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Abstract The ratio of 15N/14N (δ15N) from consumer
and prey tissue is commonly used in ecological
studies to determine trophic level, food web structure,
and mean trophic level in aquatic ecosystems. There
is a predictable positive relationship between the δ15N
values in tissue and trophic level, caused by the
bioaccumulation of 15N in tissues of consumers with
each step up the food chain. Reconstructing trophic
structure or food chain length over time may provide
resource managers with insights about ecosystem
biodiversity and resilience. Yet, in many marine
systems the absence of baseline information before
anthropogenic disturbances makes comparative stud-
ies addressing ecosystem responses extremely diffi-
cult. Here we attempt to retrospectively reconstruct
trophic position in four species of fish from the upper
Gulf of California, Mexico before perturbations such
as overfishing or the damming of the Colorado River.
We first validated if otolith δ15N approximates the
δ15N observed in fish tissue. We then used the δ15N
encapsulated in ancient fish otoliths that are between
1,000 and 5,500 years old to define the food web
structure. Our results suggested that δ15N in otoliths

has slightly more positive δ15N than soft tissue. The
δ15N values from ancient otoliths appropriately
defined the fishes’ relative trophic position. We found
significant differences in δ15N between functional
groups, apex predator versus intermediate predators.
Juveniles and adult fishes displayed trophic separation
between functional groups. Our findings advocate the
application of δ15N analysis of prehistoric otoliths for
establishing pre-disturbance ecological benchmarks.

Keywords Otoliths . Trophic reconstruction . Gulf of
California . Totoaba . Corvina . Colorado River

Introduction

Finding historical ecological information is difficult
for most marine ecosystems (Dayton et al. 1998;
Jackson et al. 2001). Without such archives, managers
and biologists have no point of reference for
measuring change over time. In the upper portion of
Gulf of California, Mexico, the combination of
intense habitat alterations (shrimp farming and divert-
ing and damming the Colorado River) and aggressive
fishing practices have reportedly altered the ecosys-
tem, yet empirical evidence of system-wide response
to these pressures is lacking. In part, this is the direct
result of no preexisting ecological records of the upper
Gulf prior to anthropogenic alterations (Kowalewski et
al. 2000; Glenn et al. 2001; Rowell et al. 2005, 2008a;
Glenn et al. 2007). In this paper, our objective is to lay
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the methodological foundation for an examination of
potential changes in trophic structure resulting from
these anthropogenic changes. Specifically we test the
hypothesis that nitrogen stable isotope ratios embedded
in otolith aragonite can record the relative trophic
position of fish that lived thousands of years in the
past, before large human influences occurred in the
upper Gulf of California. The relationship between
nitrogen stable isotope ratios in muscle tissue and
trophic position have been previously shown to be
positive (Cabana and Rasmussen 1994; Vander Zanden
et al. 1997; Post 2002; Wolf et al. 2009), thus the
nitrogen in protein within otoliths should also charac-
terize trophic position. We first validated that the stable
isotope ratio in otoliths is comparable to values
observed in the muscle tissue of the same fish. We
then used ancient otoliths to determine if the nitrogen
stable isotope ratio values correctly estimate their
relative trophic level. Ultimately we aim to establish
a time averaged δ15N baseline for key species in the
upper Gulf of California. Establishing such baselines is
an essential first step for documenting ecosystem
change in response to anthropogenic alterations.

Isotopes and trophic position

The ratio of 15N to14 N (δ15N) increases as one moves
from lower to higher levels in a food chain. This
bioaccumulation of 15N (Post 2002; Karasov and
Martinez del Rio 2007) appears to result in an average
increase in δ15N of about 3.4‰ as nitrogen passes up
the food chain from prey to consumer (Post 2002).
Because of this predictable shift in isotopic ratio,
δ15N in tissue is commonly used in ecological studies
to determine trophic level, trophic structure, and food
chain length (Cabana and Rasmussen 1994; Vander
Zanden et al. 1997; Post 2002; Wolf et al. 2009). The
increase in δ15N from one trophic level to the next
depends on the fractionation factor (simply defined as
the change in δ15N from prey to consumer), and even
though many have successfully used Post’s (2002)
fractionation factor 3.4‰, the amount of fractionation
between consumer δ15N and food source δ15N is not
fixed and seems to vary considerably between
species, tissue, type of consumer (detritivore, carni-
vore, or herbivore) and habitat type (marine, fresh-
water, or terrestrial) (Vander Zanden et al. 1997;
Vanderklift and Ponsard 2003). In addition, the δ15N
in tissues is strongly influenced by the protein

turnover rates in tissues reflecting the δ15N assimilated
during that time period (Wolf et al. 2009 and
references therein). In the present study we test if
δ15N in the otoliths of fish can approximate the δ15N
observed in muscle tissue of fish. The advantage to
using fish otoliths over soft tissue is that they do not
have any material turnover. Instead of reworking
material, as is seen in muscle, fish add material to
otoliths over time, providing a chronological geochem-
ical log. This property makes it possible to use otolith
isotopic chemistry to track environmental and dietary
changes over the lifespan of the fish (Koch 1998;
Tutken et al. 2006; Schwarzhans 2007).

