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likely source appears to be slow turnover rate of body tis-
sues of migratory pelagic fish as they traverse both highly 
productive and oligotrophic water masses in the eastern 
Pacific Ocean. From this study, we advise caution when 
interpreting results of stable isotope ratios in migratory 
pelagic fishes, and suggest designing studies that account 
for sources of variability.

Introduction

The use of stable isotopes in the study of ecosystem struc-
ture and dynamics has become increasingly popular over 
recent decades (Peterson and Fry 1987; Vander Zanden 
et al. 1999; Post 2002; Post et al. 2007; Hussey et al. 2012). 
Nitrogen and carbon stable isotopes can be used to evaluate 
nutrient pathways and trophic positions among consumers, 
making them a valuable tool for studying ecological com-
munities (Wainright et al. 1996; Peterson 1999; Davenport 
and Bax 2002; Sara and Sara 2007). The ratio of nitrogen 
stable isotopes (14N/15N) is more often used to estimate 
trophic position because consumers (δ15N values) are 
typically enriched 3–4 ‰ relative to its diet (DeNiro and 
Epstein 1981; Minagawa and Wada 1984; Peterson and Fry 
1987; reviewed in Post 2002). This relatively large differ-
ence in δ15N values between trophic levels is the result of 
the light nitrogen isotope (14N) being preferentially lost in 
excretory products.

There can be considerable variation among ecosystems 
in δ15N and δ13C values at the base of the food web where 
nitrogen and carbon are incorporated into the food web as 
nutrients by primary producers (Wada 1980; Lorrain et al. 
2009). The δ13C and δ15N values of phytoplankton at the 
base of marine food webs can vary due to different factors 
including phytoplankton community composition, nutrient 

Abstract Stable isotopes have proven effective in the 
ecological study of terrestrial, freshwater, marine and estu-
arine systems. However, their utility in the study of large 
migratory fishes in the dynamic ocean may be more diffi-
cult to ascertain. Migration across large areas of ocean in 
short periods of time may result in a large amount of varia-
bility in the nitrogen ratios of large pelagic fishes. High var-
iability was found in nitrogen ratios (δ15N) used to quantify 
trophic positions of large pelagic fish species and their prey 
in the southern Gulf of California. Mean δ15N values for 
eleven large pelagic predators ranged from 14.8 ‰ for blue 
marlin to 18.7 ‰ for amberjack. Predators typically present 
in the Gulf during winter months had a higher mean value 
(18.5 ± 0.7 ‰) than summer predators (15.8 ± 1.5 ‰). 
Common prey items, including cephalopods, fish and 
crustaceans, had mean δ15N values ranging from 12.2 
to 19.1 ‰ (epipelagic fishes = 17.5 ± 0.7 ‰, cephalo-
pods = 15.6 ± 0.9 ‰, inshore fishes = 14.2 ± 1.6 ‰, 
crustaceans = 12.2 ± 0.4 ‰), in many cases exceeding 
their predators by more than one full trophic level. We 
analyzed potential sources of this variability by examining 
diets, oceanographic conditions and fish migration. Diet 
shifts with size do not account for the variability, but the 
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utilization, differences in nutrient sources (e.g., denitrifica-
tion vs. N2 fixation) and the subsequent biological trans-
formations of these nutrients (Altabet 2001, Sigman and 
Casciotti 2001, Tamelander et al. 2009; Graham et al. 
2010; Carlisle et al. 2012). The δ15N and δ13C values of an 
organism alone provide little information about its ultimate 
trophic position, and it is essential that ratios are compared 
to an appropriate baseline (Post 2002; Borrell et al. 2011). 
Therefore, comparisons among ecosystems require know-
ing the baseline isotopic ratios in each system (France 
1995; Graham et al. 2010; Carlisle et al. 2012).

Nitrogen in the open ocean typically does not originate 
from littoral or benthic sources, but from nitrate, ammo-
nium and N2 as it is incorporated by denitrification or fixa-
tion into phytoplankton (Graham et al. 2010). New nitrogen 
in the form of nitrate is available to primary producers from 
either nutrients upwelled into the euphotic zone or from 
N2-fixation by planktonic diazotrophs such as Trichodes-
mium in oligotrophic waters (Montoya et al. 2002). N2-fix-
ation can be a major source of nitrogen in some marine 
environments (Carpenter et al. 1997), and large variation in 
nitrogen isotopic baselines has been discovered in marine 
systems (Minagawa and Wada 1984; McClelland et al. 
2003). Phytoplankton that produce organic matter based 
on N2-fixation are isotopically depleted relative to average 
oceanic combined nitrogen (Minagawa and Wada 1984; 
Carpenter et al. 1997). These oceanic diazotrophs typically 
have δ15N values from −2 to −1 ‰ (Montoya et al. 2002), 
while deep-water nitrate has a δ15N value of 4.8 ± 0.2 ‰ 
worldwide (Sigman et al. 2000). Therefore, a food chain 
based on N2-fixation in oligotrophic waters can be expected 
to show consistently lower δ15N values across all trophic 
levels than a food chain derived in more productive waters 
(Fig. 1) where phytoplankton are utilizing nitrogen that 
has been upwelled into the euphotic zone (Altabet 2001; 
McClelland et al. 2003). The source of nitrogen at the base 
of the food chain will greatly impact our interpretation of 
the δ15N values we see in upper trophic levels (Estrada 
et al. 2003; O’Reilly et al. 2004; Graham et al. 2006).

