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A B S T R A C T

The Gulf of California (GC) is an unique large ecosystem characterized by its rich biodiversity, high biological produc-
tivity and endemism of marine life. However, as many other large ecosystems worldwide, it is subject to diverse anthro-
pogenic pressures (overfishing, climate change, losses of biodiversity and habitats, and pollution). We reviewed over 150
studies dealing with contaminants in water, sediments and representative organisms from the GC, and here we discuss
the main issues associated to the presence of metals, metalloids, persistent organic pollutants (POPs, including polycyclic
aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), brominated diphenyl ethers (deca tri-a) (PBDEs), and
several other pesticides), plastics, nutrients and algal blooms. The GC ecosystems have been subject to a wide range of
pollution sources. Nevertheless, the pollution levels remain relatively low to moderate depending on the location and con-
taminant type. Contamination hotspots are found i) for metals and metalloids, in sites where mining spills have occurred
and ii) for nutrients and pesticides, in wetlands that receive discharges from intensive agricultural and shrimp farming.
We also identified sites where harmful algal blooms (HABs) have been observed. However, numerous coastal environ-
ments in GC, affected by pollution sources and events have yet been poorly studied. More detailed, extensive and com-
prehensive studies on the pollution levels and trends, transfer and toxic effects are still needed.

© 2016 Published by Elsevier Ltd.

⁎ Corresponding author at: Unidad Académica Mazatlán, Instituto de Ciencias del Mar
y Limnología, Universidad Nacional Autónoma de México (UNAM), Mazatlán,
Sinaloa, Mexico.
Email address: paezos@ola.icmyl.unam.mx (FedericoF. Páez-Osuna)

http://dx.doi.org/10.1016/j.earscirev.2017.01.014
0012-8252/© 2016 Published by Elsevier Ltd.
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1. Introduction

The Gulf of California (GC) is an ecosystem recognized for its
unique oceanographic features, and its abundance and diversity of
species. Since its opening about 4.5–5.6 million years ago (Larson
et al., 1968), it became one of the most biologically productive re-
gions of the world. The GC coastal waters (coastal lagoons, estuar-
ies, marshes), benthic regions and pelagic waters support an extraor-
dinary biodiversity, a high productivity and large populations of all
marine and estuarine taxa, such as invertebrates, fish, cetaceans, tur-
tles and birds (Brusca, 2010). Annually, over half a million metric
tons of seafood are generated in the GC, excluding bycatch, such as
that produced by shrimp fisheries. Adjacent to the eastern GC, nu

merous wetlands contain very rich and diverse flora and fauna, which
play an important and incalculable ecological role and maintain nu-
merous forms of life, including those that support fisheries and aqua-
culture (Lluch-Cota et al., 2007).

The GC is an elongated water body (1200 km) of variable width
(90–222 km); it includes 40 coastal lagoons, and 922 islands and islets
(Fig. 1). It is an ecosystem with the highest priority for conserva-
tion because of its rich biodiversity, high rates of biological produc-
tivity, and endemism of fish, birds, marine mammals and macroin-
vertebrate species. However, as with many marine ecosystems world-
wide, it faces numerous threats resulting primarily from overfish-
ing and degradation of coastal habitats. For instance, 39 of its ma-
rine species have been included in the red list of the International

Fig. 1. Map of the Gulf of California and adjacent areas including studied ecosystems (modified from Lavin and Marinone, 2003). Basins: San Pedro Mártir (BSPM), Guaymas (BG),
del Carmen (BC), Farallón (BF), Pescadero (BP) and Mazatlan (BM). On the Colorado River Delta (CRD): Hardy River (HR), Hardy River estuary (HRE), Cienega Santa Clara
(CSC), Riíto (RI); on the continental margin: Puerto Peñasco (PP), Estero Morúa (MO), Estero Almejas (AL), Bahía Salina (SA), Los Tanques lagoon (LT), Bacanuchi River (BR),
Sonora River (SR), Hermosillo coast (HE), Kun Kaak Bay (KK), Kino Bay (KB), Estero Bachoco (BA), San Pedro Nolasco (SPN), Bacochibampo Bay (BB), Guaymas Bay (GU),
Estero Los Mélagos (ME), El Tóbari lagoon (TO), Estero Santa Bárbara (SB), Agiabampo lagoon (AGI), Yavaros lagoon (YAV), El Colorado lagoon (EC), Ohuira-Topolobampo la-
goon (OHT), Navachiste-San Ignacio lagoon (NSI), Santa María-La Reforma lagoon (SMR), Altata-Ensenada del Pabellón lagoon (AEP), Humedal Chiricahueto (CHI), San Lorenzo
River (SLR), Ceuta lagoon (CEU), Estero El Verde (VE), Urías-Mazatlán lagoon (UMA), Presidio River (PR), Huizache-Caimanero lagoon (HUC), Baluarte River mouth (BAL),
Teacapán lagoon (TEA), Estero San Cristobal (SCN), Barra de Navidad lagoon (BAN); on the peninsular margin: Ensenada (EN), Todos Santos Bay (TS), Santa Rosalía (SRO), La
Paz Bay and La Paz lagoon (LP), Los Cabos (LC).
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Union for Conservation of Nature and Natural Resources (IUCN)
as vulnerable or endangered species (Carvajal et al., 2010). The GC
shows a number of relevant oceanographic features such as: (i) a
layer of low dissolved oxygen concentration (< 0.5 mL L− 1) from
very shallow to intermediate depths, present in the water masses en-
tering the GC, which acts as a barrier to the movement of biota
(Álvarez-Borrego et al., 1978); (ii) hydrothermal activity in the Guay-
mas Basin and elsewhere (Campbell and Gieskes, 1984); (iii) a nat-
ural fertilization mechanism caused by the vertical component of wa-
ter exchange between the Pacific Ocean and the GC (Álvarez-Borrego
and Giles Guzman, 2012); and (iv) upwelling phenomena that produce
high phytoplankton biomass (Álvarez-Borrego and Lara-Lara, 1991).

The circulation pattern of the GC has profound ecological and en-
vironmental implications, because inflowing deep waters from the Pa-
cific Ocean have higher inorganic nutrient concentrations than out-
flowing surface waters (Álvarez-Borrego, 2012). On the other hand,
the thermohaline circulation is very slow and does not have a sig-
nificant effect on the general circulation system (Roden, 1958). The
GC has three main natural fertilization mechanisms: water exchange
between the GC and the Pacific Ocean, wind-induced upwelling and
tidal mixing. These mechanisms make the GC more resilient to anthro-
pogenic effects (e.g., those caused by the construction of dams, agri-
cultural lands, and shrimp farms) than other ecosystems, such as the
eastern Mediterranean Sea (Álvarez-Borrego, 2010).

The region adjacent to the GC (defined here as GC ecoregion)
hosts around 10 million inhabitants and supports important human ac-
tivities such as tourism, mining, intensive agriculture, fisheries and
shrimp aquaculture (Páez-Osuna et al., 2003), which pose a threat to
its rich and complex biodiversity, and to its environmental health. As
in many other marine ecosystems worldwide, four major environmen-
tal problems have been identified: (i) overfishing of some shrimp and
fish species, including the large impact of bycatch, due to the lack
of regulation and scarce monitoring or enforcement of present regula-
tions; (ii) climate variability and climate change; (iii) pollution result-
ing from economic activities, driven by the presence of human pop-
ulation; and (iv) damage and/or habitat alteration. In this review, we
synthesize the available information on the main environmental pol-
lution concerns, and we compare them with other areas and identify
research needs.

2. Literature overview

We analyzed papers published in journals registered in the Else-
vier's Scopus database dealing with research on the GC, in the par-
ticular topic of environmental sciences. We first used the keyword
“Gulf of California” in the fields “article title, abstract and keywords”
from 1970 through 2017 (19/01/2017), what yielded 4408 documents.
The amount of publications has certainly increased over the years
(Fig. 2), 18, 79 and 174 publications year− 1 during the 1970s, 1990s
and 2000s, respectively. During the last seven years (2010–2016), the
mean was 200.4 documents per year. However, the publication rate for
the GC is relatively low in comparison with those generated for other
marginal seas. For the Mediterranean Sea, Gulf of Mexico, Baltic Sea,
and the North Sea, the number of documents published for the same
period (1970–2017) were 38,578, 24,034, 16,377, and 89,480, respec-
tively, i.e., several times the number of papers for the GC.

From the total number of documents for the GC, 1044 were as-
signed by the platform to environmental science (25.1%), 24.6% to
climate or climate change, 9.0% to contamination or pollution, 9.4%
to nutrients, 7.4% to metals and metalloids (mainly Cu, Cd, Pb, Zn),
2.1% to mercury, 1.3% to arsenic, and 0.8% to persistent organic pol-
lutants. We only found one study assigned to emerging contaminants.
When the terms “pollution” or “contamination” and “Gulf of Califor-
nia” were searched, the Scopus database provided a total of 382 pa-
pers for the last 45 years, with > 85% published in the last fifteen years
(Fig. 2). An overview of these papers soon revealed that some con-
taminants have been poorly studied in the GC, such as Hg, As, per-
sistent organic pollutants (POPs: organochlorines, polycyclic aromatic
hydrocarbons, polybrominated diphenyl ethers, dibenzo-p-dioxins and
dibenzofuranes) and emergent pollutants.

Various reviews on the GC environment were published in the last
fifteen years. Fiedler (2002) examined the ENSO and decadal variabil-
ity in the Eastern Pacific, including the GC; Alonso-Rodriguez and
Páez-Osuna (2003) synthesized the information on nutrients, phyto-
plankton and harmful algal blooms (HABs) in shrimp ponds in the
southeastern GC; Bowen (2004) revised the biology and conservation
on GC islands; Núñez-Vázquez et al. (2011) explained the occurrence
of HABs in the GC, their impacts on wild and cultured organisms dur-
ing the last decades, and listed the responsible species; Mora-Valdez
and Riosmena-Rodríguez (2016) compiled a list of green (Ulvo-
phyceae) macroalgae species of the GC; Piñón-Gimate et

Fig. 2. Number of published papers on the Gulf of California from 1969 to 2016 (3/05/2016): total (blue line, left axis) and those related to contamination/pollution (red line, right
axis). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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al. (2012) reviewed the macroalgal blooms in GC coastal lagoons; and
Páez-Osuna et al. (2016) elaborated a review on the impacts of climate
change and climate variability. Only two papers have focused on pol-
lution: one reviewed shrimp aquaculture, nutrient contamination and
the environment (Páez-Osuna et al., 2003); and the other one on the
status of the whole gulf and its sustainability (Lluch-Cota et al., 2007).
The latter scrutinized the abiotic and biotic components, and particular
aspects of climate variability, endemisms, oxygen minimum layer and
an overview of pollution.

