2006  6.23ᵒN  90.90ᵒW  43 3    12.4 (12.1) 
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Mn'10   10/28/2006  5.02ᵒN  113.58ᵒW  57 1   10.3 

Mn'11   9/19/2006  1.90ᵒS  107.58ᵒW  58 1   5.8 

Mn'12   8/12/2006  5.32ᵒN  122.33ᵒW  48 1   11.7 

Mn'13   10/25/2006  2.3ᵒN  105.25ᵒW  39 1   11.4 

Sr'10   8/24/2006  6.07ᵒN  110.70ᵒW  53 1    14.3 (13.9) e
Sr'1   8/24/2006  6.07ᵒN  110.70ᵒW  56 2    13.4 (13.9) lSr'2   9/19/2006  1.90ᵒS  107.58ᵒW  56 1   5.6 

Sr'3   9/13/2006  1.83ᵒN  125.47ᵒW  65 1   10.8 cSr'4   10/7/2006  11.57ᵒN  94.22ᵒW  73 1   11.8 

A
rt

iSr'5   9/8/2006  6.30ᵒN  140.72ᵒW  63 1    15.8 (15.4) 

Sr'12   9/8/2006  6.30ᵒN  140.72ᵒW  58 2    14.9 (15.4) 

Sr'6   9/12/2006  6.83ᵒN  80.83ᵒW  55 1   12.2 

Sr'7   9/23/2006  8.37ᵒN  91.68ᵒW  56 1   11.6 

Sr'8   9/20/2006  10.38ᵒN  87.68ᵒW  55 1    11.7 (11.8) 

Sr'9   9/20/2006  10.38ᵒN  87.68ᵒW  50 2    11.8 (11.8) 

Sr'11   8/26/2006  6.48ᵒN  104.38ᵒW  53 1   12.1 

Sr'13   10/24/2006  3.88ᵒN  102.28ᵒW  59 1   12.6 

Ed'1   8/11/2006  3.25ᵒN  120.03ᵒW  NA 1   8.3 

Ed'2   8/13/2006  7.37ᵒN  124.68ᵒW  NA 1   15 d Ed'3   9/11/2006  3.49ᵒN  131.27ᵒW NA  1   6.4 

Ed'4   10/25/2006  2.30ᵒN  105.26ᵒW NA  1  5  

ce
pt

eEd'5   10/27/2006  3.36ᵒN  110.85ᵒW NA  1  9  

Ed'6   10/21/2006  9.62ᵒN  96.48ᵒW NA  1   10.2 

Ed'7   10/23/2006  5.39ᵒN  99.53ᵒW NA  1   9.1 

Et'1   8/11/2006  3.25ᵒN  120.03ᵒW NA  1   5.9 

Et'2   8/13/2006  7.37ᵒN  124.68ᵒW  NA 1   13.7 

Et'3   9/11/2006  3.49ᵒN  131.27ᵒW  NA 1   4.8 

Et'4   10/27/2006  3.36ᵒN  110.85ᵒW  NA 1   7.6 

Et'5   10/21/2006  9.62ᵒN  96.48ᵒW  NA 1   9.3 

Et'6   10/23/2006  5.39ᵒN  99.53ᵒW NA  1   9.3 

 

 

 

 

 

 

 

 

Limnology and Oceanography Page 60 of 69 

A
c

This article is protected by copyright. All rights reserved. 



 

 

  CD  Chla Nitrate   N* Phos   SSH  SST  TD 

 CD  '  0.92  '0.05  0.14  '0.09  '0.43  '0.2  '0.53 

 Chla  0.92  '  0.3  '0.16  0.27  '0.51  '0.2  '0.49 

 Nitrate 

ep
te

d  '0.05  0.3  '  '0.68  0.96  '0.17  '0.96  0.12 

 N*  0.14  '0.16  '0.68  '  '0.86  0.23  0.71  '0.06 

Phos   '0.09  0.27  0.96  '0.86  '  '0.21  '0.94  0.11 

 SSH  '0.43  '0.51  '0.17  0.23  '0.21  '  0.1  0.84 

 SST  0.16  '0.2  '0.96  0.71  '0.94  0.1  '  '0.21 

 TD  '0.53  '0.49  0.12  '0.06  0.11  0.84  '0.21  '
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Table 2. Correlation coefficient matrix for oceanographic variables [Cell Diameter (CD),  