Understanding the ecology of large pelagic fishes, an 
important marine resource, is limited by difficulties associ-
ated with the study of these highly mobile fishes and their 
marine pelagic environment (Klimley et al. 2001; Block 
et al. 2011). This lack of useful information has hampered 
fisheries management (Hyrenbach et al. 2000; Block et al. 
2011). The analysis of trophic interactions is an important 
initial step in formulating ecosystem and fisheries manage-
ment objectives. The trophic ecology of pelagic fishes has 
typically been described using stomach contents. These 
studies examine individuals collected over large spatial 
scales over long time periods and describe overall diet 
of these fishes (Hyslop 1980; Moteki et al. 2001). Stom-
achs contain only what has been eaten recently, and thus 

are “snapshots” of feeding episodes, and these may vary 
greatly depending on location and time of sampling. More 
recently, stable isotope techniques have been used to aug-
ment records of stomach contents and better elucidate 
feeding relationships among fish communities (Cherel 
et al. 2007; Sara and Sara 2007; Torres-Rojas et al. 2013). 
Appropriate use of stable isotopes to complement gut con-
tent data can reveal trophic interactions that would other-
wise be undetectable.

The southern Gulf of California is a pelagic environ-
ment that is home to diverse assemblages of large pelagic 
fishes known to change with varying oceanographic condi-
tions across seasons of the year (Muhlia-Melo et al. 2003; 
Klimley et al. 2005; Jorgensen 2006). The seamounts in 
the southern Gulf of California are the daytime habitat 
of at least five species of snapper (Lutjanidae), four bill-
fish (Istiophoridae), the dolphinfish (Coryphaenidae), five 
jacks (Carangidae), four tunas (Scombridae), four sharks 
(Carcharhinidae, Sphyrnidae) and numerous other smaller 
species of pelagic fish (Klimley et al. 2005). Some of these 
species may arrive in the Gulf after long migrations across 
oceanic waters (Domeier 2006). Still others may reside at 
specific locations for periods of least 2 years (Klimley et al. 
2003). The seamounts in this region support a diverse fish 
assemblage that changes with seasonal temperature fluctua-
tions (Klimley and Butler 1988; Muhlia-Melo et al. 2003). 
Klimley et al. (2005) propose a summer and winter assem-
blage of both semi-permanent and migratory species at the 
El Bajo Espiritu Santo seamount. Baja’s small-scale artisa-
nal fisheries extract various species from this assemblage 
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Fig. 1  A model of the baseline effect on observed trophic position of 
organisms throughout pelagic food chains in an upwelling region and 
an oligotrophic ocean. Dotted lines represent theoretical δ15N trophic 
levels at 3 ‰ intervals
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during different seasons (Sala et al. 2004), and the region’s 
sport fishing industry thrives because the abundance of 
large species is a recreational attraction (Muhlia-Melo 
1996).

The objectives of this study were to simultaneously 
determine stable isotope values of predatory pelagic fishes 
and their prey in this seasonally dynamic environment, and 
then examine the variability in stable isotopes among these 
species with reference to diet and oceanographic environ-
ment. Are the ratios indicative of the predators feeding 
locally, or rather of their feeding elsewhere prior to immi-
grating to the Gulf? The purpose is to better understand 
how stable isotopes can be used for establishing the trophic 
roles in species that move between different environments.

Materials and methods

The study area was offshore of the eastern coast of Baja 
California Sur, encompassing approximately 200 km of 
coastal and offshore waters from San Jose del Cabo in the 
south to La Paz and the Espiritu Santo Island in the north 
(Fig. 2). The diversity of topographical features including 
islands, offshore banks and seamounts, as well as dynamic 
oceanographic conditions resulting from interacting oce-
anic currents at the mouth of the Gulf (Torres-Orozco et al. 
2005; Trasviña-Castro et al. 2003) make this region a nat-
ural laboratory for studying the ecology of pelagic fishes 
with changes in environmental variability. This region is 
known for its diverse and abundant populations of large 

pelagic fishes, and sport fisheries in this region facilitate the 
collection of samples. The study area was divided into four 
main fishing areas associated with four major Baja Cali-
fornia Sur fishing ports, namely La Paz (LP), Punta Are-
nas (PA), Los Barilles (the East Cape, EC) and San Jose del 
Cabo (SJ).