3. Sources of pollution

Generally speaking, pollution sources in the GC ecoregion are
classified as i) direct sources that result from activities within the im-
mediate vicinity of coastal waters (e.g., municipal effluents, indus-
trial discharges, runoff from agriculture, livestock and aquaculture);
and ii) diffuse sources that include materials from several land-based
activities, located relatively far from the coast, involving nutrients
and pesticides from agriculture, and several atmospheric contaminants
(Páez-Osuna et al., 1998; Green-Ruiz and Páez-Osuna, 2003).

3.1. Pesticides

Agricultural pollution is generally associated with the continen-
tal margin of the GC, where about 1.7 million ha are irrigation lands
(35% of the national total; INEGI, 2013a). This margin is bordered
by important agricultural valleys (Mexicali, Yaqui, Mayo, Del Fuerte,
Culiacan, Ceuta), where large amounts of pesticides and fertilizers
are applied (Páez-Osuna et al., 1998; Beman et al., 2005). Although
there is no precise information on the amount of pesticides used in
Mexico, Pérez-Olvera et al. (2011) reported 50,000 tons (t) of ac-
tive ingredients used in 2005. The total application rate in Mexico
tends to increase (SEMARNAT, 2005), and depends on the crop type.
The most commonly used pesticides in the Culiacán Valley during
2011–2012 were fungicides, followed by herbicides and insecticides
(Leyva-Morales et al., 2014). The predominant chemical classes were
dithiocarbamates, bipyrilos, organophosphates, organochlorines, in-
organic compounds, carbamates and pyrethroids. Three and a half
to 5.5 kg of pesticides per ha are used for grains and oleaginous,
while the amount is much larger for vegetables (35.0 kg ha− 1;
Karam-Quiñones, 2002). Based on this information, we estimated that
the pesticides consumption in the GC eco-region nowadays is ~ 4500 t
annually. Approximately 900 different pesticides are available for
crops of maize, cotton, tomatoes, potato, chili, beans, and coffee, as
well as for control of diseases such as the dengue and Zika fever. The
states with the highest application rates of pesticides in agriculture and
for health purposes in northern Mexico are Nayarit, Sinaloa, Sonora,
and Baja California (Albert, 2005; Cortinas de Nava, 2007).

3.2. Nutrients

Enrichment of organic matter and nutrient pollution have led to
the progressive eutrophication of coastal water bodies, causing habi-
tat loss. Main sources are land-based, including food production (agri-
cultural, livestock, and aquaculture), urban (domestic and commer-
cial effluents, and emissions by vehicles), industry (food processing,
electricity production), mining and naval activities (Páez-Osuna et
al., 2007, 2013). In addition, upwelling events at the eastern mar-
gin of the gulf, which occur in winter and spring, bring nutrient
rich waters to the surface (Álvarez-Borrego, 2012; Arreola-Lizárraga
et al., 2016) and tidal currents input part of those

waters into the coastal lagoons, increasing their productivity. How-
ever, the magnitude and variation of these nutrient fluxes have not
been quantified.

The GC waters have been mistakenly considered as nitrogen-defi-
cient areas of the tropical and subtropical oceans, and thus vulnerable
to nitrogen pollution. Beman et al. (2005) argued that nitrogen-rich
agricultural runoff fuels large areas (54–577 km2) of phytoplankton
blooms in the GC, particularly stimulated within days of fertilization
and irrigation of agricultural fields from the continental marginal coast
of Sonora and Sinaloa. Nevertheless, the annual dissolved inorganic
nitrogen coastal loading from the Yaqui Valley is only 1.93 · 106 kg
of N, mostly in reduced forms (Ahrens et al., 2008), which is only
~ 0.12% of the mean net annual input of nitrate from the Pacific to
the GC (Álvarez-Borrego and Giles Guzman, 2012). When consider-
ing the input of inorganic nitrogen from other agricultural valleys like
those of the rivers Mayo, Culiacán, and other smaller ones, the total
annual inorganic N input from agricultural runoff to the GC is only
about ~ 0.6% of the input from the Pacific (Álvarez-Borrego and Giles
Guzman, 2012).

The mean nutrient load from shrimp aquaculture, estimated by us-
ing a mass balance model, is 110.2 kg N and 37.5 kg P per year per
one-ha shrimp pond (Páez-Osuna et al., 1997, 1999, 2013). Currently,
there are 82,068 ha of shrimp farms in the gulf (94.9% of total for
Mexico; CONAPESCA, 2013), which annually contribute with a load
of 9044 t N (about ~ 0.5 of 1% of the input from the Pacific) and
3078 t P.

Effluents from municipal waste facilities are also one of the main
sources of nutrients to GC coastal waters, particularly those from ur-
banized watersheds. In the SE GC (Sinaloa) the mean water consump-
tion per capita is 115 L day− 1, and the concentrations of N and P in the
treated municipal wastewaters are 22.6 and 6.1 mg L− 1, respectively
(Páez-Osuna et al., 2007). The municipal wastewater fluxes of N and
P (FN and FP in kg N or P year− 1), both treated and untreated, were
modeled considering the distance from the source to the coast, number
of inhabitants and auto-depuration during transport to coastal waters.
The equations for untreated and treated (primary) waters are given in
Páez-Osuna et al. (2007, 2013). Considering a population of 10.5 mil-
lion for the five states of the GC eco-region (INEGI, 2013b), assum-
ing that 30% of wastewater is untreated (70% are connected to mu-
nicipal plants), and that sources are, in average, 40 km from the coast-
line, the N and P fluxes could be in the order of 6.1 × 103 t N y− 1 and
1.4 × 103 t P y− 1, respectively. These fluxes are lower than those from
shrimp aquaculture.

Other nutrient loads in the GC include those related to agriculture,
livestock, atmospheric sources and soil weathering. These sources
have only been estimated for Sinaloa, with 53,342, 33,186, 81,572 and
1199 t y− 1, respectively for N; and 1066, 3661, 2376 and 599 t y− 1, re-
spectively for P (Páez-Osuna et al., 2007, 2013). It is likely that nutri-
ent loads from Sonora and the Mexicali valley are comparable to those
from Sinaloa. However, the extrapolation of such results to the com-
plete GC eco-region is not appropriate because of the absence of infor-
mation (inventory of animals, composition of dry and wet precipita-
tion, fertilization rates, area dedicated to agriculture, etc.) for Sonora,
Baja California and Nayarit. There is a clear need to perform this kind
of research in the region.

3.3. Nitrogen isotopes

The measurement of δ15N in macroalgae allows determining the
relative contributions of nitrogen sources and is useful to evaluate the
impact of human activities to the coastal ecosystems (e.g., Risk et al.,
2009; Dailer et al., 2010). Specimens of exposed macroalgae uptake
15N in proportion to its availability and reflect N sources in a pre
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dictable manner (Cohen and Fong, 2005). This technique has been ap-
plied to coastal ecosystems of the GC receiving high N loads from
multiples sources (Soto-Jiménez et al., 2003a; Piñón-Gimate et al.,
2009; Teichberg et al., 2010; Ochoa-Izaguirre and Soto-Jiménez,
2013, 2015). The most impacted ecosystems are receiving N from
agricultural runoff, shrimp aquaculture and livestock rearing effluents;
Table 1 shows the nitrogen sources for five coastal lagoons of Sinaloa
and their δ15N values in macroalgae inhabiting the impacted areas.
Macroalgae inhabiting areas impacted by aquaculture exhibit mean
values of δ15N between 9.9 and 13.6; those receiving agricultural ef-
fluents, show values between 4.7 and 6.7; while those influenced by a
mixture of diverse effluents present values depending on the predom-
inant nitrogen load.

The N input ranges to GC coastal ecosystems from 7.3 to
35.1 kg ha− 1 y− 1, with agriculture-based watersheds contributing
0.5–27.6 kg N ha− 1 y− 1 (Páez-Osuna et al., 2007; Ochoa-Izaguirre
and Soto-Jiménez, 2015). These N input rates are comparable to those
reported for coastal ecosystems in highly impacted U.S. watersheds
(13 to 68 kg ha− 1 y− 1, Castro and Driscoll, 2002). Nutrients have
caused increases in phytoplankton blooms, growth of aquatic macro-
phytes, and harmful algal blooms in estuaries, coastal lagoons and
other coastal waters (Alonso-Rodriguez et al., 2000; Páez-Osuna et
al., 2003, 2013; Soto-Jiménez et al., 2003a; Ochoa-Izaguirre and
Soto-Jiménez, 2013, 2015). Seasonal phytoplankton and macroalgal
blooms, coupled to eutrophication, have generated hypoxia conditions
and anoxia events that are becoming more frequent, prolonged and
covering larger areas. Adverse conditions for aquatic life are caus-
ing the displacement of sensitive organisms, recurring high mortality
of fish and other species, and favoring opportunistic and more toler-
ant species. Growth of human population, expansion of food produc-
tion activities (aquaculture, agriculture and livestock), and increase of
burning of fossil fuels in all GC watersheds will increase the amounts
of N entering coastal ecosystems. Consequently, eutrophication and its
deleterious effects in GC coastal waters are to be expected.

3.4. Metals and metalloids

Globally, the four main environmental sources of Hg and other
metals are i) natural, ii) anthropogenic loads from metal impurities in
raw materials (e.g. fossil fuels, mineral ores, agriculture and aquacul-
ture chemicals), iii) anthropogenic releases from production processes
(e.g. cement and metallic manufacture), and iv) past anthropogenic
emissions mobilized from soils, sediments and water (PNUMA,
2005). Independently of the source, the final receptors are the at-
mosphere, aquatic ecosystems, soils and biota. In Mexico, 31.3 t

of Hg were emitted annually to the atmosphere in Mexico (Acosta et
al., 2001). The main Hg sources are gold mining and refining (36.0%),
Hg mining and refining (30.8%), chloralkali industry (15.7%), copper
smelting (4.9%), residential combustion of wood (3.7%), carboelectric
plants (2.5%) and oil refining (2.2%). Other Hg sources are thermo-
electric plants, lead and zinc smelting, fluorescent lamps, and dental
amalgams, together accounting for 4.2%. Estimations of the amounts
of Hg and other metals released from combusting or processing raw
materials, such as coal and other fuels, are not available for the GC
eco-region. Other activities that produce emissions of metals and met-
alloids in the GC eco-region are agriculture, aquaculture, deforesta-
tion and dam construction, all of which can increase metal releases
to aquatic ecosystems and accumulate in biota (Ruelas-Inzunza et al.,
2013).

