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ABSTRACT. The sub-tropical north eastern Pacific is one of the major zones in the ocean where nitrogen is 
removed by bacterial processes which are enhanced by low oxygen concentrations commonly found in the 
water column along the Pacific coast upwelling areas. It is well established that the nitrogen isotopic signal (δ15N) 
increases in relation to trophic levels but little is known about the transfer of this δ15N signal from the dissolved 
fraction to higher trophic levels in oceanic regions with low oxygen. The objectives of this study are: 1) to report 
δ15N values from different abiotic and biotic components collected in the low-oxygen oceanic region in front of 
Bahía Magdalena (Mexican subtropical north-eastern Pacific); 2) to compare the δ15N of different trophic levels 
with analogous organisms in regions where nitrogen fixation is the dominating process, which will allow us to 
evaluate the actual transfer of δ15N enriched in 15N through the trophic web up to top predators. The δ15N was 
higher in both abiotic and biological compared to those reported from zones where N fixation is the dominating 
process. Oxygen concentrations in the oceanic area in front of Bahía Magdalena are low (< 2ml/l) at shallow 
water depths (< 100m) but not anoxic. Despite this we found that the δ15N signal reflects denitrification and this 
signal is transferred up though the food web.
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Efecto potencial del proceso de remoción de nitrógeno sobre el δ15N de distintos 

taxa en el Pacífico noreste mexicano subtropical
RESUMEN. El Pacífico subtropical noroeste es una de las zonas más importantes del océano en las cuales el 
nitrógeno es utilizado por procesos bacterianos que se intensifican bajo condiciones bajas de oxígeno como las 
que se encuentran comúnmente en las zonas de surgencia a lo largo de las costas del Pacifico. El incremento en 
la señal isotópica de N con respecto al nivel trófico (δ15N) es bien conocido, sin embargo su transferencia desde 
la fracción disuelta hasta niveles tróficos altos no ha sido estudiada a profundidad en zonas del océano en las 
cuales las concentraciones de oxígeno son bajas. Los objetivos de este estudio son: 1) reportar valores de δ15N 
de diferentes compartimentos (abióticos y bióticos) recolectados en la zona oceánica de baja concentración 
de oxígeno  frente a Bahía Magdalena (Pacifico subtropical noreste Mexicano); 2) comparar δ15N de diferentes 
niveles tróficos con organismos análogos de regiones en las cuales la fijación de nitrógeno es el procesos 
dominante; esto nos permitirá evaluar la transferencia real de δ15N enriquecido en 15N a través de la red trófica 
hasta depredadores tope. El δ15N de los componentes abióticos y abióticos fue más alto que los reportados en 
regiones con una alta tasa de fijación de N. Las concentraciones de oxígeno en la zona de estudio son bajas 
(< 2ml/l) a profundidades superficiales (< 100m) aunque no anóxicas. No obstante, la señal de δ15N refleja 
desnitrificación y esta señal es transferida a lo largo de la cadena trófica.

Palabras clave: Pacifico nororiental subtropical, ciclo del nitrógeno, δ15N, zona de mínimo 
oxígeno. 
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INTRODUCTION
Upwelling areas, where nutrient rich water 

is transferred from the deep ocean to the pro-
ductive surface layers, have an important role 
in coastal fisheries around the world as they  
enhance primary productivity, which in turn  
allows for a higher secondary production. How-
ever, in some areas a combination of high pro-
ductivity and poor water exchange can create 
large areas in the water column with very low 
oxygen concentrations (0.5 ml/l) called oxy-
gen minimum zones (OMZ, Levin et al., 2002). 
Within these OMZ, processes take place which 
transfer nitrogen, one of the most important nu-
trients in the ocean, to a form which cannot be 
used by phytoplankton and thus result in a loss 
of biologically available nitrogen. The major ni-

trogen removal processes behind this are deni-
trification, in which heterotrophic bacteria con-
vert nitrate (NO3

-) to dinitrogen gas (N2), and 
anaerobic ammonium oxidation (anammox), 
where microbes use ammonium (NH4

+) and ni-
trite (NO2

-) to produce N2 (Lam et al., 2009, Fig. 
1). 