Stable isotope analysis

Dorsal muscle tissue and stomachs of predatory fish were 
extracted from freshly caught fish as fishermen returned to 
beach ports from daily trips or during fishing tournaments. 
Samples were collected in all months of the year from 
2001 to 2005. We collected and analyzed samples of dorsal 
muscle tissue from a total of 241 individuals from eleven 
species of predatory pelagic fish (Table 1). The predatory 
fishes sampled included both juveniles and mature adults 
of each species. The fork length of each fish and its place 
of capture were recorded for all species except billfish, 
for which post-orbital fork length was recorded. When-
ever possible, we recorded mass, sex and time of capture. 
Muscle tissue was immediately placed on ice and returned 
to the laboratory within 2 h where it was frozen until pro-
cessing in the laboratory. Samples were thawed and dried 
at 60 °C for 48 h before being ground into a fine powder 
with a mortar and pestle for analysis. Stable isotope values 
of carbon and nitrogen were measured using a PDZ Europa 
ANCA-GSL elemental analyzer interfaced to a PDZ 
Europa 20–20 isotope ratio mass spectrometer (IRMS) 
(Sercon Ltd., Cheshire, UK) at the University of California 

Fig. 2  Study area in the south-
ern Gulf of California. Major 
fishing areas are identified by 
dotted areas. GB Gorda Banks/
San Jose Area, EC East Cape, 
PA Punta Arenas/Isla Cerralvo 
Area, LP La Paz/Espiritu Santo 
Area
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Stable Isotope Laboratory. The IRMS has a long-term pre-
cision of 0.2 ‰ for δ13C and 0.3 ‰ for δ15N with checks 
against mixed standard of sucrose–ammonium sulfate run 
every twelve samples. Sample isotope ratios were com-
pared with those of standard gases injected directly into the 
IRMS before and after the sample peaks and δ15N and δ13C 
values calculated as:

where Rsample is the proportion of the number of atoms of 
the heavy isotope to the light one in the sample (13C/12C 
or 15N/14N), and Rstandard is the proportion of the atoms of 
the heavy isotope to the light one of the standard (13C/12C 
or 15N/14N). The standards used for nitrogen and carbon 
isotopes are AIR and Vienna Pee Dee Belemnite. No lipid 
extraction was performed during this analysis because of 
our focus on δ15N and the use of white muscle tissue with 
low C:N ratio (see Table 1). An arithmetic approach to lipid 
normalization is possible using the methods of Kiljunen 
et al. (2006).

We also analyzed samples from undigested prey items 
found within predator stomachs. Sixty-seven individual 
prey items were examined, including cephalopods, small 
epipelagic fishes, inshore fishes and pelagic crabs. These 
prey items were extracted from the stomachs of predators 
during stomach contents analysis and stable isotope ratios 
determined as above. Only undigested prey items in very 
good condition were analyzed. Crustaceans were dried and 
ground as whole specimens while dorsal mantle tissue was 
dried and ground for cephalopods.

Samples of zooplankton were collected during sea-
sonal cruises in each of four areas—LP, PA, EC and 
SJ—in our study. Surface zooplankton are the most com-
mon prey among small pelagic fishes preyed upon by the 

δX =

!

Rsample

Rstandard
− 1

"

× 1000

larger predatory species of this study (González-Armas 
et al. 2002; Richert 2007) and therefore can be used as a 
common baseline in this study. We towed a plankton net 
behind a small boat only during daylight hours and not at 
nighttime to avoid collecting individuals migrating from 
depths to the surface at night. Five-minute surface tows 
were made in the upper 1 m of the water column at a speed 
of 6.4 km h−1 using a 300 cm-long, cylindrical–conical 
plankton net with a 60-cm diameter mouth and a 505-µm 
mesh net (González-Armas et al. 2002; Aurioles-Gamboa 
et al. 2013). One plankton sample from each area was pre-
served frozen for stable isotope analysis, dried and ground 
as whole, composite samples, and analyzed by the IRMS.

Stable isotope ratios were plotted for general taxonomic 
groups to give an overview of trophic positions among 
pelagic fishes and prey items. The variability between spe-
cies as well as spatio-temporal variability was determined 
using an analysis of variance (ANOVA), rejecting the null 
hypothesis with a probability of 0.05 as an α level. The 
Kruskall–Wallis test was used when the distribution of iso-
topic measurements was non-normal or when the variances 
were not homogenous.

Fish diets

Stomach contents were processed, identified and analyzed 
as previously described by Olson and Galván-Magaña 
(2002). In the laboratory, stomachs were thawed, stom-
ach fullness was estimated to be a percentage of stomach 
capacity, and contents were removed. Empty stomachs 
were recorded as a percentage of total stomachs sam-
pled. Individual prey items were separated, weighed, 
and measured before being identified to the lowest taxo-
nomic level possible. Digestion state of each prey item 
was recorded on a scale of 1–4, where 1 = intact or nearly 

Table 1  Sample sizes of stable isotope analyses of 11 large pelagic fishes. Mean δ13C of each species is presented in parts per mil (‰)

In addition to mean δ15N ratios, the range of recorded values and the C:N ratio is also presented for each species
a Post-orbital fork length was recorded for billfish, including sailfish, blue marlin and striped marlin