Several studies have reported increased levels of metals and met-
alloids in fluvial waters, soils and sediments of river watersheds as a
result of the mining and processing of metal ores (Páez-Osuna et al.,
2015). The frequency of spills associated with mine tailings and dam
failures in the GC eco-region is surprisingly high. During only three
years there have been at least four major incidents. On January 21st
2013, at the “El Herrero” processing plant in Santa María de Otaez
mining region (Durango, Mexico), about 120 km upstream of the San
Lorenzo River in Sinaloa, a failure of the mine tailings dam caused
the release of 300,000 m3 of wastes to Los Remedios River, trans-
ported to the upper San Lorenzo River, El Comedero dam, the lower
San Lorenzo River and finally discharged to the SE GC. The levels
of Ag, As, Hg, Cd, Cu, Pb, and Zn enriched and transported by wa-
ter were examined three months after the spill event evidencing cont-
amination (Páez-Osuna et al., 2015). On August 6th 2014, a structural
flaw in a leachate dam, owned by the mining “Buena Vista del Cobre”
Group, Mexico, caused the spill of 40,000 m3 water with copper sul-
fate and other heavy metals to the Bacanuchi and Sonora rivers. The
contaminants reported by Mexican federal government agencies were
As, Al, Cd, Cr, Cu, Fe, Mn and Pb. On October 16th 2014, the tailings
dam of the mining plant “Dos Señores, S.A. de C.V.”, located in Con-
cordia, Sinaloa, collapsed and about 10,000 t of tailings were released
into the Las Charcas creek, which connects to the Panuco River, which
flows into the Presidio River, finally releasing the contaminants to the
southeastern GC. Finally, on August 5th 2015, a spill of toxic waste
from the abandoned mine “Oro del Rey”, near Silverton, Colorado,
occurred when workers of the USA Environmental Protection Agency
accidentally spilled 11,300 m3 of toxic waste to a tributary of the An-
imas River in the Colorado River basin. The spilled water contained
high levels of As and other metals reported by the Denver Post (Paul,
2016). However, it was unclear whether the supposed accident was a
risk for human health and aquatic life.

Table 1
Isotopic composition of nitrogen in the identified N sources (Mean δ15N ± SD, ‰) in five coastal lagoons of Sinaloa and δ15N values in macroalgae inhabiting the impacted areas.
The locations of lagoons are shown in Fig. 1.

Nitrogen source1–3 AEP1 NSI1 OHT1 SMR1 UMA2

Aquaculture (8.0 ± 1.0) 11.1 ± 2.0 (n = 5) 9.9 ± 1.9 (n = 8) 13.6 ± 1.7 (n = 5) 12.9 ± 2.2 (n = 205)
Agriculture (2.1 ± 0.7) 6.7 ± 2.0 (n = 15) 4.7 ± 2.5 (n = 17) 4.7 ± 1.6 (n = 35)
Sewage (16.1 ± 0.3) 11.8 ± 0.7 (n = 15) 11.3 ± 2.2 (n = 22) 18.1 ± 1.3 (n = 22)
Food processing (19.1 ± 0.68)
Agriculture + aquaculture 8.2 ± 2.0 (n = 8)
Agriculture + sewage 12.4 ± 2.2 (n = 10) 12.2 ± 1.4 (n = 43) 12.6 ± 2.8 (n = 18) 12.3 ± 2.6 (n = 136)
Food processing + sewage 12.1 ± 2.8 (n = 193)

AEP: Altata Ensenada del Pabellón, NSI: Navachiste-San Ignacio-Macapule, OHT: Ohuira-Topolobampo, SMR: Santa María-La Reforma, UMA: Urías lagoon. References:
1Piñón-Gimate et al. (2009); 2Ochoa-Izaguirre and Soto-Jiménez (2013); 3Ochoa-Izaguirre and Soto-Jiménez (2015); n, is the number of specimens.
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4. Algal blooms

4.1. Harmful algal blooms

Harmful algal blooms (HABs) in the GC have been documented
since the early 1900s (e.g., Osorio-Tafall, 1939; Allen, 1941) and
recently (e.g., Gárate-Lizárraga et al., 2008; Núñez-Vázquez et al.,
2011). Most studies have focused on describing the species composi-
tion of HABs and few of them have studied the impact of HABs on
wildlife. Mortality of organisms has been historically associated with
HABs in the GC, and has been documented for several groups of an-
imals including birds, turtles, fish, and marine mammals (Lluch-Cota
et al., 2007). In the GC the main groups affected by HABs are fish,
followed by crustaceans, birds and mammals, although it is also recog-
nized that mollusks have experienced a severe effect (Núñez-Vázquez
et al., 2011). These impacts result in major economic losses that have
not been quantified. Among the major species or genera affected by
HABs are the shrimp Litopenaeus vannamei; the fish Holocanthus
passer, Sardinops spp., Lutjanus spp., and Sphoeroides spp.; the birds
Gavia immer and Pelecanus californianus; and the mammals Bal-
aenoptera physalus, Delphinus capensis, and Delphinus delphis.

HABs are common in the GC and especially recurrent in its east-
ern part: Kino Bay, Guaymas Bay, Isla Ángel de la Guarda, Yavaros
lagoon, Kun Kaak Bay, Topolobampo harbor, Navachiste lagoon,
and Mazatlán Bay. Although lesser studied, HABs also occur fre-
quently in the western GC, at La Paz Bay, Concepción Bay, and
Cabo San Lucas. Recently, HABs are observed in other localities
of the southeastern GC's entrance, such as Matanchén and Bahía
Banderas (Fig. 3). Of the 14 HAB-forming species been registered
in the GC, the main and more frequent are Gymnodinium catena-
tum and Prorocentrum minimum, and in recent years Dinophysis spp.
(Table 2). HABs in Mazatlan Bay have been monitored during the
last 35 years. There is an increase of the number of toxin producing
species and those that cause severe harm, and both the frequency and
duration of events (Cortés-Altamirano et al., 2014). Additionally, in-
vasive species such as Cochlodinium polykrikoides have been recently
observed (Dorantes-Aranda et al., 2003).

In April 2003 a massive die-off of fish and mollusks occurred at
Kun Kaak Bay (Sonora), caused by Chattonella marina, Chattonella
cf. ovata, Gymnodinium catenatum and Gymnodinium sanguineum
(García-Hernández et al., 2005). In addition, concentrations of Cd and
Pb in sediments were up to 6 times greater than background levels, and
Cd in mollusks was 8 times larger than regulatory limits. Authors in-
terpreted the relationship between dinoflagellates blooms and elevated
Cd and Pb concentrations in sediments as a leakage of metals from ad-
jacent soils.

Associated to HABs, large populations of marine organisms in the
GC might be affected by impacts difficult to observe, such as sublethal
and lethal effects in fish embryos, larvae and juveniles caused by the
action of toxins produced by benthic dinoflagellates (e.g., ciguatoxin,
DSP-toxin; Sierra-Beltrán et al., 1998) and cyanobacteria impacts on
crustaceans (Alonso-Rodriguez and Páez-Osuna, 2003). Chronic ex-
posure to these toxins has not been evaluated in the GC, neither the ef-
fects of a possible synergism or antagonism between HABs and pollu-
tants such as polychlorinated biphenyls (PCBs), dioxins (furans), met-
als, and metalloids.

4.2. Macroalgal blooms

Most of the macroalgal studies in the GC have focused on species
richness and abundance for evaluation of exploitable species (e.g.
Pacheco-Ruiz et al., 1999; Cabello-Pasini et al., 2003; Mora-Valdez
and Riosmena-Rodríguez, 2016). In the late 1990s, studies on species
composition and abundance also covered their relationship with envi-
ronmental parameters such as temperature, salinity, and nutrients. In
Urias lagoon (M8 in Fig. 3), one of the most urbanized coastal la-
goons of the GC, Ulva lactuca was characteristic of an area highly
impacted by shrimp farms effluents (Ochoa-Izaguirre et al., 2002).
The species biomass was high during the dry season (67 g m− 2 dry
weight), but was replaced by Gracilariopsis sjoestedtii (240 g m− 2

dw) during the rainy season (Fig. 4). Nutrient levels reported for this
site were 13.8 μM total N and 1.1 μM dissolved P during dry season,
and 11.0 μM total N and 2.9 μM dissolved P during rainy season.

Macroalgae biomass was studied in six coastal lagoons of the
southeastern GC: Ohuira-Topolobampo (OHT), Navachiste-San Igna-
cio (NSI), Santa María-La Reforma (SMR), Altata-Ensenada del Pa-
bellón (AEP), Ceuta (CEU) and Teacapán (TEA) (Fig. 1)
(Piñón-Gimate et al., 2008; Páez-Osuna et al., 2013). Biomass was dif-
ferent among sampling sites and showed changes with season and nu-
trient load. For example, Gracilaria vermiculophylla presented high
biomass values (mean annual biomass 72 g m− 2 dw; Fig. 4) in an
area of the SMR lagoon with high nutrient concentrations derived
from sewage effluents (3.9 ± 1.0 μM dissolved P and 5.1 ± 1.2 μM to-
tal P). Caulerpa sertularioides presented high abundance in OHT la-
goon when the N:P ratio was high and the temperature was low (Fig.
4). In the six lagoons, the most abundant species were Spyridia fil-
amentosa, Gracilaria vermiculophylla, and Caulerpa sertularioides,
but only one of these species contributed with > 70% of the biomass at
any given site and season. For example, at OHT, S. filamentosa con-
tributed with 70% of the biomass during the cold season, while dur-
ing the rainy season, C. sertularioides predominated with > 95% of
the biomass and S. filamentosa was no longer present. At NSI, G. ver-
miculophylla contributed with > 80% of the biomass during the dry
season, but latter, during the rainy and cold season, S. filamentosa con-
tributed the most even when G. vermiculophylla was still present. At
SMR, three sites were studied in one site G. vermiculophylla was the
dominant species in the dry season, while U. intestinalis was domi-
nant during the cold season; the site near the shrimp farm was dom-
inated year-round by G. vermiculophylla (Piñón-Gimate et al., 2008).
This study suggest that the patchy distribution of macroalgal blooms
and their species composition is associated with local pulses of nu-
trients from different sources (Ochoa-Izaguirre et al., 2002), as de-
scribed in other regions (e.g., Valiela et al., 1997; Teichberg et al.,
2010). Macroalgal blooms have been related to nutrient enrichment
from anthropogenic sources (Páez-Osuna et al., 2013). However, high
biomass (53.7 g m− 2 dw) of Ulva species was found in la Paz Bay af-
ter a hurricane event in 2002 (Fig. 3; Aguilar-Ramírez et al., 2005),
attributed to the runoff impact that increased the presence of boulders,
although nutrients and other properties were not measured. Also, large
Ulva beds are observed in pristine bays and inlets influenced by wa-
ters of the Ballenas Channel (Fig. 3) characterized by strong tidal mix-
ing, which results in high nutrient concentrations, and favorable tem-
perature in the water column (18 °C). Indeed, during El Niño-1998
event, the size and biomass of the beds were lower, and laboratory
experiments showed that temperatures lower than 18 °C caused re-
duced growth and higher temperatures were lethal (Pacheco-Ruíz et
al., 2003).
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Fig. 3. Locations with recent occurrence of algal blooms in the Gulf of California. Macroalgal (green circles): M1, M2, M3, Ballenas channel; M4, adjacent to Santa Rosalía; M5,
Santa María-La Reforma lagoon (SMR); M6, La Paz Bay; M7, Altata-Ensenada del Pabellón lagoon (AEP); and M8, Urías lagoon (UMA). Microalgal (red circles): m1, Kino Bay;
m2, Guaymas Bay (GU); m3, Isla Angel de la Guarda; m4, Yavaros lagoon; m5, Kun Kaak Bay; m6, Topolobampo harbor and Ohuira; m7, Navachiste lagoon; m8, Mazatlan Bay;
m9, La Paz Bay; m10, Concepción Bay; m11, Cabo San Lucas; m12, Matanchén; and m13, Banderas Bay. Areas where upwelling is observed more recurrently (Roden and Groves,
1959) are shadowed in intense blue.