Here we ask the following three questions: 1) Can
δ15N in otolith aragonite be used to approximate
values of δ15N in soft tissue of individuals?; 2) Do
δ15N values of fish otoliths reflect the trophic position
of fish that lived thousands of years ago?; 3) Do δ15N
values increase from juvenile to adult fish, reflecting
the ability of adult fish to consume larger prey that are
higher on the food chain? We conducted two
complementary investigations to address these ques-
tions. First, we conducted a validation study to
determine if fingerling Totoaba macdonaldi grown
under known controlled conditions have comparable
δ15N values in muscle tissue and otolith aragonite.
Second, we conducted a comparative analysis of δ15N
values in otoliths from four species of fish (Totoaba
macdonaldi, Cynoscion othonopterus, Cynoscion
parvipinnis and Micropogonias megalops), all taken
from aboriginal middens along the edge of the Gulf of
California. Because the basic trophic rank of these
four species can be established a-priori based on diet
(T. macdonaldi should be higher than the other three
species, see below), we used otolith δ15N to assess the
trophic position of these species. These studies are the
initial steps to reconstruct the historical trophic
structure of the upper Gulf of California and
investigate how human influences impacted the
marine ecosystem in the upper Gulf of California.

Material and methods

Background

We use otoliths recovered from archeological sites
dated 1,000–5,000 years before present (Rowell et al.
2008b), along the Sonoran, and Baja California Norte
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coast to investigate the historical trophic position for
these four species. All the otoliths retrieved from
middens belonged to the sciaenidae family and were
easily identified to species. All but Cynoscion
parvipinnis are endemic to the Gulf of California
(Fig. 1). Here we summarize the known basic
parameters (geographic range, size, and diet) for each
species in this study.

Totoaba macdonaldi (totoaba) is a long-lived, apex
predator (Morales-Zarate et al. 2004; Sala et al. 2004;
Diaz-Uribe et al. 2007; Lercari and Chavez 2007) that

can reach up to 2 m in length (Flanagan and
Hendrickson 1976). Totoaba were fished heavily from
the 1940s until they were listed as endangered in 1975
(Flanagan and Hendrickson 1976; Cisneros-Mata et
al. 1995). Since that time, totoaba has been protected
by the Convention on International Trade in Endan-
gered Species of Fauna and Flora (CITES), as well as
the U.S. and Mexican endangered species act. Despite
30 years of protection, totoaba populations have still
not recovered (Cisneros-Mata et al. 1995; Lercari
and Chavez 2007). Many cite the lack of river flow

Colorado River

Upper Gulf of California

Colorado River Estuary

Sonora

Baja California

Fig. 1 Map of the Upper
Gulf of California and
mouth of the Colorado
River mouth. Stars denote
collection sites for ancient
otoliths
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as contributor to lack of recovery (Flanagan and
Hendrickson 1976; Barrera-Guevara 1990; Lercari
and Chavez 2007; Rowell et al. 2008a, b).

Cynoscion othonopterus (Gulf corvina) grows to
about 1 m in length and lives up to 9 years (Roman-
Rodriguez 2000; Rowell et al. 2005). It has a diet that
consists of mainly of sardine (Cetengraulis mystice-
tus), but crab, shrimp, octopus and copepods are also
commonly found in their stomachs (Roman-
Rodriguez 2000). C. othonopterus has ben listed by
the American Fisheries Society as a vulnerable
species because of overfishing and reduced Colorado
River flow—its spawning and nursery grounds
(Musick et al. 2000; Rowell et al. 2005); however, it
still supports a lucrative fishery in the region.

Cynoscion parvipinnis (corvina) grows to be up to
69 cm in length (Chao 1995). There is little detailed
information on C. parvipinnis diet, except that it
consists of octopus and small fishes (Chao 1995). C.
parvipinnis currently makes up an important fishery
in the Gulf of California.

Micropogonias megalops (chano) can reach up to
49 cm in length and is known to have an omnivorous
diet consisting of bivalves, gastropods, decapods and
polychetes, and small fish, (Roman-Rodriguez 2000).
M. megalops is commonly found in T. macdonaldi
stomachs (Roman-Rodriguez 2000). The fishery for
M. megalops began in the 1980’s and now supports a
fairly consistent subsistence fishery in the region.

Laboratory comparison of Otolith and Muscle δ15N

The validation study was conducted with the endan-
gered Totoaba macdonaldi, grown-out from larvae on a
prescribed diet. There are several reasons why we use
this species: 1) T. macdonaldi plays a key role in the
upper Gulf of California—it has conservation impor-
tance (internationally listed as endangered) and is
ecologically significant (apex predator and endemic);
2) we knew T. macdonaldi was one of the species in
the midden otoliths; and 3) a brood stock and hatchery
already existed. We conducted these tests at the totoaba
hatchery at Universidad Autonoma de Baja California
(UABC). Because totoaba are federally protected,
experiments that involved manipulation of environ-
mental parameters that may put individuals at risk were
not permitted, thus laboratory conditions and diet were
not altered for this study (for specifics on aquaculture
facilities and growing methods see Rowell et al.