Although OMZ represent less than the 1% 
of the ocean volume worldwide, it has been es-
timated that as much as 20 - 40% (or approxi-
mately 200 x106 ton/year) of the oceanic nitro-
gen is lost in the Arabian Sea and the North and 
South Eastern Tropical Pacific (Codispoti et al., 
2001; Devol, 2008). With the alleged warming 
of the oceans due to climate change, a sub-
stantial expansion of OMZ is predicted to occur 
(Stramma et al., 2008). Another emerging pro- 
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blem is the increase of coastal areas not  
connected to OMZ with low oxygen conditions 
(hypoxia), which is considered to be one of 
the major emerging anthropogenically induced 
problems (Vaquer-Sunyer & Duarte, 2008). 
These expansions will lead to an increase in 
nitrogen removal processes (Stramma et al., 
2008) and could therefore cause a significant 
imbalance in the global budget of this important 
nutrient (Zehr & Ward, 2002; Zehr, 2009). Fur-
thermore, oxygen minimum zones are inhospi-
table to many species and therefore serve as 
biogeographic barriers (Helly & Levin, 2004; 
Rogers, 2000) possibly causing ecological 
modification as some species are displaced or 
removed.

Nitrogen is found in two stable isotopic 
forms in nature, the lighter 14N (99.6%) and the 
heavier 15N (<0.4%). Due to their difference in 
mass the heavier isotope reacts at a slightly 
slower rate compared to 14N, thereby causing 
chemical fractionation (Devol, 2008). In addi-
tion there are many biological reactions that 
can alter the ratio of heavy-to -light isotopes 
(Peterson & Fry, 1987), as 15N is selectively 
discriminated and therefore accumulates in the 
residual nitrogen pool. 

Several studies have used the stable iso-
topic composition of nitrogen (δ15N) to trace 
nitrogen removal processes. Water column 
denitrification in the OMZ and the incorpora-
tion of NO3

-by phytoplankton in the ocean sur-
face leads to an increase in nitrate δ15N. For  

example, Brandes et al. (1998) showed that as 
a result of intense denitrification within the water 
column in the OMZ of the Arabian Sea and the 
eastern tropical North Pacific Ocean (ETNP), 
there is a marked increase in the δ15N signal 
of NO3

-from the deep water to the surface. In  
addition, a significant difference between the 
δ15N of nitrate measured in the North Eastern 
Pacific (15 ‰) and the average open ocean 
(5‰) has been detected due to the N removal 
processes in OMZ waters (Altabet et al., 1999; 
Brandes et al., 1998; Cline & Kaplan, 1975). 
Although this process is commonly known, the 
transference of this relatively high δ15N sig-
nal from the dissolved fraction up through the 
trophic web has not previously been reported 
in this region. Our objectives with this study 
are: 1) to report the δ15N from different abiotic 
(sediment and NO3) and biological components 
(phytoplankton, zooplankton, cephalopods: 
Dosidicus gigas, bentho-pelagic crustaceans: 
Pleuroncodes planipes, demersal fishes, sea 
lions: Zalophus californianus and dolphins:  
Tursiops truncatus) from the low-oxygen  
oceanic region in front of Bahía Magdalena, 
Mexico (Fig 2); 2) to highlight the potential  
effect of nitrogen removal process in the δ15N 
values from the base of the food web through 
top predators. 

Low water column oxygen concentrations 
favor bacterial nitrogen removal processes 
leaving a pool of nitrate high on δ15N. Since this 
signal is transferred trough the food web, our 
hypothesis is that higher trophic levels including 

Figure 1.The N cycle at the OMZ. The processes nitrate reduction (denitrification) and 
anammox can potentially increase the isotopic signal at the dissolved phase. Nitrate reduction 
and anammox are considered as loss of N (modified from Lam et al., 2009).
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top predators are considerably more enriched 
in 15N than similar taxa living in regions were 
the δ15N at the base of the food web is lower.