Unlike toxic phytoplankton blooms such as red tides, macroal-
gal blooms lack of a direct chemical toxicity but typically have a
broader range of ecological impacts and detrimental effects. Macroal-
gal blooms can result in the displacement of indigenous species, habi-
tat destruction, oxygen depletion and alteration of biogeochemical cy-
cles, among others (Valiela et al., 1992; Worm et al., 1999). Although
macroalgal blooms in the GC have not yet shown biomasses and im-
pacts as high as those found in places with large anthropogenic in-
puts, monitoring in GC coastal lagoons would allow to anticipate large
impacts and understand the subjacent mechanisms to their triggering
and development. In Fig. 3 we show where upwelling events have
been observed (Roden and Groves, 1959), and locations with recurrent
HABs events and macroalgal blooms. The coincidence found in some
cases is intriguing and certainly deserves further studies.

5. Metals and metalloids

5.1. Mercury in water and sediments

Information on Hg levels in the waters of GC coastal environ-
ments is limited. In the lagoon complex of Urías (UMA), where the
port of Mazatlán is located, dissolved and particulate Hg concen-
trations ranged from < 3 to 218 ng L− 1 and < 1 to 7240 ng g− 1, re-
spectively (Raygoza-Viera, 2015). These levels exceed those com-
monly measured in open sea waters and coastal areas. The range of
dissolved Hg concentrations in the Pacific Ocean is from 0.014 to
0.582 ng L− 1 (Sunderland et al., 2009; Hammerschmidt and Bowman,
2012; Munson et al., 2015; Bowman et al., 2016). In the Mediter-
ranean Sea and the North Sea the Hg ranges are < 0.004 to
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Table 2
Species forming of harmful algal blooms in waters of the Gulf of California.

HAB-forming species Group Syndrome or toxin produced

Gymnodinium catenatuma Dinoflagellate Paralytic
Shellfish Poisoning

Pyrodinium bahamenseb Dinoflagellate Paralytic
Shellfish Poisoning

Pseudonitzschia spp.c Diatom Amnesic Shellfish
Poisoning

Dinophysis spp.d Dinoflagellate Diarrheic Shellfish
Poisoning

Lingulodinium polyedrume Dinoflagellate Yessotoxin
Cochlodinium polykrikoidesf Dinoflagellate Ichthyotoxic
Chattonella spp.g

Fibrocapsa japonicag

Heterosigma akashiwog

Raphidophycean Ichthyotoxic

Noctiluca scintillansh Dinoflagellate Ammonia
Prorocentrum minimumi Dinoflagellate Venerupin
Pseudo-nitzschia australisj Diatom Amnesic Shellfish

Poisoning
Schizotrix calcicolak Cyanobacteria Aplisiatoxins,

lipopolysaccharides
Trichodesmium erythraeuml Cyanobacteria Ciguatera Fish Poisoning

a Mee et al. (1986); Gárate-Lizárraga et al. (2004a).
b Martínez-López et al., 2007; Gárate-Lizárraga and González-Armas (2011);
Morquecho et al. (2014).
c Sierra-Beltrán et al. (1997); Gárate-Lizárraga et al. (2007); Hernández-Becerril et al.
(2007).
d Gárate-Lizárraga (2014); García-Mendoza et al. (2014); Hernández-Becerril et al.
(2007).
e Cortés-Altamirano et al. (1996); Peña-Manjarrez et al. (2005).
f Dorantes-Aranda et al. (2003); Gárate-Lizárraga et al. (2004b).
g Band-Schmidt et al. (2004); Barraza-Guardado et al. (2004); Cortés-Altamirano et al.
(2006); López-Cortés et al. (2011).
h Gárate-Lizárraga et al. (2001).
i Cortés-Altamirano and Agraz (1994); Martínez-López et al. (2008).
j Sierra-Beltrán et al. (1999); García-Mendoza et al. (2009).
k Cortés-Altamirano and Licea-Durán (1999).
l Cortés-Altamirano (1988).

Fig. 4. Mean macroalgal biomass in the Gulf of California: UMA, Urías lagoon; SMR,
Santa María-La Reforma lagoon; OHT, Ohuira lagoon; LP, La Paz Bay; BCH, Ballenas
Channel.

1.28 ng L− 1 (Cossa et al., 1997, 2017) and 0.10 to 2.8 ng L− 1

(Leemakers et al., 2001) respectively. In estuaries, the Hg range is
from 0.08 to 79 ng L− 1 (Fitzgerald and Lamborg, 2007; Lillebo et al.,

2011), while in the Everglades wetlands (Florida) and the Brazilian
lagoons ranges from 22 to 158 ng L− 1 (Cai et al., 1999) and 3.7 to
11.1 ng L− 1 (Lacerda and Goncalves, 2001), respectively. Relatively
high Hg levels in UMA were related to industrial fishery activities and
seafood processing, docks and shipyard activities, household wastes
and the operation of a thermoelectric power plant (Ruelas-Inzunza et
al., 2011).

In the Colorado River Delta (CRD), which includes the wetlands
Ciénega de Santa Clara (CSC), Hardy River (HR) north, Hardy River
south, and the Colorado River estuary or Hardy estuary (HRE) (Fig.
1), the mean Hg concentrations were 4000, 10,200, 4300, and
< 10 ng L− 1, respectively. High levels have been related to the op-
eration of the Cerro Prieto geothermal plant, in the Mexicali Val-
ley, and agricultural, industrial and urban discharges to the CRD
(García-Hernández et al., 2013). A recent case of metal contamina-
tion in the upper San Lorenzo River (SLR) was caused by a mine
tailing spill on the GC southeastern coast (see section on Metals and
metalloids, Páez-Osuna et al., 2015). Hg was measured 3 months after
the spill event in the waters and suspended matter of the tributary river
Los Remedios, in the upper SLR basin, and the El Comedero dam, and
dissolved Hg concentrations ranged from 20 to 240 ng L− 1. Hg con-
centrations in suspended matter was high (0.47–1.09 mg kg− 1). The
PEL, established in the Canadian Sediment Quality Guidelines for the
Protection of Aquatic Life and which represents the lower limit of the
range of chemical concentrations that are usually or always associated
with biological effects (CCME, 2001), was exceeded in 62.5% of the
samples.

Mercury sediment concentrations in the GC ecoregion and the NW
Baja California peninsula are summarized in Table 3. In general, lev-
els ranged from 0.006 to 2.25 μg g− 1. Minimum values, indicative
of pristine or close to pristine conditions, were observed along the
peninsula coast. In contrast, some sites at Guaymas Bay showed the

Table 3
Hg concentrations (ranges in μg g− 1 in dry weight) in sediments of the Gulf of Califor-
nia eco-region.

Location Hg Reference

NW coast, BC 0.030–0.097 Gutiérrez-Galindo et al. (2007)
Todos Santos Bay, BC 0.011–0.063 Gutiérrez-Galindo et al. (2008)
Ensenada harbor, BC 0.58 ± 0.23a Carreón-Martínez et al. (2002)
Santispac Bay, BC 0.006–0.060 Leal-Acosta et al. (2010)
Manglar lagoon, BC 0.015–0.233 Leal-Acosta et al. (2010)
La Paz lagoon, BCS 0.01–0.05 Kot et al. (1999)
Beach sands, SRO, BCS 0.01–0.16 Kot et al. (2009)
Coastal sediments, SRO, BCS 0.01–0.35 Kot et al. (2009)
Cienega Sta Clara wetland, CRD 0.12a García-Hernández et al. (2013)
Río Hardy, CRD 0.39a García-Hernández et al. (2013)
Río Hardy, estuary, CRD 1.40a García-Hernández et al. (2013)
Oyster farm sites, Sonora 0.01–0.35b García-Rico et al. (2003)
Kun Kaak Bay, Sonora 0.05–0.15 García-Hernández et al. (2005)
Guaymas Bay, Sonora 0.34–2.25 Green-Ruiz et al. (2005)
El Tobari lagoon, Sonora 0.32–1.35 Jara-Marini et al. (2013a)
Ohuira lagoon, Sinaloa 0.03–0.3 Ruiz-Fernández et al. (2009)
Chiricahueto, Sinaloa 0.02–0.60 Ruiz-Fernández et al. (2009)
San Lorenzo River, Sinaloa 0.47–1.09c Páez-Osuna et al. (2015)
Urías lagoon, Sinaloa 0.20–0.46 Jara-Marini et al. (2008)

0.1–0.27 Ruiz-Fernández et al. (2009)
0.023–0.256 Raygoza-Viera et al. (2014)

BC, Baja California; BCS, Baja California Sur; SRO, Santa Rosalía; CRD, Colorado
River Delta.
a Mean concentration.
b Oyster farm sites from Puerto Peñasco (PP), Caborca (CA), Kino Bay (KB), and
Guaymas (GU).
c Suspended sediments. Locations are included in Fig. 1.
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highest levels, due to both the natural and anthropogenic causes,
clearly exceeding Hg background or minimum values registered in
the GC region (0.02–0.03 mg kg− 1, Ruiz-Fernández et al., 2009;
Raygoza-Viera et al., 2014).

A halo of Hg dissipation was related to the copper mining of the
District El Boleo at Santa Rosalía (SRO), in the west-central part of
the GC (Fig. 1) (Kot et al., 2009). Mining and smelting operations
were intense during the period 1885–1985 and marine sediments near
Santa Rosalía were affected by stream discharges.

Mercury concentrations is surface sediments from areas where oys-
ters are cultivated (Puerto Peñasco (PP), Caborca (CA), Kino Bay
(KB), and Guaymas (GU), on the Sonoran coast (García-Rico et al.,
2004, 2006; Jara-Marini and García-Rico, 2006) showed moderate
levels (Table 3). The Hg mean concentration in surface sediments
from the Guaymas Bay, Sonora (1.0 ± 0.5 mg kg− 1) was higher than
that recorded in the Baja California coast. Highest Hg levels were
observed at sites adjacent to the city of Guaymas, near the ship-
yards, canning industries and fishing fleet sites. Guaymas Bay has
higher Hg levels than places considered as moderately or non-con-
taminated, such as La Paz lagoon (Kot et al., 1999), OHT lagoon
(Ruiz-Fernández et al., 2009), UMA lagoon (Jara-Marini et al., 2008),
and the northwestern coast of Baja California (Gutiérrez-Galindo et
al., 2007, 2008).