2008b). Our objective for this study was to document
that the δ15N in otolith material approximates the δ15N
in muscle tissue, which can be used to infer trophic
position or mean trophic level.

Sample preparation and analysis

Sagittal otoliths from 6 incidental deaths of fingerling
totoaba ranging from 34 to 37 days old (1.8 cm–
4.3 cm standard length) were donated from Universi-
dad Autonoma de Baja California, Ensenada, Baja
California to the University of Arizona fish collec-
tions (UAZ2005–07 to -12). Otoliths were thoroughly
cleaned of tissue, given a final rinse in with deionized
water in a sonicator for 3 min and dried at room
temperature overnight. Since fingerling otoliths were
small (2 mm), we used the entire otolith for analysis.
Individual weights were too small to analyze otolith
powder independently, thus otoliths were grouped
into two separate batches and ground whole with
mortar and pestle. The resulting powdered otolith
samples weighed 19 and 24 mg.

We collected three δ15N measurements of each
food type used in the aquaculture diet: live Artemia
nauplii (crustacean); larval maintenance diet; rotifers;
and Moreclark™ 250–300 μ. In addition to food
samples, we took muscle samples from the same 6
fish mentioned above to validate the assimilated δ15N
from the diet. All organic samples were freeze-dried,
pulverized, and homogenized (see Rowell et al.
2008b). Samples weighed between 0.5 and 1.0 mg.

Stable isotope measurement

All nitrogen stable isotope measurements were per-
formed on a continuous-flow gas-ratio mass spec-
trometer (Finnigan Delta PlusXL) at the University of
Arizona’s Environmental Isotope Laboratory. Samples
were combusted using an elemental analyzer (Cost-
ech) coupled to the mass spectrometer. Standardiza-
tion is based on acetanalide for elemental
concentration, NBS-22 and USGS-24 for δ13C, and
on IAEA-N-1 and IAEA-N-2 for δ15N. Precision for
organic samples was typically ± 0.2 for δ15N based on
repeated internal standards. Precision for carbonate
otolith samples was lower because of the small
amounts of nitrogen measured. The repeated stand-
ards run during otolith analyses had repeatabilities of
0.2 to 0.35‰ (1 sigma). Nitrogen content for
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successfully run otolith samples ranged from 13
micrograms to 45 micrograms N in the total sample.
N% ranged from 0.05% to 0.31% (by weight).
Because these samples were unusually small, they
were analyzed with two sets of internal standards—
one to establish the basic calibration of the individual
run and a second series across a range of sizes
matched to the expected size of the unknowns. This
second series was used to correct the δ15N ratio for
the effect of sample size.

To measure trace amounts of organic matter
encapsulated in carbonate, otolith samples were
ground to a very fine powder. We do not acidify
samples because it can lead to physical loss or
volatilization loss of organic matter during the
acidification process. When samples are finely pow-
dered, samples appear to burn well, with sharp peaks
for both N2 and CO2 from the EA detector, and no
tailing apparent after the CO2 peak. This method was
tested with artificial mixtures of powdered calcite
mixed with trace amounts of the internal acetanilide
standard and no difference was observed between
mixed samples and standards (unpublished data
Dettman). To prevent the possibility of sample
cross-contamination due to incomplete combustion
empty tin capsules were combusted between each
sample and before standards.

Trophic position reconstruction

We assessed the relative trophic position of our four
species by measuring δ15N in a total of 48 otolith
spread across the four species: T. macdonaldi (n=16);
C. othonopterus (n=1); C. parvipinnis (n=9) and M.
megalops (n=23). Fourty-four of the 48 otoliths were
collected from archeological sites along the Sonoran
Coast (Foster et al. 2008) that have been carbon dated
between 1m000 and 5,500 calyr BP by shells, otoliths
and charcoal (Foster et al. 2008; Rowell et al. 2008a).
Four additional otoliths were collected in 1955, near
San Felipe, Baja California (Fig. 1), from a midden
dated between 805 and 1,280 years before present
using 14C from marine shell and charcoal dates (see
Rowell et al. 2008b).

Otoliths were thoroughly scrubbed with deionized
water and nylon brush to remove any debris before
sampling. They were cross sectioned (exposing the
natal portion) using a low-speed ISOMET saw with
diamond wafer blade, polished using 3 and 30 micron

aluminum oxide lapping film, and ultrasonically
rinsed with deionized water. To test for ontogenetic
differences in trophic level, we took two spot samples
from otoliths: one from the core to the end of the first
year of growth (here after referred to as juvenile
stage) and a second from the outer edge of the otolith
(adult, 3+ years in age). Not all otoliths had an adult
portion. We used a dental drill and a 0.3 mm diameter
drill bit to collect samples. Samples weighed between
14–20 mg. We used the same methods for isotopic
analysis of the otolith material as explained in the
laboratory validation (see above).