Chlorophyll a (Chla), Nitrate concentration (Nitrate), N*, Phosphate concentration (Phos), Sea' 

surface height (SSH), Sea'surface temperature (SST), Thermocline depth (TD)] at sampling  

locations used in this study. Phytoplankton cell diameter was calculated from Chl a  and SST, and  

N* was calculated from nitrate and phosphate concentrations. See Materials and Methods for  

more details.  
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3. Regional oceanography and δ
15

N values 

We utilized oceanographic data to evaluate relationships between nitrogen isotope values 

A
cc

ep
te

d 
A

rt
ic

leand regional oceanography. See material and methods for 

for nutrient concentrations, N*, and phytoplankton cell size estimates. Monthly 

were obtained from monthly, Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua 

satellite Ocean Color, and 

temperature data 

Pathfinder v4.1 and Global Area Coverage (GAC) projects, and 

deg.
2
. To estimate thermocline depth, 

the maximum temperature gradient (|�T/ �z|), with �T 

temperature and 

depth, following the methods of Fiedler and Talley (2006). We used sea'surface height (SSH) 

data as a proxy for upwelling, which 

0.25 deg
2
. across 

(http://oceanwatch.pifsc.noaa.gov/). 

Phosphate and nitrate concentrations (see Materials and Methods section for details 

data collection) showed similar spatial patterns, with lower values towards the northern end of 

our study area, and higher values south of the equator. The denitrification index, N* showed low 

values, which indicates loss of nitrate relative 

ranged from '2 to 

more information on data acquisition 

mean Chl a data 

2
available every 0.1 deg. throughout our study area. Sea'surface were 

were from the Advanced Very High Resolution Radiometer (AVHRR) 

were also available every 0.1 

we utilized 2005 World Ocean Atlas data and computed 

> 2°C or �z > 10 m, where T is 

z is depth and used the midpoint of corresponding interval as the thermocline 

from monthly, merged'mission data, available every were 

study area through NOAA’s OceanWatch Program our 

on 

to phosphate due to denitrification. N* values 

2 at the surface and '15 to 2 at a depth of 200 m, indicating denitrification. 

Below the photic zone N* patterns mirrored previously'described patterns of dissolved oxygen 

concentrations. 
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The SST data show the well'documented ETP warm pool in the northern portion of our 

study area, extending westward from the coast, and the cold tongue along the equator and 

A
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lesouthward. Mean annual (2005) values for surface Chl 

phytoplankton cell diameter enhanced productivity in regions of upwelling both north and south 

of the equator, and along the coast, while Chl fairly uniform (< 1 Hg L 

throughout the remainder of 

from Chl a and SST values 

um, and generally larger cell sizes in coastal 

The TD values indicated the relative deepening of the thermocline from 

m to > 150 m) across 

equator, in relation 

study area, which is in agreement with previously documented oceanography in the ETP, where 

the westward flowing north and south equatorial 

Pacific (Fiedler and Talley 2006, Pennington 

In preliminary analyses, 

chlorophyll a concentration, sea'surface height, 

species. For most 

Katsuwonus pelamis (p 

diameter. 

a concentration and median 

'1 
a concentrations )were 

our sample region (Fig 1a). Phytoplankton cell diameters computed 

were overall small, ranging from 1'4 Hm, with most values were < 2 

areas. 

east to west (~40 

the ETP (Fig 1b in SI). We found higher SSHs north and south of the 

to equatorial upwelling (Fig 1c). SSH was greater in the west portion of our 

currents create enhanced SSH in the western 

et al. 2006). 

15 
found no significant relationships between δ N values and we 

thermocline depth were observed for any or 

15 
species, we did not find significant relationships between δ N values and 

phytoplankton cell diameter, with the exception of Thunnus albacares (p = 0.001) and 

15 
0.008) δ N values, which were positively related to phytoplankton cell = 
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Fig. 1. Maps of a) chlorophyll a (mg/m
3
), b) estimated thermocline depth (m), and c) sea' 

surface height (cm) throughout our study area. 
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