El Tobari (TO) lagoon is a typical ecosystem in Sonora associated
with agriculture and aquaculture. Hg (and other metals) were mea-
sured in the bioavailable fraction (HCl 1 M, Huerta-Diaz and Morse,
1990) of sediments, and in some components of the food web, during
both the dry and rainy seasons. During both seasons, 20.8% of sam-
ples (n = 72) were enriched in relation with regional background lev-
els (enrichment factor EF: 2.8–12.9; Jara-Marini et al., 2013a), with
large EF values at all sites during the rainy season. The ecotoxico-
logical implications of values larger than the ERM (1.3 μg g− 1 for
Hg) (Effects Range-Median value, represent a probable effects range
within which effects would frequently occur) were a percentage inci-
dence of effects of 42.3% of samples in TO lagoon for Hg.

Mercury temporal trends were reconstructed from 210Pb dated sed-
iment cores (Ruiz-Fernández et al., 2009) collected from three coastal
lagoons of Sinaloa (OHT (108.8° W, 25.6° N), Chiricahueto (CHI)
(107.5° W, 24.6° N) and UMA (106.3° W, 23.1° N)), in which agri-
culture and shrimp aquaculture, as well as electricity production (ther-
mal power stations) and/or harbor activities are developed nearby.
The sediment cores at all sampling sites evidenced Hg enrichment, al-
though the onset of this enrichment occurred about ~ 1950s in cores
from OHT and CHI, for which it was mostly associated to agri-
culture development activities; whereas at UMA, it occurred about
~ 1970s and was related to the operation of the thermoelectric plant
of Mazatlan. The Hg flux ranges (pre-1900s values to maximum
value) from each core were 1 to 31 ng cm− 2 year− 1 in OHT, 14 to
44 ng cm− 2 year− 1 in CHI and 6 to 31 ng cm− 2 year− 1 in UMA; and
the most recent Hg flux values (early 2000s) were 31 ng cm− 2 year− 1

in UMA, and 15 ng cm− 2 year− 1 OHT and CHI.
The pre-1900s fluxes of the three lagoons were comparable or

higher than the background fluxes (pre-1800s) determined for Con-
necticut wetlands in the USA (3–5 ng cm− 2 year− 1; Varekamp et al.,
2003), but lower than the global preindustrial net flux from atmos-
pheric Hg deposition (20 ng cm− 2 year− 1, Fitzgerald and Lamborg,
2007). The Hg flux ranges in the three lagoons were also similar to
the Hg flux values reported for the Connecticut wetlands in USA
(8–44 ng cm− 2 year− 1, 1950–1970, Varekamp et al., 2003), but con-
siderably lower than those reported for the Strait of Georgia, Canada
(5–181, for the period 1990–2001, Johannessen et al., 2005); the Pud-
get Sound Estuary in USA (40–210 ng cm− 2 year− 1, in 1982, Bloom
and

Crecelius, 1987) and the Saguenay Fjord in Canada
(2000–56,000 ng cm− 2 year− 1, for the period 1962–1974, Smith and
Loring, 1981).

In comparison to data from continental lakes, the Hg flux ranges
in the three lagoons were comparable to the urban lake Espejo de
los Lirios nearby Mexico City (0–28 ng cm− 2 year− 1, Ruiz-Fernández
et al., 2004), but higher than the rural lake Verde Lake, in Eastern
Mexico (0.07–6.4 ng cm− 2 year− 1, Ruiz-Fernández et al., 2007); how-
ever, they were significantly lower than the fluxes reported in the
compilation by Drevnick et al. (2016) derived from the analysis of
Hg data from 165 dated sediment cores from 138 lakes across west-
ern North America, where the Hg fluxes ranged between a prein-
dustrial background (1800–1850 year) of 70 ng Hg cm− 2 year− 1 and
270 ng Hg cm− 2 year− 1 in 2000–2005.

5.2. Mercury and selenium in biota

Sharks have shown the highest total Hg content in the muscle,
with a mean of 3.76 ± 6.33 μg g− 1 (dry weight (dw)) (Fig. 5a), and
lower Hg concentrations (mean 1.20 ± 1.35 μg g− 1 d w) was found
in the muscle of the Pacific angel shark Squatina californica
(Escobar-Sánchez et al., 2016). A high Hg concentration (33.0 μg g− 1

dw) was observed in the smooth hammerhead Sphyrna zygaena, col-
lected in TEA lagoon (southeastern GC), likely due to historical min-
ing activities carried out along the BAL River watershed
(García-Hernández et al., 2007). In the AEP lagoon, an ecosystem
influenced by agriculture, Hg in S. lewini was 4.85 μg g− 1 (dw)
(Ruelas-Inzunza and Páez-Osuna, 2005). Hg in liver of Rhizoprion-
odon longurio, S. lewini, and Mustelus albipinnis, collected from KB
and CEU lagoon showed concentrations of 1.0, 0.26 and 0.51 μg g− 1

(dw), respectively (Fig. 5b) (Hurtado-Banda et al., 2012), which were
lower than those in their respective muscles.

Selenium and Hg were determined in several tissues and the stom-
ach contents of the juvenile shark S. lewini collected from the south-
eastern GC (Bergés-Tiznado et al., 2015a). Hg levels in muscle ranged
from 0.6 to 5.8 μg g− 1 (dw), were < 1.9 μg g− 1 in liver and kidney
and < 0.9 μg g− 1 in brain. The lowest Se value was found in muscle
(2.0 μg g− 1 dw) and the highest in kidney (133.5 μg g− 1 dw). An ex-
cess of Se over Hg was found (Se:Hg molar ratios > 1), which antago-
nistically reduce the toxic effects of these two elements (Branco et al.,
2014). The highest Hg in preys was for carangid fishes, while highest
Se levels were observed in scombrid and carangid fishes.

Mercury concentrations in muscles of nine rays sampled along
the GC ranged from 0.20 to 2.84 μg g− 1 (dw) (García-Hernández et
al., 2007). The bat eagle ray Myliobatis californica, and the longtail
stingray Dasyatis longus showed the minimum and maximum val-
ues, respectively. Hg concentrations in four rays from the eastern GC
showed ranges from 0.04 to 1.84, and 0.04 to 0.88 μg g− 1 (dw), for
muscle and liver, respectively. The muscle Hg content was signifi-
cantly higher than the liver content only in Rhinoptera steindachneri.

Mercury concentrations in muscle of sailfish (Istiophorus
platypterus) and striped marlin (Tetrapturus audax), caught off
Mazatlán (~ 50 mi offshore), ranged from 1.15 to 18.1 μg g− 1 (dw)
(mean 7.4 ± 4.6 μg g− 1) in sailfish, and from 4.0 to 15.6 μg g− 1 (dw)
(5.0 ± 3.0 μg g− 1) in striped marlin (Soto-Jiménez et al., 2010). At the
mouth of the GC, Hg levels in sailfish were (in μg g− 1 dw): liver
(2.85 ± 0.0.35) > muscle (2.80 ± 0.2) > kidney (2.20 ± 0.40) > gonads
(0.70 ± 0.05) (Bergés-Tiznado et al., 2015b). In the same samples,
maximum and minimum Se concentrations were found in kidney
(70.5 ± 9.5 μg g− 1) and muscle (3.35 ± 0.15 μg g− 1), respectively.
Very high Se:Hg ratios were found in kidney (132.4 ± 12.1), gonads
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Fig. 5. a (top). Mean concentration of mercury (μg g− 1, dw) (± SD) in muscle of organisms from the Gulf of California eco-region (isopods included whole organisms). The maxi-
mum permissible limit (5 μg g− 1 dw, considering a water content of 80%) is indicated by the dashed line. The number of specimens or pools (n) and the species names for each group
of organisms are: sharks (n = 136) (Sphyrna zygaena, S. lewini, Rhizoprionodon longurio, and Carcharhinus leucas); rays (n = 100) Rhinoptera steindachneri, Mobula japanica
and M. munkiana; isopods (n = 26) Ligia sp.; shrimps (n = 103) Litopenaeus vannamei, L. stylirostris, Farfantepenaeus californiensis, F. brevirostris and Xiphopenaeus kroyeri;
bivalves (n = 192) Crassostrea corteziensis, C. gigas, C. iridescens, C. palmula, Mytella strigata, Anadara tuberculosa, Corbicula fluminea, Chione gnidia, C. fluctifraga and C.
subrugosa; fishes (n = 109) Mugil cephalus, Cynoscion xanthulus, Lutjanus colorado, Galeichthys peruvianus, Opisthonema libertate, Cathorops fuerthii, Seriola lalandi, Elops
affinis, Sphoeroides annulatus, Diapterus peruvianus, Haemulopsis axillaris, Pomadasys leuciscus, Caranx caninus, Oligoplites saurus, Centropomus armatus, Scomberomorus
sierra, Roncador stearnsii, Nematistius pectoralis, Paralichthys woolmani, Centropomus nigrescens, Haemulons exfasciatum, Trachinotus paitensis, Centropomus medius, Caulo-
latilus princeps, Pomadasys branickii, Mugil curema, Gerres cinereus, Selarcrumeno phthalmus, Arius platypogon, Eucinostomus gracilis, Istiophorus platypterus, Makaira mazara,
Acanthocybium solandri, Tetrapturu saudax, Coryphaena hippurus, Thunnus albacares, Mycteroperca jordani, Mycteroperca rosacea, Epinephelus analogus, Paralabrax aurogut-
tatus, Anisotremus interruptus, Tilapia mossambica, Guavina guavina, Agonostomus monticola, Oreochromi surolepis, Goviesox fluviatilis; birds (n = 29) Pelecanus occidentalis,
Phalacrocorax olivaceus, Casmerodius albus, Bubulcus ibis, Plegadischihi, Recurvirostra americana, Dendrocygna autumnalis, Anas cyanoptera and Fulica americana; turtles
(n = 29) Lepidochelys olivacea, Caretta caretta and Chelonia mydas; and mammals (n = 18) (Stenella longirostris, Eschrichtius robustus and Balaenoptera musculus). b (bottom).
Mean concentration of mercury (μg g− 1, dw) (± SD) in liver of organisms from Gulf of California eco-region. The number of specimens or pools (n) and the species names for
each group of organisms are sharks (n = 63) Sphyrna lewini, Rhizoprionodon longurio, and Carcharhinus leucas; rays (n = 48) Rhinoptera steindachneri, Mobula japanica and
M. munkiana; shrimps (n = 100) Litopenaeus vannamei, L. stylirostris, Farfantepenaeus californiensis, F. brevirostris and Xiphopenaeus kroyeri; fishes (n = 69) Mugil cephalus,
Cynoscion xanthulus, Lutjanus colorado, Galeichthys peruvianus, Opisthonema libertate, Cathorops fuerthii, Seriola lalandi, Elops afinis, Sphoeroides annulatus, Diapterus
peruvianus, Haemulopsis axillaris, Pomadasys leuciscus, Caranx caninus, Oligoplites saurus, Centropomus armatus, Scomberomorus sierra, Roncador stearnsii, Nematistius
pectoralis, Paralichthys woolmani, Centropomus nigrescens, Haemulonsex fasciatum, Trachinotus paitensis, Centropomus medius, Caulolatilus princeps, Pomadasys branickii,
Mugil curema, Gerres cinereus, Selarcrumeno phthalmus, Arius platypogon, Eucinostomus gracilis, Anisotremus interruptus; birds (n = 29) Pelecanus occidentalis, Phalacrocorax
olivaceus, Casmerodius albus, Bubulcus ibis, Plegadischihi, Recurvirostra americana, Dendrocygna autumnalis, Anas cyanoptera, Fulica americana; turtles (n = 29) Lepidochelys
olivacea, Caretta caretta, Chelonia mydas; and mammals (n = 18) Stenella longirostris, Eschrichtius robustus, Balaenoptera musculus.