Statistical analyses

We did not perform statistical tests on the data from
the validation experiment due to the small sample size
and need to bulk sample material across individuals.
To test if δ15N values in otoliths can detect trophic
differences between species and within species (from
juvenile to adult), we separated data collected from
the otolith core (representing the first year of growth;
n=40 otoliths from 4 species) from data collected at
the otolith margin from 3+ year old individuals
(representing adult growth periods; n=20 otoliths
from 4 species). We ran separate analyses on each
dataset to control for differences in life stage, avoid
pseudo-replication (some otoliths were sampled both
at the core and the perimeter) and determine if any
patterns in trophic position are consistent across life
stages. For each dataset, we use general linear models
with least square fits and a-priori contrasts to test our
primary hypotheses (below). In addition, we use
paired t-tests to test a second set of hypotheses
regarding the shift in trophic position from juvenile
to adult life-stages. All analysis was conducted using
program R version 2.10.0 (R Development Core
Team 2008).

We test the following primary hypotheses: First, if
δ15N in otolith tracks the trophic level of fish, T.
macdonaldi, the apex predator, should have a higher
trophic position (>δ15N) than the three intermediate
predator species (C. othonopterus, C. parvipinnis, and
M. megalops). Second, this effect should be greater in
adult fish than in juviniles. Third, we test the
hypotheses that samples taken from the adult portion
of otoliths (perimeter sample 3+ years in age) show
higher trophic position (δ15N) than paired samples
taken from the core of the same otoliths (n=18 pairs).
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Results

Laboratory validation

The otolith δ15N of laboratory raised fish approximated
the δ15N measured in muscle tissue of the same fish.
The mean δ15N value of laboratory diet was 8.4‰; the
mean value tissue was 12.0‰; and the mean otolith
value was 11.3‰ (Table 1). We observed a 3.6‰
increase between mean diet and mean soft tissue δ15N
values and a 2.56‰ increase in δ15N between mean diet
values and mean otolith δ15N values. The difference
between otolith and tissue δ15N values was- 0.76‰.

Trophic position reconstruction

The δ15N values of ancient otoliths correctly depict
the trophic position of these four fish in both juvenile
(F=3.08, P=0.03; apex predator vs. intermediate
predators t=2.96, P=0.004; Table 2) and adult stages
(F=7.28, P=0.02; apex predator vs. intermediate
predators t=4.16, P=0.0007), supporting our first
prediction, and the much stronger differences between
the apex predator and the intermediate predators in
adult life stages supports our second prediction
(Fig. 2, Table 2). In addition, we found no differences
between any of the intermediate predators as juveniles
(t’s<1.7, p’s>0.11) or as adults (t’s<1.1, p’s>0.29,

see Fig. 2.). In contrast, we found no support for a
consistent increase in δ15N when we compared
juvenile to adult life stages within otoliths (paired
t1,17=0.8, p=0.43).

Discussion

Laboratory validation

Our results indicate that like muscle tissue, otolith
δ15N seems to record information on the organisms’
diet and trophic position. In our validation study, we
observed a 2.56‰ increase in δ15N between mean
diet and mean otolith δ15N values, which is within the
appropriate range of prey to consumer fractionation
(Vander Zanden et al. 1997; Post 2002). To our
knowledge, only one ecological study has compared
tissue and otolith aragonite δ15N values, and they also
found otoliths to be on average slightly lighter than
muscle tissue of fish (Vandermyde and Whitledge
2008). Vandermyde and Whitledge (2008) reported
that on average otoliths are 1.1‰ depleted in 15N than
muscle tissue. Our results are not too different from
what Vandermyde and Whitledge (2008) report—our
laboratory raised fish were 0.76‰ depleted in 15N
compared to their tissue. Similarly for the aragonite
portion of bivalve shells, the tissue to shell δ15N

Diet δ15N ‰

Artemia 10.9

Larval maintenance 9.5

Moreclark™ 13.8

Rotifers -0.6

Mean diet 8.4

Individual ID Days old sl (cm) Tissue δ15N ‰

UA 2005–07 34 3 12.0

UA 2005–08 37 4.3 12.1

UA 2005–09 37 1.6 12.1

UA 2005–10 37 3.8 12.1

UA 2005–11 37 3.8 12.0

UA 2005–12 37 3.9 lost

Mean tissue 12.0

Individual ID for lumped otolith sample Otolith samples δ15N ‰

UA 2005–07, 08, 09, 10, 11 12.4

UA 2005–08, 12 10.2

Mean otolith 11.3

Table 1 Data from labora-
tory validation of δ15N in
prescribed diet, muscle
tissue from totoaba, and
otolith carbonate from the
same totoaba individuals
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comparisons suggest that shells are depleted in 15N
(2.3‰ to 2.5‰) relative to their soft tissues (Carmichael
et al. 2008; Delong and Thorp 2009). Our muscle
tissue to otolith δ15N comparisons support others
findings that there is a slight depletion in 15N
between the biogenic aragonite and soft tissue within
an organism. These validation results are necessarily
limited because it was conducted with an endangered
species. The combination of small numbers of
individuals and the necessity of lumping samples of
otoliths into two batches limits our inference, and
suggests the need for a more comprehensive valida-
tion study. Still, our findings add to the growing
support for using δ15N in aragonite skeletal remains