MATERIAL AND METHODS
Samples of water, sediments, phytoplank-

ton, zooplankton, bentho-pelagic crustaceans 
and demersal fishes were collected on board 
the research vessel BIP XII during four cam-
paigns (March and November, 2006 and 2007) 
at the oceanic region in front of the Bahía Mag-
dalena-Almejas lagoon complex  (Fig. 2). Phy-
toplankton and zooplankton were collected si-
multaneously using a bongo net towed from the 
surface (61 cm diameter, 200 and 500 µm mesh 
respectively), stored in conical tubes and kept 
cold (4 °C) for later analysis. Sediment samples 
were collected at different depths (from 40 to 
400 m) using a Smith-McIntyre grab and stored 
in clean plastic bags at -20°. Water samples 
were collected at 50 m and 200 m (only during 
November 2007) using a Niskin bottle, filtered 
through pre-combusted GF/F filters (0.45 µm) 
and stored in cleaned Nalgene bottles. The 
demersal fishes and the red crab (P. planipes) 
were collected using a bottom-trawl net with a 
head rope of 34 m and a 50-mm mesh size and 
preserved by freezing for later analysis (no P. 
planipes samples were collected in November 
2006). Portions of muscle from stranded sea 
mammals were acquired by continuous pa- 
trolling along Isla Margarita (Fig 2).

Oxygen profiles 
The world ocean atlas is the result of a 

global collection of samples supported by diffe- 
rent programs including the World Ocean Data 
Base (WOD) and the Global Oceanographic 
Data Archaeology and Rescue (GODAR). In 
the case of oxygen concentrations, values have 
in most cases been obtained by instruments 
mounted on oceanographic rosettes and in 
some cases obtained from a modified Winkler 
titration (ocean discrete samples in the WOD) 
(García et al., 2010). The data was downloaded 
from http://www.nodc.noaa.gov/OC5/WOA09/
woa09data.html and the profiles constructed 
using Ocean Data View (Schlitzer, 2011). The 
selection of profiles from WOA09 correspond 
to those closest available for our sampling sta-
tions.

Stable isotope analysis
Nitrogen stable isotopes from water sam-

ples were analyzed following the ammonia  
diffusion method from by Sigman et al. (1997) 
at the Facultad de Ciencias del Mar y Lim-
nologia (UNAM-Mazatlán). Sediments were 
dried and approximately 20 mg were weighed 
and packed into tin capsules and sent to the 
University of Davis for the isotopic analysis. 
The phytoplankton and zooplankton samples 
were freeze-dried and set under acid environ-
ment (1N HCl) using a glass desiccator du- 
ring 24 h following Lorrain et al. (2003). After 

Figure 2. Map of sampling sites (•) and points selected (Δ) offshore Bahía Magdalena for the O2 profiles using WOA09 data
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decalcification, approximately 1 mg of sample 
was weighed and packed into tin capsules for 
analysis. Samples from the giant squid (Dosidi-
cus gigas) mantle were freeze-dried and 1 mg 
packed into tin capsules. Samples of muscle 
of bentho-pelagic (22 – 32 mm) red crab were 
scraped from the exoskeleton, freeze-dried and 
1 mg packed into tin capsules for analysis. For 
demersal fishes a portion of dorsal muscle was 
freeze dried and 1mg packed into tin capsules. 
In the case of marine mammals the biopsies 
were dissected to remove the adipose tissue 
and rinsed in methanol before being freeze-
dried and packed into tin capsules. The analy-
sis reproducibility was 0.1‰ for δ15N (n = 19, 
UC Davis internal standard). The highest stan-
dard deviation from duplicates was 0.3‰.

Literature data comparison
We used the concept of N* proposed by 

Gruber and Sarmiento (1997) to distinguish be-
tween regions in the ocean with contrasting N 
processes such as removal (denitrification) and 
fixation. The N* concept and its mathematical 
development are based on a large collection of 
samples which describes the stoichiometry be-
hind the Redfield ratio. Based on Gruber (2008) 
we thus selected regions of the Atlantic ocean 
with positive N* value (Caribbean, West coast 
of the Iberian Peninsula, Brazilian coast, Bay of 
Biscay France, coast of Island, coast of Virginia 
U.S., North Sea U.K) as a criterion for N fixa-
tion and searched the literature for species of 
similar taxa to those collected at the northeast-
ern subtropical Pacific to use in a comparison 
of δ15N transfer in N-fixing and N-removing en-
vironments. 

The intense denitrification around the  
studied area is evidenced by N* value of -4 (at 
300 m) (Gruber, 2008). On the other hand, va- 
lues of N* from Alaska and the Atlantic Ocean 
(-1 to 4 respectively, Table 1), were large cya-
nobacteria blooms constantly occur (e.g. Zehr 
& Ward, 2002) reveal N fixation (Carpenter & 
Capone, 2008) 

RESULTS
Oxygen profiles

The oxygen profiles constructed for the 
studied area show a fast reduction in O2-con-
centration in the first two hundred meters at all 
stations (Fig. 3). Hypoxic conditions ([O2] < 2.1 
ml/l) starts between 50-150 m for all stations.