(88.2 ± 7.9), liver (54.0 ± 4.4) and muscle (4.1 ± 0.3). Stomach con-
tents evidenced that sailfish feeds mainly on fishes and cephalopods
with low Hg levels (< 0.65 μg g− 1 dw), clearly indicating a large
bioaccumulation of Hg and Se.

Mercury levels in shrimp muscle ranged from 0.20 to 0.48 μg g− 1

(dw) (markets in Mazatlán, Sinaloa; Reimer and Reimer, 1975),
from 0.13 to 0.30 and from 0.27 to 0.72 μg g− 1 (dw) in muscle and
hepatopancreas, respectively, of wild shrimp (F. brevirostris, F. cal-
iforniensis, L. stylirostris, L. vannamei, and X. kroyeri) from Al

tata-Ensenada del Pabellón lagoon (Ruelas-Inzunza et al., 2004). Cul-
tured shrimp (L. vannamei) from the eastern Gulf of California (Na-
yarit, Sinaloa and Sonora) showed mean values of 0.32 and
0.22 μg g− 1 (dw) for muscle and hepatopancreas, respectively
(Delgado-Alvarez et al., 2015a). Hg in whole isopods of the genus
Ligia collected from intertidal rocky beaches of the western and east-
ern coasts of the GC ranged from 0.20 to 2.01 μg g− 1 (dw)
(García-Hernández et al., 2015).
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Regarding bivalves, Hg in soft tissue of the clam Corbicula flu-
minea from the Cerro Prieto geothermal field (Northern GC) was
0.11 μg Hg g− 1 (dw) (Gutiérrez-Galindo et al., 1988). In Guaymas
Bay, levels in cultured oysters Chione subrugosa and Crassostrea gi-
gas ranged from 0.063 to 0.23 μg g− 1 (dw) (Green-Ruiz et al., 2005).
In the Estero de Urías lagoon (southeastern GC), levels in soft tis-
sues of Mytella strigata and C. corteziensis ranged from 0.05 to
0.08 μg g− 1 (dw) (Jara-Marini et al., 2011). Relatively large values
(0.14 to 0.77 μg g− 1 dw) were found in filter-feeding mollusks
(Chione gnidia, C. fructifraga, Anomalocardia subrugosa, Anadara
tuberculosa, Crassostrea gigas, C. corteziensis) from Tobari lagoon,
adjacent to an extensive agriculture zone of Sonora (Fig. 8;
Jara-Marini et al., 2013a, 2013b). In the case of cultured oysters,
values ranged from 0.12 to 0.16 μg g− 1 in C. corteziensis from Ba-
cochibampo Bay (BB, Sonora; García-Rico et al., 2010), and the
mean concentration in C. gigas and C. corteziensis cultured in Sonora,
Sinaloa and Nayarit, was 0.17 μg g− 1 (Delgado-Alvarez et al., 2015b).

Mercury levels were evaluated in the edible tissues of C. cortezien-
sis collected from 27 sites at eight coastal lagoons of the south-
eastern GC, during the rainy and dry seasons (Páez-Osuna and
Osuna-Martínez, 2015). The mean value was 0.38 ± 0.17 μg g− 1 (dw)
and highest levels were observed during rainy season, likely related to
the transport of materials from the watersheds to the lagoons. Shrimp
farming, agriculture, and other activities were considered as potential
Hg sources to explain the differences between the eight lagoons.

In Mexico, fish is the group of vertebrates with the largest amount
of published information on Hg accumulation (Ruelas-Inzunza et al.,
2013). Reimer and Reimer (1975) published the first study, including
fish from the GC and the Gulf of Mexico. In the GC, Hg concentra-
tions in muscle (0.81 ± 0.95 μg g− 1 dw), and liver (1.37 ± 1.58 μg g− 1

dw) were highly variable. Studies of Hg concentration in selected
tissues of marine birds from the GC include resident and migratory
species, as well as those from different trophic levels. Concentration
of Hg in muscle was 0.73 ± 0.72 μg g− 1 (dw); and in liver it was
1.69 ± 1.81 μg g− 1 (Ruelas-Inzunza et al., 2007). The highest concen-
trations of Hg in muscle (2.11 μg g− 1 dw) and liver (5.08 μg g− 1)
were measured in the brown pelican Pelecanus occidentalis and the
olivaceous cormorant Phalacrocorax olivaceus, respectively, from an
impacted coastal lagoon (AEP) in the southeastern GC. Hg levels
> 3.0 μg g− 1 in bird liver could produce deleterious effects (Hui et al.,
2001).

In turtles, Hg levels were 0.08 ± 0.05 μg g− 1 (dw) and
0.38 ± 0.36 μg g− 1, in muscle and liver, respectively, in individuals
sampled near the mouth of the GC. The highest concentrations in mus-
cle (0.14 μg g− 1) and liver (0.79 μg g− 1) were found in the olive ridley
turtle from the southwestern GC Lepidochelys olivacea (Kampalath
et al., 2006). Hg values in GC turtles do not exceed the threshold of
0.5 μg g− 1 for marine reptiles listed by Eisler (2010), with the excep-
tion of the concentration in the liver of L. olivacea.

In stranded specimens of marine mammals collected from the
southern GC, mean Hg concentrations were 0.49 ± 0.68 μg g− 1 dw
and 20.5 ± 35.3 μg g− 1 in muscle and liver, respectively
(Ruelas-Inzunza et al., 2014). The spinner dolphin Stenella lon-
girostris had the highest concentrations, followed by the gray whale
Eschrichtius robustus, and the blue whale Balaenoptera musculus.
The authors relate the high variability observed to the trophic position
of the species (Ruelas-Inzunza et al., 2014).

The main source of Hg to the human body is dietary intake, and
fish contributes with the highest amount. In most organisms from the
GC, Hg concentrations were lower than the maximum permissible

limit established by the World Health Organization (WHO, 1982; Fig.
5a). Sharks had the highest percentage of samples with Hg levels
above 1.0 μg g− 1. Considering average yearly fish consumption (ap-
parent consumption) in Mexico of about 10 kg per capita, the pub-
lished information on Hg levels in the GC and assuming consump-
tion of a single species muscle, only the consumption of the fol-
lowing species a few cases might represent a health risk: Sphyrna
lewini (scalloped hammerhead), Sphyrna zygaena (smooth hammer-
head), Indo-Pacific sailfish (Istiophorus platypterus) and the striped
marlin (Tetrapturus audax). Human consumption of these species
may be of concern because of the effects of Hg on health. Consump-
tion by children, pregnant women, and women of age could be partic-
ularly harmful.

5.3. Arsenic in biota

Arsenic concentrations have been evaluated in species of bivalves,
seaweeds, sharks, rays, teleosts, and biota associated to hydrother-
mal fields (Fig. 6). Regarding bivalves, As in the bivalve Modiolus
capax showed a large geographical variability (7.0–53.4 μg g− 1 dw),
with highest levels occurring in the central part of the western GC
coast (Gutiérrez-Galindo et al., 1994). As species were determined in
the mangrove oyster Crassostrea corteziensis from seven coastal la-
goons of Sinaloa (Bergés-Tiznado et al., 2013a). Elemental As ranged
from 5.2 to 11.5 μg g− 1, without a significant difference between the
rainy and dry seasons. The annual variability was attributed to the
maturation and reproductive cycle of the species, with the highest As
levels related to the maturation phase, before the beginning of the
spawning stage. Arsenic was relatively low when oysters were in the
postspawning phase, suggesting that it could be excreted during this
period as a way of detoxification. Concentrations of As in coastal la-
goons of Sinaloa seem to be partly influenced by anthropogenic ac

Fig. 6. Mean concentration (μg g− 1 ± SE, dw) of As in marine organisms from the
eco-region of Gulf of California. The number of specimens or pools (n) and the species
names for each group of organisms are algae (n = 49) Codium cuneatum, Padina durvil-
laei, Sargassum sinicola, Gracilaria pachidermatica, Hypnea pannosa, Laurencia john-
stonii, L. papillosa, Enteromorpha intestinalis, Caulerpa sertularioides, Halimeda dis-
coidea, Dictyota divaricata, P. Mexicana, Galaxaura oblongata, Amphiroa beauvoisii,
Gelidiopsis tenuis, Spyridia filamentosa, and Digenia simplex; hydrothermal giant
tube worm (n = 5) Riftia pachyptila; hydrothermal sponge Spongia spp. (n = 1); hy-
drothermal bivalves (n = 18) Nuculana grasslei (n = 15), Archivesica gigas (n = 2),
and Phelliactis pabista (n = 1); mussel (n = 630) (Modiolus capax); oyster (n = 1350)
Crassostrea corteziensis; cultured oyster (n = 300) C. gigas; hydrothermal crab Mu-
nidopsis alvisca (n = 1); sailfish I. platypterus muscle (n = 17); striped marlin Tetrap-
turus audax muscle (n = 13); SE = standard error.
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tivities in the associated basins (agriculture, pork and poultry indus-
tries, thermoelectric plants, human settlements). Arsenobetaine (AsB)
was the most common compound found in oysters, followed by
non-extractable As and inorganic As (< 1% of total As). Other ar-
senocompounds like trimethyl-arsine oxide (TMAO), tetramethyl-ar-
sonium (TETRA) and arsenocholine (AsC) were detected, but are
not likely to cause adverse health effects (Bergés-Tiznado and
Páez-Osuna, 2014). Also, As speciation was evaluated in the soft
tissue of cultured oysters (Crassostrea gigas and C. corteziensis)
(Bergés-Tiznado et al., 2013b). Total As concentrations ranged from
5.4 to 9.6 for C. gigas and were < 5 μg g− 1 (dw) for C. corteziensis.
As in the case of mangrove oysters, values were related to the repro-
ductive cycle of the organisms and the influence of anthropogenic ac-
tivities. The consumption of oysters cultured in these coastal lagoons
is safe because the major As compounds found were non-toxic AsB.
Only two samples showed detectable levels of inorganic As but at low
concentrations (< 0.1 μg g− 1) which are not likely to cause adverse ef-
fects on human health.