Table 2 The δ15N values ancient otoliths from T. macdonaldi,
C. othonopterus, C. parvipinnis, and M. megalops (juvenile
and adult portion of the otolith)

Species Life stage δ15N

T. macdonaldi n=16 individuals

T01 adult 18.40

T02 juv 16.09

T02 adult 19.70

T03 adult 19.67

T07 juv 20.01

T07 adult 21.12

TM2005—OHFS juv 18.88

TM2006—OH1A juv 19.13

TM2006—OH2A juv 19.56

TM2007—EM25A juv 19.35

TM2007—LFOH1A juv 19.77

TM2007—LFOH1B juv 18.57

TM2007—LFOH2a juv 19.02

TM2007—OH2a juv 16.90

TM2007—OH4A juv 18.50

TM2007—OHFSA juv 18.72

TM2007—OYHA juv 15.25

TM2007—OYHB juv 16.79

C. othonopterus n=1

CORVINA 25 adult 16.34

CORVINA 25 juv 14.05

C. parvipinnis n=9

CP2007—EM25 juv 16.27

CP2007—EM25b juv 18.99

CP2007—EM25J juv 17.44

CP2007—LFOH1a juv 18.72

CP2007—LFOH1c juv 16.87

CP2007—LFOH2G juv 14.29

CP2007—LFOH2I adult 17.32

CP2007—LFOH2I juv 17.49

CP2007—OH2d juv 12.21

CP2007—OHPSA adult 17.94

CP2007—OHPSA juv 17.47

M. megalops n=23

mm CHANO 2 juv 16.99

mm CHANO 3 adult 16.66

mm CHANO 3 juv 16.90

mm CHANO 4 juv 13.31

mm2007—LFOH1A adult 18.22

mm2007—LFOH1A juv 17.41

mm2007—LFOH1AG adult 18.15

mm2007—LFOH1AG juv 16.69

Table 2 (continued)

Species Life stage δ15N

mm2007—LFOH1AI juv 17.46

mm2007—LFOH1AO adult 17.45

mm2007—LFOH1AO juv 20.38

mm2007—LFOH1AV juv 18.57

mm2007—LFOH1BK adult 15.97

mm2007—LFOH1BK juv 19.50

mm2007—LFOH1CC adult 18.50

mm2007—LFOH1CC juv 17.25

mm2007—LFOH1CN adult 17.22

mm2007—LFOH1CN juv 14.89

mm2007—LFOH1D juv 15.69

mm2007—LFOH1DC juv 16.57

mm2007—LFOH1E adult 16.29

mm2007—LFOH1E juv 13.07

mm2007—LFOH1G adult 15.50

mm2007—LFOH1G juv 14.70

mm2007—OH1P juv 16.34

mm2007—OH2A adult 18.35

mm2007—OH2A juv 18.16

mm2007—OH2P juv 18.13

mm2007—OH5A adult 17.96

mm2007—OH5A juv 20.28

mm2007—OH5I juv 17.52

mm2007—OH5P adult 17.32

mm2007—OH5P juv 17.66

mm2007—OYH1C juv 16.64

mm2007—OYHA adult 16.76

mm2007—OYHA juv 18.05
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of aquatic organisms for investigating dietary infor-
mation and trophic position (O’Donnell 2003;
Vandermyde and Whitledge 2008; Carmichael et al.
2008; Delong and Thorp 2009).

Otolith to tissue validation experiments are impor-
tant, because Otoliths provide some obvious benefits
over the use of tissue in ecological studies. First, otoliths
preserve diet information over the life span of an
individual, while tissues have protein turnover rates that
vary within an individual, limiting the temporal scale of
investigations (Karasov and Martinez del Rio 2007).
Second, otoliths also preserve this lifetime diet
information over thousands of years with little diagen-
esis, providing opportunities to study environmental
and ecological conditions of marine ecosystems before
major human alterations (Koch 1998; Tutken et al.
2006; Schwarzhans 2007).

Trophic position reconstruction

The δ15N embedded in otoliths have correctly
portrayed the trophic functional groups of these four

species of fishes from the upper Gulf of California.
The δ15N values of T. macdonaldi (apex predator)
were significantly different from the intermediate
predators’ (C. othonopterus, C. parvipinnis, and M.
megalops) values in both life stage samples types
(adult and juvenile). In other words, juvenile T.
macdonaldi feed higher on the food chain compared
to juvenile C. othonopterus, C. parvipinnis, and M.
megalops and this trophic separation strengthens with
maturity. There is no significant difference in δ15N
values between the intermediate predators; however,
we suspect that because these samples represent time
averages, there may be subtle differences between
species that we are unable to detect. Even though we
observed a stronger difference in δ15N values with
maturity between the apex predator and the interme-
diate predators, there is no difference between the
δ15N values from paired juvenile and adult samples.
Assuming that fish length scales with trophic level in
fishes (Badalamenti et al. 2002), young of the year T.
macdonaldi should have δ15N values that are more
similar to intermediate predators. In a trophic study
using δ15N in fish muscle tissue, Jardine and Curry
(2006) found that size was a better indicator than age
at predicting δ15N values, and larger fish had higher
δ15N values. We suspect that with a larger sample size
that any differences between the adult and juveniles
may become more apparent, especially for T. mac-
donaldi because of the large difference in size
between juvenile and adults (Rowell et al. 2008a).
Rowell et al. (2008a), estimated that prehistoric T.
macdonaldi were between 53–120 cm standard length
after 1 year of growth, while mature totoaba were
130–200 cm.