N stable isotopes
The analysis of δ15N-NO3

- ranged from 6‰ 
to 7.6‰ at 50 m and from11‰ to 13.4‰ at 300 
m. The sediment values ranged from 6.3‰ to 
9.3‰. The phytoplankton values ranged from 

8‰ to 9‰ and zooplankton values from 12.9‰ 
to 13.9‰. The cephalopod values ranged from 
15.1‰ to 17.7‰, red crab values from 12.6‰ 
to 16.6‰, demersal fish from 13.8‰ to 18‰, 
dolphins from to 16.8‰ to 17.8‰ and sea lion 
values from 18.4‰ to 20.7‰.

Literature data comparison
Nitrogen stable isotope data (δ15N) from 

taxa similar to those found in front of Bahía 
Magdalena were obtained from ten different 
studies from regions in the Atlantic Ocean with 
positive N* values, with the exception of Hob-
son et al. (2002) which is from Alaska and has a 
negative N* (Table 1). Aguilar et al. (2008) used 
stable isotopes in marine fish from the Atlan-
tic Ocean and Caribbean to compare different 
levels of human impacts. The study of Bode et 
al. (2007) was conducted on the Iberian Atlan-
tic shelf and described the temporal variations 
of the pelagic food web using stable isotopes. 
Corbisier et al. (2006) used stable isotopes to 
determine food sources and reconstruct the 
food web in a coastal area in Brazil. Hobson 
et al. (2002) used stable isotopes to model the 
Arctic food web from particulate organic matter 
(POM) to top predators. Le Loc’h et al. (2008) 
described the benthic food web using stable 
isotopes from the continental shelf in the north 
eastern Atlantic. Although the article of Logan 
and Lutcavage (2008) was not focused on eco-
logical descriptions, important values from fish 
species were found for this comparison. Pe-
tursdottir et al. (2008) described trophic routes 
from benthic and pelagic crustaceans to meso-
pelagic fish species using stable isotopes and 
fatty acids. Stowasser et al. (2009) analyzed 
stable isotopes and fatty acids from deep sea 
fishes collected in the North Atlantic. Sigman 
et al. (1997) described the method for δ15NO3

- 
analysis using samples from the Sargasso Sea, 
a region of the ocean commonly known for in-
tense N2 fixation. The mean and standard de-
viations of each component are summarized in 
Table 1.

DISCUSSION
In the present study our purpose was to 

highlight the utility of δ15N as a tracer of N re-
moval processes along the food web in front 
of Bahía Magdalena. Therefore the results 
presented are averaged values of four season 
samplings. Details regarding seasonal changes 
and specific species can be found in Camalich 
(2011). The data comparison of analogous biot-
ic components from the studied region and the 
Atlantic Ocean shows the transfer of dissolved 
nitrogen, and its progressive enrichment, along 
the food web. The δ15N-NO3

- found in this study 
were higher compared to those reported as av-
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erage for open oceans were N fixation is the 
dominant process (Table 1), and are consistent 
with the range of values reported by Liu and 
Kaplan (1989), Brandes et al. (1998) and Voss 
et al. (Voss et al., 2001) from the Eastern tropi-
cal north Pacific OMZ (8‰ to 16‰). In addi-
tion we found that the δ15N of the sedimentary 
organic matter in the study area were higher 
compared to areas in the Atlantic Ocean. The 
sediment underlying oxygen minimum zones 
are a good register of the  δ15N sinking particles 
since the low oxygen enhance the preservation 
of surface organic matter (Altabet et al., 1999). 
Although the O2-concentration in the water col-
umn in the area is potentially not low enough 
(~2 ml/l) for denitrification, the record of 15N-
enriched particles in the sediments appear to 
confirm the presence of nitrogen removal pro-
cesses in the overlying water column.