In seaweeds from the southwestern coast of the GC (La Paz Bay,
Ensenada de La Paz and Loreto bay) (Sánchez-Rodríguez et al., 2001;
Rodríguez-Castañeda et al. 2006) largest As concentrations were
found in Sargassum sinicola (maximum of 77 μg g− 1 dw) and
Caulerpa cuneatum (maximum of 48 μg g− 1 dw). Enteromorpha in-
testinalis and Caulerpa sertularioides were the most frequent and
widespread seaweeds in the study areas, and As concentrations ranged
from 3 to 21 μg g− 1 (dw) in both species.

The presence of high levels of Hg and As in the Guaymas Basin
hydrothermal field have been associated to the hydrothermal activ-
ity and the direct inputs from sediments (Von Damm et al., 1985).
In the basin vents, As was determined in the giant tube worm Riftia
pachyptila, the bivalve Nuculana grasslei, the crustacean Munidopsis
alvisca, and several sponge species (Fig. 6) (Demina et al., 2009). In
the giant tube worm, the highest As level was found in the obturaculae
(46.4 μg g− 1 dw), which is the anterior locinate or wing end directed
towards the geothermal fluid. The bivalve N. grasslei had also high As
levels (56.3 ± 18.2 μg g− 1 dw).

Although rays and sharks are primary components of artisanal elas-
mobranch fisheries in the GC and have high demand (Hurtado-Banda
et al., 2012), there are few reports on As contents in top predators of
the GC. As was determined in muscle and liver of the golden cownose
ray (Rhinoptera steindachneri) of the upper GC (adjacent to the Col-
orado River mouth; Gutiérrez-Mejía et al., 2009). Arsenic concentra-
tions were related to age, with maximum concentrations in the muscle
of adult organisms (59.9 ± 26.6 μg g− 1 dw) and in the liver of juve-
niles (35.0 ± 7.9 μg g− 1 dw), likely due to the ray's diet. The species
is both a pelagic and benthonic feeder, it feeds close to the near sur-
face coastal sediments, which makes it vulnerable to the ingestion of
benthic preys which may have higher As than pelagic preys, or to the
ingestion of As-rich sediments.

Sharks tend to accumulate high levels of elements like As (Storelli
et al., 2011). In sharks from the west coast of the Baja California
Sur (Barrera-García et al., 2012, 2013; Vélez-Alavez et al., 2013),
As concentrations in muscle and liver of the shark Prionace glauca
were < 10 μg g− 1 and 9.7 and 14.7 μg g− 1 (dw), respectively. In mako
shark (Isurus oxyrinchus) As levels were < 1 μg g− 1 (dw). In the ham-
merhead shark Sphyrna lewini the As mean levels were 10.1 ± 0.3
and 9.4 ± 0.5 (dw) respectively, in juveniles collected in the SE GC
(Bergés-Tiznado, 2016). In juveniles and adult specimens of
Rhinoptera steindachneri the As varied between 5.0 and 33.0 and
21.0–54.2 μg g− 1 (dw) in muscle and liver of juveniles, and between
15.1–99.2 and 27.2–101.8 μg g− 1 (dw), respectively, of adults both
collected from the upper GC, adjacent to CRD (Gutiérrez-Mejía et

al., 2009). These results indicate that, regarding As, consumption of
GC elasmobranches does not represent a health risk.

Other top predators for human consumption include the sailfish (Is-
tiophorus platypterus) and striped marlin (Tetrapturus audax), com-
monly found in the GC entrance. Maximum As concentrations in mus-
cle of sailfish and striped marlin were 9.9 μg g− 1 and 6.6 μg g− 1 (dw),
respectively (Soto-Jiménez et al., 2010). Although the authors sug-
gested a limited consumption of these species, maximum permissible
limits for As in fish for human consumption are not yet established in
Mexico and other countries, possibly because it is assumed that most
of the As in fish tissue is in organic forms, with a low or null toxic-
ity. The FDA (1993) has established permissible limits of total arsenic
concentrations in crustaceans (76 μg g− 1 in wet weight (ww)), and in
shellfish (86 μg g− 1 ww) for human consumption; similarly, the Mex-
ican norm NOM-242-SSA1-2009 (NOM, 2009) considers a maximum
permissible limit for total As of crustaceans and mollusks of 80 μg g− 1

(ww).
The jumbo squid Dosidicus gigas is an Eastern Tropical Pacific en-

demic species, which supports a large fishery and plays a critical role
as prey and predator (Rosa et al., 2013). In the GC, As levels ranged
from 11–34, 10–33 and 8.1–20 μg g− 1 (dw) in the gill, mantle and di-
gestive gland, respectively (Raimundo et al., 2014). Though moderate,
levels are significant as can be transferred to top predators in the GC,
such as marlins, swordfish, sailfish, sharks, and marine mammals.

In the case of turtles, As levels in blood of the Pacific loggerhead
turtle from the southeastern GC ranged from 0.35 to 23.61 μg g− 1

(ww), which were attributed to the turtle feeding on crabs, which tend
to have high As concentrations (Ley-Quiñónez et al., 2011).

5.4. Lead in the Gulf of California ecoregion

Lead emissions to the environment in Mexico initiated in the
1520s, with the exploitation of Ag-Cd-Pb-Zn ores by Spanish coloniz-
ers, and it continues until present. However, Pb pollution drastically
increased during the tetraethyl period of the last century (1940s–1997)
(Soto-Jiménez et al., 2006). Since then, large amounts of Pb have
been transported to coastal ecosystems and mainly deposited in sed-
iments. Because of Pb environmental persistence, the metal may be
found in water, and accumulates in sediments and in biological tissues
to levels above natural background. We do not know of any essen-
tial role of Pb in living organisms and it is toxic even in low concen-
trations. Several authors have reported elevated concentrations of Pb
in the environment and biological samples from coastal areas of the
GC (Ruelas-Inzunza et al., 2000; Green-Ruiz and Páez-Osuna, 2001;
Soto-Jiménez et al., 2001, 2003b; Páez-Osuna et al., 2002, 2003).

Recent studies using state-of-the-art techniques with high-preci-
sion instruments have reported Pb levels and sources (through the iso-
topic ratios 206Pb/207Pb and 208Pb/207Pb) in environmental and bio-
logical samples (Soto-Jiménez et al., 2006, 2008; Soto-Jiménez and
Páez-Osuna, 2010). Pb in surface estuary sediments (10–34 μg g− 1

dw) and particulate Pb in the water column (25.0–128.7 μg g− 1 dw,
> 98% of total Pb) were at concentrations significantly higher than
those in the natural bedrock soils (15 ± 8 μg g− 1 dw), river runoff
(1.9 ± 1.4 μg g− 1 dw), and the average composition of the earth crust
(15 μg g− 1 dw, Martin and Meybeck, 1979), but not higher than the
sediment quality guideline values for range-median effects
(46.1 μg g− 1 dw, Long et al., 1995), or the PEL (112 μg g− 1 dw,
CCME, 2001) (Soto-Jiménez and Páez-Osuna, 2010).

The Pb isotope ratios 206Pb/207Pb (1.188 to 1.209) and 208Pb/207Pb
(2.448 to 2.470) for environmental samples collected from estuaries
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in the GC indicate that they contain lead from (Fig. 7): (i) Pb ores in
Mexico used for the production of tetraethyl lead added to Mexican
gasoline until 1997, (ii) natural Pb weathered from the Sierra Madre
Occidental (SMO) mother rock, and (iii) the later influence of a more
radiogenic source derived from industrial activity in the United States.

Lead in atmospheric aerosols from rural and undeveloped areas
shows isotopic ratios ranging from 1.181 to 1.184 and 2.441 to 2.447,
for 206Pb/207Pb and 208Pb/207Pb, respectively. These ratios are com-
parable to soils in the SMO (1.188 ± 0.005, 2.455 ± 0.008) and they
suggest that aerosol Pb derives mainly from natural sources. The iso-
topic composition of Pb in urban aerosols and street dust varies ranges
from 1.194–1.198 and 2.459–2.468, respectively, and are very simi-
lar to the average composition of Mexican lead ores (1.201 ± 0.006
and 2.475 ± 0.005) used in the production of tetraethyl lead for leaded
gasoline, indicating that Pb found in urban areas of the GC is primarily
attributable to atmospheric deposition from past leaded-gasoline com-
bustion.

Fig. 7. Lead isotopic composition (206Pb/207Pb versus 208Pb/206Pb) in: (a) environmen-
tal and biological monitors collected from three coastal lagoons in SE Gulf of Califor-
nia, (b) natural lead sources in Mexico (i.e., upper crust from Sierra Madre Occidental
(SMO), NW Mexico), (c) Mexican lead ores (used in leaded gasoline in México during
1970–1990s), and (d) urban Pb in United States cities.

Lead concentrations in phytoplankton (137 ± 116 μg g− 1 dw) are
significantly higher than those in zooplankton (32 ± 3 μg g− 1 dw), but
concentrations in zooplankton and mollusks are only slightly higher
than in the water dissolved fraction, and lower than in the suspended
particulate matter and in surface sediments. Therefore, there is no
clear evidence of Pb bioaccumulation in soft tissues of aquatic organ-
isms, and Pb levels can be explained by toxicokinetics (Soto-Jiménez
et al., 2011). The isotopic compositions of Pb in aquatic organisms
ranged from 1.192 to 1.209 and 2.452 to 2.470, respectively. No sig-
nificant differences were found between the isotopic composition of
particulate Pb in the water column and sediments, and the isotopic ra-
tios determined for aquatic organisms. In spite that the study was car-
ried almost ten years after Pb was phased out, 90% is anthropogenic.

5.5. Metals and metalloids in sediments of the SE Gulf of California

Most information on metals and metalloids in coastal sediments
from southeastern GC (Sinaloa) has mostly been generated for AEP
and UMA lagoons. Sediments from the Baluarte River mouth (BAL)
and various shrimp farms along the SE GC were also examined
(Frías-Espericueta et al., 2006). Of the 13 metals and As reported, the
most studied elements are Cd, Cr, Cu, Ni and Pb, while data on Ag,
As and Hg are the least abundant (Table 4).

Although the TEL and PEL for Al, Co, Fe, Li and Mn have
not been established, concentrations in sediments from most of the
Sinaloa coast did not exceed the corresponding natural background
levels (Martin and Meybeck, 1979). Mn in sediments of AEP,
Huizache-Caimanero (HUC), and NSI lagoons exceeded no more than
1.5 times the background levels. Most Cr and Zn concentrations were
lower than their TEL. Chrome concentrations in sediments from OHT,
UMA and BAL were between TEL and PEL (Table 4). In almost all
sites Ag, As, Cd, Cu, Hg, Ni, and Pb concentrations in sediments were
between TEL and PEL. Arsenic levels were higher than PEL in sedi-
ments from NSI. Ag concentrations, only measured in AEP and UMA,
were higher than PEL. Hg concentrations surpassed PEL in all stud-
ies sites. With the exception of Ni in BAL, Cd, Cu, Ni, Pb and Zn (11
sites) showed values above their PEL.