For comparative purposes, we have included data
from ancient shells of Mulina coloradoensis, an
endemic clam in the upper Gulf of California (Dietz
2008). As expected, δ15N values in these shells are
much lower than what we observe in fish aragonite
(mean=9.8 ‰±0.6 se). Because these shells were
analyzed using similar methods, the comparison is
informative and helps to anchor the base of the food
chain, as M. coloradoensis is a filter feeder. While
there were no validation studies done with M.
coloradoensis, and there is substantially more varia-
tion in the δ15N of shells compared to fish (Watanabe
et al. 2009), others have confirmed that shell and
tissue δ15N track the dietary δ15N (Carmichael et al.
2008; Delong and Thorp 2009). And yet without a

Prehistoric Trophic Structure
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Fig. 2 The δ15N values of ancient otoliths from middens
(1,000–5,500 ybp) along the coast of the upper Gulf of
California. Filled symbols for fish represent adult values and
open symbols represent the first year of life. Sample sizes for
each species are listed below x-axis (adult n / juvenile n)
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multi-trophic experiment addressing the degree to
which both shell and otolith aragonite are recording
diet and trophic position, it is not certain that the
stable nitrogen ratios observed in shells and otoliths
are truly comparable. Our results, when compared
with those of Dietz (2008), suggest considerable
promise for the use of shell and otolith in tandem to
evaluate past trophic structure.

Several features of the upper Gulf of California
system combine to make it a particularly good place
to evaluate changes in trophic structure using otolith
isotopic chemistry. First, while many large fish
undergo large-scale migrations that involve diet shifts,
the δ15N values from these four species is likely to
represent a defined biogeographic region, because T.
macdonaldi is the only species known to migrate long
distances over the course of its life (Flanagan and
Hendrickson 1976; Cisneros-Mata et al. 1995;
Cisneros Mata et al. 1997). Mature T. macdonaldi
supposedly undergo a winter migration south follow-
ing schools of sardine, returning in early spring to
spawn in the Colorado River estuary (Flanagan and
Hendrickson 1976), and thus the δ15N values in the
adult stage should include the record of T. macdonaldi
diet during migration. However, there is been no
evidence of T. macdonaldi changing its feeding habits
during migration, and is widely recognized as an apex
predator in its adult stage (Morales-Zarate et al. 2004;
Sala et al. 2004; Diaz-Uribe et al. 2007; Lercari and
Chavez 2007).

Second, this system appears to be robust to inter-
annual variation in source δ15N values. δ15N values
can vary both within and between years, and because
humans have been harvesting these species for
thousands of years (Foster et al. 2008), the opportu-
nity for interannual variation in δ15N source values is
large. In the present study, we sampled 48 otoliths
which undoubtedly came from different years, and
thus the variation we are reporting among otoliths
includes this year-to-year variation in δ15N source
values, but the variation in δ15N was quite low, and
the differences between apex predators and interme-
diate predators appears quite robust to this variation.
Seasonal variation can also influence isotopic otolith
signatures but in the present study, all our samples
were collected to represent at least 1 year of growth,
creating time averaged δ15N values of specific life
stages that are unlikely to be strongly influenced by
seasonal variation in δ15N.

This study is the first step in exploring how δ15N
in otoliths can establish trophic structure for ecosys-
tems where baseline information is absent. Looking
forward, δ15N in otoliths and shells has the potential
to provide important information about pre-
disturbance conditions in altered ecosystems. Such
information is increasingly important in many sys-
tems, where empirical data on historical baselines is
needed to justify restoration goals (Dayton et al.
1998; Rodriguez et al. 2001). With the rapidly
growing field of stable isotope ecology, new methods,
such as compound-specific analyses of amino acids,
are expanding the resolution and application of these
tools (McClelland and Montoya 2002; Montoya
2007; Popp et al. 2007; Wolf et al. 2009), and the
use of more specific analyses with ancient remains
may provide more resolution to trophic reconstruc-
tions and increase the sensitivity of past/present
comparisons.

Acknowledgements We would like to acknowledge two
anonymous reviewers, Amy Groesbeck, Conal True, Martha
Roman, Karl Flessa, Lloyd Findley, Peter Reinthal, SCRIPPS,
Josh Tewksbury, and PANGAS. David and Lucile Packard
Foundation supported this project.