Species Common name n Fork lengtha cm Mean δ13C Mean δ15N Low δ15N High δ15N C:N

Acanthocybium solandri Wahoo 12 110–150 −16.2 15.5 12.8 17.1 2.95 ± 0.02

Coryphaena hippurus Dolphinfish 64 29–163 −17.1 15.6 10.5 19.5 2.83 ± 0.02

Istiophorus platypterus Sailfish 8 200–267 −17.1 16.7 14.6 19.0 2.89 ± 0.03

Katsuwonus pelamis Skipjack tuna 7 47–65 −17.8 16.9 13.6 17.9 3.26 ± 0.16

Makaira mazara Blue marlin 10 240–315 −16.2 14.8 12.5 16.5 2.77 ± 0.01

Nematistius pectoralis Roosterfish 4 53–60 −15.4 16.9 16.0 18.1 3.59 ± 0.15

Seriola lalandi Yellowtail jack 5 83–110 −16.3 18.7 17.6 19.2 2.98 ± 0.15

Seriola rivoliana Amberjack 4 73–120 −16.6 18.7 18.0 20.0 2.99 ± 0.00

Scomberomorus sierra Pacific sierra 5 50–65 −16.8 18.0 17.2 18.8 3.28 ± 0.29

Tetrapturus audax Striped marlin 35 80–277 −17.6 16.6 14.1 19.0 3.11 ± 0.43

Thunnus albacares Yellowfin tuna 87 49–130 −17.2 16.0 12.8 18.7 2.82 ± 0.03
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intact, 2 = partially digested and without skin, 3 = whole 
or nearly whole skeletons without flesh (or comparable 
state for non-fish taxa) and 4 = only hard parts remain-
ing (bone pieces, fish scales or otoliths, and cephalopod 
mandibles). Complete, undigested fish, crustaceans and 
cephalopods were identified using appropriate identifica-
tion keys. Fish prey at advanced states of digestion were 
identified by vertebral characteristics (number and posi-
tion), and cephalopod mandibles were identified using the 
keys and photographic references. The fish skeleton and 
cephalopod beak collections of the fish laboratory at Cen-
tro Interdisciplinario de Ciencias Marinas (CICIMAR) in 
La Paz, Mexico, were used to compare and validate prey 
identifications.

Important prey items found nearly intact were occasion-
ally preserved frozen for stable isotope analysis as above. 
An index of the value of an identified prey item was deter-
mined using percentage by number (%N), weight (%W) 
and frequency of occurrence (%FO) as described by Hys-
lop (1980). Variation in the diets of the predatory fishes 
across season of year and at different locations was also 
analyzed as described by Richert (2007).

Results

Stable isotope analysis

The mean δ15N values of fish species are shown with δ13C 
values on a bivariate plot in Fig. 3. There was wide diver-
sity in both δ15N and δ13C values between species. M. 

mazara had the lowest mean δ15N at 14.8 ‰, while C. hip-
purus had the lowest individual value of 10.5 ‰. S. rivo-
liana had the highest mean and individual δ15N values of 
18.7 and 20.0 ‰, respectively. Those species defined as 
part of the winter assemblage by Klimley et al. (2005) and 
Jorgensen (2006) (i.e., S. lalandi, S. rivoliana, S. sierra) 
demonstrated the highest mean δ15N values and the mean 
of all winter species was 18.46 ± 0.73 ‰ (see range of 
values in Table 1). The summer species, such as the more 
migratory billfish, tunas and dolphinfish, showed a mean 
value of 15.84 ± 1.54 ‰. The mean value for all summer 
species was significantly different (P < 0.05) than the mean 
value of all winter species.

The δ15N values for the species within the winter 
assemblage did not differ significantly between each other 
(α = 0.05). However, significant differences were observed 
between the members of the summer grouping (P < 0.05). 
The two species with the lowest mean δ15N values, blue 
marlin and dolphinfish, were not significantly different 
from each other, but were significantly different from the 
other species. Likewise, skipjack tuna, yellowfin tuna, 
sailfish and striped marlin were not significantly different 
from each other, but were different from blue marlin and 
dolphinfish.

Surface zooplankton were sampled to provide base-
line δ15N across seasons at LP and PA sites (Fig. 4). 
Mean values for LP were lowest in September 2004 and 
2005, 8.6 and 9.9 ‰ respectively. Zooplankton δ15N 
increased to 12.6 ‰ in October, 13.2 ‰ in February and 
highest of 15.5 ‰ in June. Similarly, mean values of 
zooplankton at two PA sites were lowest in September 
2004 (8.4 and 9.4 ‰) and highest in June 2005 (12.9 and 
15.2 ‰).