Both phytoplankton and zooplankton in the 
study area were enriched in 15N compared to 
the Atlantic regions (Fig. 4). Zooplankton δ15N 
in the Bahía Magdalena oceanic region fit into 
the values measured at the southern end of the 
Baja California peninsula reported by Lopez-
Ibarra (2008) and Olson et al. (2010). In addi-
tion, the giant squid and the red crab had higher 
values compared to the Atlantic cephalopods 
and crustaceans (Fig. 4). Following the same 
trend, marine mammals (dolphins and sea li-
ons) off Bahía Magdalena were enriched in 15N 
even though they maintained similar diets as 
those found for the Atlantic (Table 1). Both the 
jumbo squid and the red crab were sampled at 
depths from 50 to 400m. Gilly (2006) showed 
that jumbo squid migrate vertically in the Gulf of 

California and the north eastern Pacific, prob-
ably hunting one of its preferred prey species, 
Pleuroncodes planipes. . 

In the case of higher trophic levels the aver-
age δ15N values showed a 15N enrichment com-
pared to those reported in the literature living 
on the Atlantic (Table 1). Some demersal fishes 
and marine mammals of the region have been 
suggested as a good monitor of biogeochemi-
cal processes since they observed a strong 
spatial and temporal fidelity (Camalich, 2011). 
In the study of Ménard et al. (2007) conducted 
at the Arabian Sea, migratory tuna (Thunnus 
albacares) and sword fish (Xiphias gladius) re-
corded a change in the δ15N signal correspond-
ing to a change in N dynamics. As they found 
the highest δ15N values in fishes in areas with 
high N removal rates, their results suggest that 
top predators can be used as monitors of water 
column denitrification. Our finding of a cascad-
ing effect in the δ15N-signal from the base of the 
food web to top predators in the area supports 
that conclusion. However, it is not clear if the 
enhanced signal is caused by denitrification 
as the O2-concentration in the more shallow 
parts of the study area is too high (~2 ml/l) to 
cause extensive denitrification (Gruber, 2008; 
Knowles, 1982). It is possible that the high δ15N 
signal has been transferred into the area from 
deeper waters or carried northward from the 
more O2-depleted regions such as the Maza-
tlán area (Brandes et al., 1998) or the Gulf of 
Tehuantepec (Kienast et al., 2002). Another 
possible explanation is that the high δ15N is due 
to anammox in the water column. Anammox is 
triggered at O2

-concentration of ~ 2 ml/l as in the 

Compartment N* d15N (‰) CitationGruber 2008 Mean ± S.D.
NO3

- 3 5 Sigman et al., 1997

POM 3 - 4 5.6 ± 1.7 Bode et al., 2007; 
Corbisier et al., 2006

Crustaceans* 3 10 ± 0.5 Corbisier et al., 2006; 
Petursdottir et al., 2008

Cephalopods* 2 - 3 11 ± 1.3 Bode et al., 2007; 
Corbisier et al., 2006

Demersal species* 1 - 2 12.5 ± 0.1

Aguilar et al., 2008; 
Bode et al., 2007; 

Corbisier et al., 2006; 
Le Loc’h et al., 2008; 
Logan & Lutcavage, 

2008; Logan & 
Lutcavage, 2010; 

Petursdottir et al., 2008; 
Stowasser et al., 2009

Delphinus delphis 3 13.1 Bode et al., 2007
Pusa hispida -1 17.5 Hobson et al., 2002

Table 1. Average values and standard deviations of δ15N from different components in areas where nitrogen fixation is the 
dominating process.

*A detailed description of the species and values used for this comparison can be found in Camalich (2011).
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Figure 4. Comparison of δ15N from abiotic (nitrate and sediments) and biological samples from the northern ETP (Camalich, 
2011) compared to the Atlantic Ocean (Bode et al., 2007; Corbisier et al., 2006; Gruber & Sarmiento, 1997; Hobson et al., 
2002; Knapp et al., 2008; Le Loc’h et al., 2008; Stowasser et al., 2009).

Figure 3. Oxygen concentration (ml/l) profiles at the oceanic region in front of Bahía Magdalena (data 
from WOA09).
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shallower parts of the study area and in recent 
years it has become clear that in addition to 
denitrification, anammox may be an important 
nitrogen removal process (Kuypers et al., 2003; 
Lam et al., 2009). Just as for denitrification the 
signal of this process could thus be printed on 
the water column nitrates and transferred to the 
base of the food web (Holtappels et al., 2010; 
Song & Tobias, 2011). Elucidating the contribu-
tion of denitrification and anammox to the en-
richment of 15N in low oxygen areas and deter-
mining the potential transfer of the δ15N signal 
from anammox processes throughout the food 
web is important in future studies.
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