References

Badalamenti F, D'Anna G, Pinnegar JK, Polunin NVC (2002)
Size-related trophodynamic changes in three target fish
species recovering from intensive trawling. Mar Biol
141:561–570

Barrera-Guevara JC (1990) The conservation of Totoaba
macdonaldi (Gilbert), (Pisces: Sciaenidae), in the Gulf of
California, Mexico. J Fish Biol 37:201–202

Cabana G, Rasmussen JB (1994) Modeling food-chain struc-
ture and contaminant bioaccumulation using stable nitro-
gen isotopes. Nature 372:255–257

Carmichael RH, Hattenrath T, Valiela I, Michener RH (2008)
Nitrogen stable isotopes in the shell of Mercenaria
mercenaria trace wastewater inputs from watersheds to
estuarine ecosystems. Aquat Biol 4:99–111

Chao LN (1995) Sciaenidae. Corvinas, barbiches, bombaches,
corvinatas, corvinetas, corvinillas, lambes, pescadillas,
roncachos, verrugatos. In: Fischer W, Krupp F, Schneider
W, Sommer C, Carpenter KE and Niem V (eds) Guia FAO
para identificacion de especies para los fines de la pesca.
Pacifico Centro-oriental. 3 volumes pp 1427–1518

Cisneros-Mata MA, Montemayor-López G, Román-Rodríguez
MJ (1995) Life-history and conservation of totoaba-
macdonaldi. Conserv Biol 9:806–814

Cisneros Mata MA, Botsford LW, Quinn JF (1997) Projecting
viability of Totoaba macdonaldi, a population with
unknown age-dependent variability. Ecol Appl 7:968–980

Environ Biol Fish (2010) 89:415–425 423



Dayton PK, Tegner MJ, Edwards PB, Riser KL (1998) Sliding
baselines, ghosts and reduced expectations in kelp forest
communities. Ecol Appl 8:309–322

Delong MD, Thorp JH (2009) Mollusc shell periostracum as an
alternative to tissue in isotopic studies. Limnol Oceanogr
Meth 7:436–441

Diaz-Uribe JG, Arreguin-Sanchez F, Cisneros-Mata MA (2007)
Multispecies perspective for small-scale fisheries manage-
ment: a trophic analysis of La Paz Bay in the Gulf of
California, Mexico. Ecol Modell 201:205–222

Dietz R (2008) Nitrogen isotopes in bivalve shells from the
Colorado River estuary: evaluating a potential proxy for
changes in riverine nutrient delivery. University of
Arizona, Tucson, p 38, M.S. Thesis pre-publication

Flanagan CA, Hendrickson JR (1976) Observations on com-
mercial fishery and reproductive-biology of totoaba,
Cynoscion-Macdonaldi, in Northern Gulf of California.
Fish Bull 74:531–544

Foster MS, Mitchell DR, Huckleberry G, Dettman D (2008)
Observations on the archaeology, paleoenvironment, and
geomorphology of the Puerto Penasco area of northern
Sonora, Mexico. KIVA J Southwest Anthropol History
73:265–292

Glenn EP, Zamora-Arroyo F, Nagler PL, Briggs M, Shaw W,
Flessa K (2001) Ecology and conservation biology of the
Colorado River delta, Mexico. J Arid Environ 49:5–15

Glenn EP, Flessa KW, Cohen MJ, Nagler PL, Rowell K,
Zamora-Arroyo F (2007) Just add water and the Colorado
River still reaches the sea. Environ Manage 40:1–6

Jackson JBC, Kirby MX, Berger WH, Bjorndal KA, Botsford
LW, Bourque BJ, Bradbury RH, Cooke R, Erlandson J,
Estes JA, Hughes TP, Kidwell S, Lange CB, Lenihan HS,
Pandolfi JM, Peterson CH, Steneck RS, Tegener MJ,
Warner RR (2001) Historical overfishing and the recent
collapse of coastal ecosystems. Science 293:629–638

Jardine TD, Curry RA (2006) Unique perspectives on the
influence of size and age on consumer delta N-15 from a
rainbow smelt complex. J Fish Biol 69:215–223

Karasov WH, Martinez del Rio C (2007) Physiological
ecology: how animals process energy, nutrients and toxins.
Princeton University Press, Princeton

Koch PL (1998) Isotopic reconstruction of past continental
environments. Annu Rev Earth Planet Sci 26:573–613

Kowalewski M, Avila-Serrano GE, Flessa KW, Goodfriend GA
(2000) Dead delta’s former productivity: two trillion shells
at the mouth of the Colorado River. Geology 28:1059–
1062

Lercari D, Chavez EA (2007) Possible causes related to historic
stock depletion of the totoaba, Totoaba macdonaldi
(Perciformes: Sciaenidae), endemic to the Gulf of Cal-
ifornia. Fish Res 86:136–142

McClelland JW, Montoya JP (2002) Trophic relationships and
the nitrogen isotopic composition of amino acids in
plankton. Ecology 83:1273–2180

Montoya JP (2007) Natural abundance of 15N in marine
planktonic ecosystems. In: Michener RH, Lajtha K (eds)
Stable isotopes in ecolgical and environmental science.
Blackwell, Malden, pp 176–201