Fig. 3  Mean carbon and nitrogen isotopic ratios (±1 SD) for preda-
tory fishes. Dashed lines indicate a change of 3 ‰, equivalent to one 
theoretical trophic level. Predatory fish in the winter assemblage 
(white symbols) include yellowtail jack, amberjack, roosterfish and 
Pacific sierra. Predatory fish in the summer assemblage (black sym-
bols) include yellowfin tuna, striped marlin, blue marlin, sailfish, 
skipjack and dolphinfish

Sep-04 Oct-04 Dec-04 Feb-05 Apr-05 Jun-05 Aug-05 Oct-05

Month of year

EB5
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IC4

δ15
N

17.0

14.0
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Fig. 4  δ15N values recorded in surface zooplankton throughout the 
year in the northern LP–PA region.  Measurements were made at the 
same sampling stations within each area (EB5 in LP, IC2 and IC4 in 
PA) during bi-monthly cruises. The stippled area of the figure desig-
nates the winter and spring seasons
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Prey items sampled displayed large variation in both 
δ15N and δ13C (Table 2; Fig. 5). Small epipelagic fishes 
had the highest δ15N values, with green jack having a sin-
gle δ15N of 19.1 ‰. Inshore fishes (B. polyepsis, D. holo-
canthus, H. thrissina) displayed significantly lower δ15N 
values than epipelagic fishes (Auxis spp., C. caballus, Exo-
coetidae). Among cephalopods, jumbo flying squid and 
pelagic octopus displayed similar δ15N values that differed 
from Abraliopsis squid. Inshore fishes displayed similar 
δ15N values, with finescale triggerfish displaying the small-
est values. Significant differences were found between the 
δ15N of small epipelagic fishes, cephalopods and inshore 
fishes (P < 0.05) (Table 2). Pelagic crab differed from all 

other groups except inshore fishes. Statistical analysis was 
not performed on the other species of prey because of small 
sample sizes. According to stomach contents analysis, the 
sampled prey items represent secondary consumers of zoo-
plankton or tertiary consumers feeding on squid and small 
fishes, but stable isotope ratios depict organisms spanning 
more than two trophic levels.

Fish diets

A total of 1369 stomachs from twelve predatory pelagic 
fish (including green jack) were examined (Table 3). 
We obtained the largest sample sizes for yellowfin tuna 

Table 2  Total stomach sample 
sizes of 12 large pelagic fishes 
including sample sizes by sex 
and area

Areas include La Paz (LP), Punta Arenas (PA), East Cape (EC) and San Jose del Cabo (SJ)

Species Total Fork length (cm) Males Females Undetermined LP PA EC SJ

Acanthocybium solandri 40 95–160 – 4 36 1 9 9 21

Caranx caballus 27 34–54 16 11 – 27 – – –

Coryphaena hippurus 402 29–170 171 94 137 124 194 55 28

Istiophorus platypterus 23 166–270 1 12 10 10 6 6 1

Katsuwonus pelamis 52 42–77 13 11 28 25 6 – 19

Makaira mazara 35 199–390 1 17 17 19 1 15 –

Nemastius pectoralis 20 47–97 – – 20 – 20 – –

Scomberomorus sierra 36 50–86 7 25 4 27 9 – –

Seriola lalandi 24 76–126 15 4 5 15 8 – –

Seriola rivoliana 7 73–120 1 – 6 – 3 – 3

Tetrapturus audax 87 80–286 26 30 31 56 9 22 –

Thunnus albacares 517 45–180 58 38 421 24 85 334 74

Others 99 – – – – – – – –

Total 1369

Fig. 5  a Mean stable isotope values (±1 SD) for prey items sampled 
from predatory fishes during summer months, including cephalopods, 
fishes and crustaceans. Dashed lines indicate a change of 3 ‰, equiv-

alent to one theoretical trophic level. b Mean stable isotope values 
(±1 SD) for predatory fishes sampled during summer months
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(n = 517) and dolphinfish (n = 402), followed by striped 
marlin (n = 87). These large sample sizes allowed more 
complete characterization of these species’ diets through-
out the study. Sample sizes for other species ranged from 
seven to fifty-two stomachs. The major prey items common 
to pelagic fishes in the southern Gulf of California were the 
flying squid D. gigas, the pelagic octopus Argonauta spp., 
the pelagic crab, P. planipes, and fish from the families 
Balistidae, Carangidae, Clupeidae, Exocoetidae, Hemiram-
phidae and Scombridae. The most prevalent species among 
these families included finescale triggerfish Balistes poly-
epsis, jack mackerel Trachurus symmetricus, flat-iron her-
ring Harengula thrissina, halfbeak Oxyporhamphus mic-
tropterus, the bullet and frigate mackerels Auxis spp. and 
chub mackerel Scomber japonicus. Percent by number, 
weight and frequency of occurrence are recorded in Tables 
S1–S4.