Morales-Zarate MV, Arreguin-Sanchez F, Lopez-Martinez J,
Lluch-Cota SE (2004) Ecosystem trophic structure and

energy flux in the Northern Gulf of California, Mexico.
Ecol Modell 174:331–345

Musick JA, Harbin MM, Berkeley SA, Burgess GH, Eklund
AM, Findley L, Gilmore RG, Golden JT, Ha DS,
Huntsman GR, McGovern JC, Parker SJ, Poss SG, Sala
E, Schmidt TW, Sedberry GR, Weeks H, Wright SG
(2000) Marine, estuarine, and diadromous fish stocks at
risk of extinction in North America (exclusive of Pacific
salmonids). Fisheries 25:6–30

O’Donnell TH, Macko SA, Chou J, Davis-Hartten KL,
Wehmiller JF (2003) Analysis of delta C-13, delta N-15,
and delta S-34 in organic matter from the biominerals of
modern and fossil Mercenaria spp. Organic Geochemistry
34:165–183

Popp BN, Graham BS, Olson RJ, Hannides CCS, Lott M,
Lopez-Ibarra G, Gavan-Magana F (2007) Insight into the
trophic ecology of yellowfin tuna, Thunnus albacares,
from compound-specific nitrogen isotope analysis of
protienaceous amino acids. In: Dawson T, Seigwolf R
(eds) Isotopes as tracers in ecological change. Elsevier,
New York, pp 173–190

Post DM (2002) Using stable isotopes to estimate trophic
position: models, methods, and assumptions. Ecology
83:703–718

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.

Rodriguez CA, Flessa KW, Dettman DL (2001) Effects of
upstream diversion of Colorado River water on the
estuarine bivalve mollusc Mulinia coloradoensis. Conserv
Biol 15:249–258

Roman-Rodriguez MJR (2000) Estudio poblacion del chano
norteno, Micropogonias megalops y la curvina Golfina,
Cynoscion othonopterus (Gilbert)(Pisces:Sciaenidae),
especies endemicas del Alto Golfo de California, Mexico.
Instituto del Medio Ambiente y Desarrollo Sustentable del
Estado de Sonora, Mexico, p 154

Rowell K, Flessa KW, Dettman DL, Román M (2005) The
importance of Colorado River flow to nursery habitats of
the Gulf corvina (Cynoscion othonopterus). Can J Fish
Aquat Sci 62:2874–2885

Rowell K, Flessa KW, Dettman DL, Roman MJ, Gerber LR,
Findley LT (2008a) Diverting the Colorado River Leads to
a dramatic life history shift in an endangered marine fish.
Biol Conserv 141:1138–1148

Rowell K, True C, Flessa KW, Dettman LD (2008b) Fish
without water: validation and application of the δ18O in
Totoaba macdonaldi otoliths. Cienc Marina's 34:55–68

Sala E, Aburto-Oropeza O, Reza M, Paredes G, Lopez-Lemus
LG (2004) Fishing down coastal food webs in the Gulf of
California. Fisheries 29:19–25

SchwarzhansW (2007) Otoliths from casts from the Eocene Lilleb
ae lt Clay Formation of Trelde N ae s near Fredericia
(Denmark), with remarks on the diet of stomatopods. Neues
Jb Fur Geol Und Palaontologie Abh 246:69–81

Tutken T, Vennemann TW, Janz H, Heimann EPJ (2006)
Palaeoenvironment and palaeoclimate of the Middle
Miocene lake in the Steinheim basin, SW Germany: a
reconstruction from C, O, and Sr isotopes of fossil

424 Environ Biol Fish (2010) 89:415–425

http://www.R-project.org


remains. Palaeogeogr Palaeoclimatol Palaeoecol 241:
457–491

Vander Zanden MJ, Cabana G, Rasmussen JB (1997) Compar-
ing trophic position of freshwater fish calculated using
stable nitrogen isotope ratios (delta N-15) and literature
dietary data. Can J Fish Aquat Sci 54:1142–1158

Vanderklift MA, Ponsard S (2003) Sources of variation in
consumer-diet 15N enrichment: a meta-analysis. Oecologia
136:169–182

Vandermyde JM, Whitledge GW (2008) Otolith delta N-15
distinguishes fish from forested and agricultural streams in
southern Illinois. J Freshw Ecol 23:333–336

Watanabe S, Kodama M, Fukuda M (2009) Nitrogen stable
isotope ratio in the manila clam, Ruditapes philippinarum,
reflects eutrophication levels in tidal flats. Mar Pollut Bull
58:1447–1453

Wolf N, Carleton SA, del Rio CM (2009) Ten years of
experimental animal isotopic ecology. Funct Ecol 23:17–26

Environ Biol Fish (2010) 89:415–425 425


	Nitrogen isotopes in otoliths reconstruct ancient trophic position
	Abstract
	Introduction
	Isotopes and trophic position

	Material and methods
	Background
	Laboratory comparison of Otolith and Muscle δ15N
	Sample preparation and analysis
	Stable isotope measurement
	Trophic position reconstruction
	Statistical analyses

	Results
	Laboratory validation
	Trophic position reconstruction

	Discussion
	Laboratory validation
	Trophic position reconstruction

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