Discussion

This study represents the most comprehensive survey of 
pelagic fish stable isotope values in the southern Gulf of 
California to date. This survey of eleven predatory fishes 
and their prey items reveals a large degree of variability in 
the δ15N of species across the seasons of the year, as previ-
ously observed in the southern Gulf of California by Auri-
oles-Gamboa et al. (2013) and Torres-Rojas et al. (2013). 
The predatory fishes examined in this study are generally 
considered top predators which should be reflected in high 

δ15N values (Pauly et al. 1998; Moteki et al. 2001; Myers 
and Worm 2003). However, we found that  δ15N values 
ranged from a low of 10.5 ‰ in a dolphinfish to a high of 
20.0 ‰ in an amberjack. Individual species showed similar 
wide ranges in values. Some unusual patterns in our data 
include mean values of predatory fish from the summer 
grouping of fish that were lower than the epipelagic prey 
they feed on and had equal or lower δ15N values than ceph-
alopod prey that comprise the majority of their diet in the 
Gulf of California. Blue marlin were found to have a mean 
δ15N value of 14.8 ‰, which was more than one trophic 
level lower than their most dominant prey item, Auxis 
spp. (Abitia-Cárdenas et al. 1999; Richert 2007). Poten-
tial sources of these unexpected values include (1) poten-
tial prey items not examined in this study, (2) variability in 
diet in conjunction with slow turnover rates of body tissues 
of large pelagic fishes (Fry 2006; Hussey et al. 2010; Kim 
et al. 2012; Madigan et al. 2012; Malpica-Cruz et al. 2013), 
(3) change in diet with size of predator (Fry 2006; Gra-
ham et al. 2007; Sara and Sara 2007; Logan and Lutcavage 
2010; Torres-Rojas et al. 2014) and (4) spatio-temporal var-
iability in isotopic signatures in baseline food chain sources 
where pelagic fishes feed (Graham et al. 2006; Cherel et al. 
2007; Aberle and Malzahn 2007; Costalago et al. 2012; 
Torres-Rojas et al. 2014).

Stable isotopes represent food assimilated into body 
tissues of consumers over time, and variability in diet 
can result in variability in stable isotopic composition of 
body tissues. Stomach contents offer a snapshot of fish 
feeding, but long-term examination of these will yield an 

Table 3  Sample sizes of stable isotope analyses of prey items found in the stomach of large pelagic fishes

These prey items, including cephalopods, fishes and a crustacean, represent the most important prey of large pelagic fishes in the southern Gulf 
of California. Mean δ13C of each prey item is presented in parts per mil (‰). In addition to mean δ15N ratios, the range of recorded values and 
the C:N ratio is also presented for each species

Prey type Species Common name n Length (mm) Mean δ13C Mean δ15N Low δ15N High δ15N C:N

Cephalopods Abraliopsis spp. Enoploteuthid squid 2 40 −19.4 13.9 13.9 14.0 4.12 ± 0.00

Argonauta spp. Argonaut octopus 3 45–55 −19.6 15.9 15.5 16.1 3.76 ± 0.04

Dosidicus gigas Jumbo flying squid 21 90–210 −18.2 15.7 14.6 18.4 3.16 ± 0.01

Fishes Auxis spp. Bullet/frigate mack-
erel

2 – −17.1 17.8 17.5 18.1 3.02 ± 0.00

Balistes polyepsis Finescale triggerfish 10 35–45 −18.3 12.9 11.3 14.3 3.24 ± 0.01

Caranx caballus Green jack 1 – −16.3 19.1 − − 2.98

Diodon holocanthus Porcupinefish 4 80–90 −18.6 14.6 13.7 15.1 3.01 ± 0.24

Decapterus macarel-
lus

Mackerel scad 5 – −17.4 17.1 16.9 17.2 3.04 ± 0.02

Exocoetidae Flying fishes 1 – −17.6 17.8 − − 3.32

Hemirhamphus 
saltator

Jumping halfbeak 2 210–230 −17.3 14.4 14.3 14.5 2.93 ± 0.00

Harengula thrissina Flatiron herring 13 50–105 −17.5 15.3 12.6 16.7 3.18 ± 0.62

Crustaceans Pleuroncodes pla-
nipes

Pelagic red crab 3 – −21.0 12.2 11.7 12.5 5.75 ± 0.39
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understanding of the food that is being assimilated into the 
body tissues of a predator. We reviewed the stomach con-
tents of the same fishes that stable isotope samples were 
extracted from. Spatio-temporal variability was found in 
the diets of these predators (Richert 2007). However, our 
analysis of prey items’ isotopic ratios revealed that, on 
average, predatory pelagic fish display isotopic ratios only 
slightly above cephalopod and inshore fish prey, while they 
were significantly less than the small epipelagic fishes that 
they prey on. Empirical data generally shows predators 
should be on average 3–4 ‰ higher than their prey (Post 
2002). On the other hand, the values of winter predatory 
fishes are higher than all their prey. Seasonal shifts in prey 
are unlikely to account for the observed variability in stable 
isotope ratios of predatory fishes because isotope ratios do 
not coincide with shifts in prey isotope ratios, and fishes 
are typically utilizing various prey sources (Richert 2007). 
In addition, the timescale of prey shifts is likely much less 
than the time required for fish muscle to turnover (Fry 
2006). An experimental examination of other body tissues 
with shorter turnover rates, such as liver and heart tissue, 
may be more useful for tracking isotopic ratio variability 
in migratory pelagic fishes (Fry 2006; Kim et al. 2012), 
but this has not been adequately tested. It is useful to com-
bine an analysis of stable isotopes with analysis of stomach 
contents.

A frequently recognized source of variation in stable 
isotope ratios is a marked change with size of fish. Many 
species show shifts in their diet as they grow from juveniles 
to adults, and these ontogenetic shifts in diet are reflected 
in stable isotopes (Fry 2006; Graham et al. 2007; Sara and 
Sara 2007; Torres-Rojas et al. 2014). The nitrogen iso-
tope ratio was examined in relation to fish length for three 
species of pelagic predators with larger sample sizes. No 
significant correlation was determined between increas-
ing δ15N and fish length for any species. While both juve-
niles and mature adult fishes were examined in our study, 
specimens examined generally fed on the same prey base 
(Richert 2007). Ontogenetic shifts in diet are unlikely to 
account for the variability we observed in δ15N values of 
the pelagic predators within the southern Gulf. However, it 
will be important to increase sampling of younger fish to 
fully reject this possibility.

We propose the most likely source of variability among 
pelagic fishes in the Gulf of California is the migratory pat-
terns of large pelagic fishes between diverse oceanographic 
environments. Large pelagic fishes are known to migrate 
across large areas of the open ocean in short periods of 
time. Throughout the Pacific Ocean, their known migra-
tory routes (Domeier 2006; Prince et al. 2006) take them 
across regions of warmer and cooler waters that are also 
characterized by variation in high and low levels of primary 
production (Altabet et al. 1999; Sutka et al. 2004). It is not 

uncommon for pelagic fishes, such as tunas and billfishes, 
to traverse the Pacific Ocean in <3 months (Squire and 
Suzuki 1990; Domeier 2006). The turnover rates of stable 
isotopes in their muscle tissue can be 3–4 months or longer 
(Maruyama et al. 2001; Fry 2006), and so, stable isotope 
levels can reflect food consumed over that entire range.

Tunas and billfish are known to migrate into the Gulf 
of California from the oligotrophic eastern Pacific Ocean. 
Schaefer et al. (2007, 2011) showed the seasonal movement 
paths for yellowfin tuna off Baja California as influenced 
by the seasonal movements of the 18 °C sea surface tem-
perature isotherm. The tracks of this species extend out into 
the eastern Pacific Ocean. Klimley et al. (2003) showed this 
species is resident in the Gulf of California, but presence is 
dependent on sea surface temperature. While the movement 
of yellowfin may be more northward or southward, Squire 
(1987) recognized migrations of striped marlin, sailfish and 
other billfishes into the eastern Pacific Ocean and the Gulf 
of California. Most of these migratory patterns were deter-
mined based on conventional tagging programs, but more 
recent advances in tagging technology are increasing our 
understanding of the migratory and residence patterns of 
large pelagic fishes in the Pacific Ocean (Block et al. 2011). 
The combination of novel tagging approaches with stable 
isotope analyses will give us further insights into the forag-
ing ecology of large pelagic species (Carlisle et al. 2012).

Large seasonal variation in temperature, nutrient and pri-
mary productivity levels in this oceanographically dynamic 
region may account for the fact that variation in isotopic 
signatures is the base of the pelagic food chain (Badan-
dangon et al. 1985; Bray and Robles 1991; Thunnell 1998; 
Lluch-Cota 2000; Hidalgo-González and Álvarez-Borrego 
2001; Trasviña-Castro et al. 2003). The δ15N values of sedi-
ment collected from sinking particles have been recorded 
between 5.6 and 11.3 ‰ in the southern Gulf of California 
(Altabet et al. 1999). Altabet et al. (1999) describe the sea-
sonal variability in these δ15N values in relation to seasonal 
oceanographic conditions within the Gulf. This system is 
generally enriched in 15N compared with other regions, and 
this enrichment reflects the influence of sinking particles 
and denitrification. There is a discernible and consistent 
minimum in δ15N values during the winter months, when 
wintertime northwesterly winds and the associated convec-
tive mixing and upwelling (Thunnell 1998) inject nutrients 
into the euphotic zone. Minima during the summer months 
are not connected with NO−

3  enrichment of surface waters 
but are most likely caused by input of new nitrogen that 
is relatively depleted in 15N. This could be near-surface 
tropical waters with low δ15N transported northward into 
the Gulf (Altabet et al. 1999). Nitrogen fixation resulting 
in δ15N values of −1 to 0 ‰ (Minagawa and Wada 1984) 
during the summer stratification when there is no input of 
nitrate to the euphotic zone may also lower the observed 
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δ15N values (Altabet et al. 1999). Trichodesmium, a nitro-
gen-fixing bacterium and indicator of oligotrophic waters, 
occurs in Gulf waters during these warm summer months 
(Cervántes-Duarte et al. 2005). However, the transfer of 
this short-term phenomena up the food chain will largely 
depend on feeding patterns and incorporation rates of tis-
sues (Montoya et al. 2002).

In this study, we examined zooplankton as a primary 
consumer in the food chain. Zooplankton consume plankton 
throughout the year and more quickly reflect the isotopic 
signature of the primary producers. Secondary consumers, 
such as squid and planktivorous fish, consume zooplank-
ton and in turn are fed upon by the larger predatory fishes 
examined in this study. We analyzed the stable isotope 
values of zooplankton and found seasonal variability. Zoo-
plankton δ15N values ranged from 8.4 to 15.5 ‰ in the La 
Paz/Punta Arenas (LP–PA) region. While the variability in 
these values could result from changes in species compo-
sition of zooplankton, zooplankton groups were identified 
and it is highly unlikely that any change in species composi-
tion spans two or more trophic levels of feeding (González-
Armas et al. 2002). However, zooplankton can be used as 
an integrative record of the nitrogen cycle processes in the 
ocean (Montoya et al. 2002) and demonstrate the variabil-
ity in oceanographic processes here in the southern Gulf of 
California. Zooplankton collected by surface tows in this 
study may not completely identify prey consumed by plank-
tivorous squid and fishes in this study, but they likely dem-
onstrate a similar pattern (González-Armas et al. 2002).

We propose that migratory pathways crossing oligo-
trophic seas impact observed isotope values in large pelagic 
fishes. Relating δ15N with known oceanographic dynamics 
in a region can help to understand the overall movements 
of these fishes. For example, in our study, blue marlin, the 
largest predator known to feed on the largest fish prey, had 
the lowest mean δ15N value (14.8 ‰). The most common 
prey of this predator in the Gulf of California was Auxis 
spp., which had a mean δ15N value of 17.8 ‰, a full theo-
retical trophic level greater (two trophic levels different 
from expected). However, the samples of blue marlin were 
collected in summer months when they first arriving at the 
southern Gulf, and these ratios likely reflect prey consumed 
and assimilated 3 months prior. Blue marlin has been 
observed to migrate to the Gulf from the equatorial region 
in the spring (Seki et al. 2002). The results of this study 
suggest that blue marlin are not feeding in the Gulf of Cali-
fornia in the late spring but are in much more oligotrophic 
waters (Abitia-Cárdenas et al. 1999; Seki et al. 2002).

Utility of stable isotopes in pelagic fishes

We found that the inferred trophic level of species based 
on stable isotopes was not the same as that based on their 

stomach contents in the southern Gulf of California, unlike 
findings reported for other oceanic systems (Peterson 1999; 
Davenport and Bax 2002). Individual δ15N values of preda-
tory fishes can be highly variable and range across three 
theoretical trophic levels. No simple relationship between 
δ15N and diet or fish size is apparent. The highly migratory 
nature of large pelagic fishes and the relatively slow turno-
ver rates of muscle tissue complicates interpretation of the 
ratios. Until further experimental analysis of turnover rates 
of pelagic fish body tissues is conducted (Fry and Arnold 
1982; Fry 2006; Graham et al. 2007; Logan and Lutcavage 
2010; Kim et al. 2012), interpretation of trophic levels must 
be used cautiously.

In summary, pelagic fishes in the Gulf of California do 
not display a straightforward δ15N increase of 3–4 ‰ with 
each trophic level. The observed values are different from 
theoretical values due to migration patterns of fish that take 
them through different water masses of the eastern Pacific 
Ocean, some of which are characterized by oligotrophic 
conditions. Assimilated prey consumed during time spent 
in such water masses will take over 3 months to turnover in 
fish muscle, and the signature within pelagic fish tissue will 
slowly raise as fish arrive in the Gulf and begin consum-
ing prey with higher isotopic ratios. It may take 6 months 
for the stable isotope ratios of a fish to actually reflect prey 
consumed within the Gulf. Pelagic fishes, particularly 
species known to migrate large distances, are unlikely to 
remain in the Gulf long enough to ever purely reflect a Gulf 
signature. Stable isotopes will still be useful and should be 
employed in the study of fish known to reside within the 
Gulf for prolonged periods of time.

Stable isotope analysis is a valuable ecological tech-
nique in understanding both the migration and trophic 
ecology of large pelagic fishes, but effective application 
requires (1) continued use of stomach contents to comple-
ment stable isotope analyses in evaluating long-term pat-
terns, (2) simultaneous oceanographic surveys that ana-
lyze the oceanographic variability, (3) sampling organisms 
throughout the food chain, (4) experimental analyses of fish 
tissues to accurately determine turnover rates and find tis-
sues that turnover on appropriate timescales, and finally, 
(5) comparison of organisms and food chains at known 
migratory pathways across the equatorial Pacific. Oceanog-
raphers, fisheries biologists and ecologists should continue 
to pursue this technique because proper understanding of 
this important tool has the potential to address many practi-
cal issues as we examine the ecology and behavior of these 
valuable marine resources.
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