According to recorded values (Green-Ruiz et al., 2009;
Ruelas-Inzunza et al., 2011), six lagoons show concentrations higher
than the respective PEL: OHT (Cd, Ni, and Pb), NSI (As, Cu, and
Zn), SMR (Cd), AEP (Ag, Ni, and Pb), UMA (Ag, Pb, and Zn) and
BAL (Hg and Pb). The first four lagoons are located in northern and

Table 4
Range of metal concentrations (μg g− 1 in dry weight) in sediments of coastal lagoons and the Baluarte River (mouth) from SE Gulf of California. Numbers in bold indicate concen-
trations higher than PEL values.

Ag As Cd Cr Cu Hg Ni Pb Zn

PEL/TEL 1.77a 41.6/7.2 4.21/0.7 160/52.3 108/18.7 0.7/0.13 42.8 112/30.2 271/124
AGI – – 3.05–3.37 14.4–32.3 8.4–28.2 – 30.3–38.5 54.2–65.2 24–80
OHT – – 0.10–4.40 6.2–34.6 3.6–25.2 0.12–0.26 24.1–54.7 22.0–160.0 17–103
NSI – 14.5–187.7 1.30–3.16 0.6–40.6 11.9–124.6 – 31.0–37.8 0.06–39.3 11–1157
SMR – – 2.79–4.26 21.0–29.5 7.6–25.0 – 26.8–37.4 22.5–41.1 42–69
AEP 1.6–7.0 – 0.32–2.84 8.9–44.5 5.6–63.9 0.20 14.7–92.0 5.0–294.0 16–230
CEU – – 2.43–3.01 20.4–24.6 13.5–20.6 – 28.1–32.2 38.2–45.6 61–77
UMA 0.5–2.0 – 0.20–4.00 7.6–67.1 2.5–91.7 0.02–0.46 3.3–36.0 1.5–184.0 20–359
HUC – – 0.10–3.07 2.4–18.8 4.2–24.1 – 2.5–27.4 21.7–69.0 36–108
BAL – – 0.08–0.48 – 42–83 0.17–1.10 – 16.1–133.0 49–62
TEA – – 3.18–3.53 14.9–21.4 6.6–8.4 – 28.4–30.4 30.1–62.1 49–62

Names of lagoons: Agiabampo, AGI; Ohuira-Topolobampo, OHT; Navachiste-San Ignacio-Macapule, NSI; Santa María-La Reforma, SMR; Altata-Ensenada del Pabellón, AEP;
Ceuta, CEU; Urías-Mazatlán, UMA; Huizache-Caimanero, HUC; Baluarte River mouth, BAL; Teacapán, TEA. Locations of coastal lagoons are included in Fig. 1. –, not available;
PEL, probable effect level; TEL, threshold effect level.
a Natural background level.
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central Sinaloa and are surrounded by two of the largest agriculture
basins where agrochemicals such as As-Cd-enriched fertilizer and
Zn-Cu-based fungicide have been used. Moreover, these coastal water
bodies, as well as UMA, receive the urban runoff coming from four
cities (Los Mochis, Guasave, Culiacan, and Mazatlán), which explains
the relatively high Ag and Pb concentrations. Occurrence of Hg and
Pb in sediments from BAL has been associated to historic mine activ-
ity.

5.6. Metals and metalloids in the Sonora coast

El Tóbari (TO) lagoon, located in the continental margin of the
central GC (Fig. 1), is an ecosystem that supports a variety of en-
demic and migratory organisms including mangroves, macroalgae,
mollusks, fishes, and birds (Aguilar et al., 2008). This lagoon re-
ceives effluents from agriculture, untreated municipal sewage and
shrimp aquaculture (Jara-Marini et al., 2014). Fig. 8 summarizes the
concentration (in dw) of five metals in functional groups of organ-
isms from TO lagoon. In the case of Cu, bivalves

Fig. 8. Mean concentrations of metals (μg g− 1 dw ± SD) in organisms from El Tóbari Lagoon (central east of Gulf of California). The number of specimens or pools (n) and the
species names for each group of organisms are phytoplankton (n = 10); zooplankton (n = 10); macroalgae (n = 18*) Ulva lactuca, Ulva intestinalis, Gracilaria vermiculophyla,
and Spyridia filamentosa; mangroves (n = 12*) Avicennia germinans, and Rhizophora mangle; bivalves (n = 21*) Chione gnidia, Chione fructifraga, Anomalocardia subrugosa,
Anadara tuberculosa, Crassostrea gigas, Crassostrea corteziensis; crustaceans (n = 20*) Fistulobalanus dentivarians, Littoraria aberrans, Hexaplexery throstomus, Litopenaeus
vannamei, Callinectes arcuatus; fishes (n = 26) Mugil cephalus, Cilus gilberti, Bagre pinnimaculatus, Lutjanus argentiventris, Haemulopsis leuciscus; birds (n = 8) Phalacrocorax
brasilianus, Fregata magnificens; *pools of 20–25 individuals, fronds or leaves; in birds, fish and crustaceans were included the muscle, and in bivalves the total soft tissue; (man-
groves include only leaves).
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(25.8 ± 26.6 μg g− 1), crustaceans (36.9 ± 15.6 μg g− 1) and birds
(29.9 ± 22.9 μg g− 1) accumulated the highest concentrations. For Zn,
bivalves (275.8 ± 458.8 μg g− 1), crustaceans (122.2 ± 55.8 μg g− 1),
fishes (122.4 ± 156.9 μg g− 1) and birds (167.1 ± 105.2 μg g− 1)
showed the most elevated concentrations. Highest Pb levels were
found in macroalgae (4.1 ± 2.2 μg g− 1), followed by bivalves
(2.8 ± 0.85 μg g− 1). Cd and Hg showed increments from primary pro-
ducers to top predators. Cd and Hg mean levels were, respectively, (i)
0.46 ± 0.27 and 0.44 ± 0.15 μg g− 1 in macroalgae, and (ii) 0.49 ± 0.10
and 0.38 ± 0.15 μg g− 1 in mangroves and 0.83 ± 0.11 and
0.88 ± 0.12 μg g− 1 in birds.

Other studied ecosystems in Sonora were oyster farms in Estación
Riíto (RI), Estero Morúa (MO), Estero Almejas (AL), Bahía Salina
(SA), Los Tanques lagoon (LT), Estero Bachoco (BA), Estero Los
Mélagos (ME) and Estero Santa Bárbara (SB) (Fig. 1), which receive
low anthropogenic contributions (García-Rico et al., 2014). On the
other hand, Guaymas and Bacochibampo bays are urban and semi-ur-
ban sites, respectively, that receive untreated municipal sewage from
the city of Guaymas, and effluents from industrial activities such
as a thermoelectric plant, a cement factory, and various fish pro-
cessing plants and shipyards. In the sediment bioavailable fraction
(1 M MgCl2 + 1 M CH3COONa/CH3COOH fractions, Tessier et al.,
1979), the oyster farm areas showed the highest concentrations (in
dw) of As (3.31 ± 0.90 μg g− 1), Cd (0.97 ± 0.36 μg g− 1), and Pb
(15.01 ± 4.58 μg g− 1, García-Rico et al., 2014), while Guaymas Bay
presented the highest Hg accumulation (1.00 ± 0.51 μg g− 1).

5.7. Metals and metalloids in the Colorado River delta

The Colorado River delta (CRD) extends into the Upper GC; it is
only 100 km long which corresponds to 4% of the total river length
(2334 km). The delta is one of the most important and unique ecosys-
tems of the southwest US-northwest Mexico. It is a major stopover site
for migratory shorebirds in the Pacific Flyway (> 13,000 shorebirds
are recorded per year in the area; Gómez-Sapiens et al., 2013), sup-
ports four species of endangered marsh birds (California Black Rail
(Laterallus jamaicensis coturniculus), Virginia Rail (Rallus limicola),
Least Bittern (Ixobrychus exilis) and Yuma Clapper Rail (Rallus lon-
girostris yumanensis); Hinojosa-Huerta et al., 2013a) and a resilient
population of riparian birds (Hinojosa-Huerta et al., 2013b). In addi-
tion, there are native fish like the desert pupfish and a variety of terres-
trial wildlife. For the availability of water, the delta's wetland ecosys-
tems depend on the agricultural and urban wastewater from the Mexi-
cali and San Luis valleys.

Ciénega de Santa Clara (CSC, Fig. 1) is the largest (6500 ha) per-
manent wetland in the CRD, with vegetation dominated by cattail (Ty-
pha domingensis) (Greenberg and Schlatter, 2012) and receives agri-
cultural drains. Mean elemental concentrations in water, sediments,
and fish muscle were, respectively: for As 86 μg L− 1, 33.4 μg g− 1, and
below the detection limit (< DL); for Hg 4.0 μg L− 1, 0.12 μg g− 1 and
0.09 μg g− 1: for Se 7.5 μg L− 1, 1.9 μg g− 1 and 1.3 μg g− 1; for Cu, all
concentrations were < DL (García-Hernández et al., 2013).

Hardy River (HR) north is a wetland on the western portion of
the CRD and showed metal concentrations above the CSC. HR north
receives water from agricultural drains and from industrial and ur-
ban sources. Mean concentrations in water, sediment and fish mus-
cle were, respectively: for As 78.1 μg L− 1, 40.5 μg g− 1 (dw) and
5.2 μg g− 1 (dw); for Hg 10.2 μg L− 1, 0.39 μg g− 1 and 0.13 μg g− 1;
for Se 1.3 μg L− 1, 1.2 μg g− 1 and 0.5 μg g− 1; for Cu 294 μg L− 1,
44 μg g− 1 and 6.4 μg g− 1. The HR south is a wetland with mean con-
centrations in water, sediment and fish muscle, were respectively:
for As 63.7 μg L− 1, 28.3 μg g− 1 (dw) and 5.5 μg g− 1 (dw); for Hg

4.3 μg L− 1, 0.39 μg g− 1, and 0.65 μg g− 1; for Se 0.8 μg L− 1,
1.0 μg g− 1 and 0.9 μg g− 1; and for Cu 1992 μg L− 1, 39.5 μg g− 1 and
0.19 μg g− 1 (García-Hernández et al., 2013).

The Colorado River estuary (CRE), now an inverse-estuary, is the
southernmost wetland of the CRD and receives water from the HR,
agriculture wastewater from Mexicali valley, through spring tidal cur-
rents (large rise and fall of the tide at or close to new or

full moon) from the Upper GC, and Colorado River waters during
“wet” years. Elemental concentrations in water and sediments, sam-
pled in 2010, were respectively: for As 1869 μg L− 1 and 54.8 μg g− 1

(dw); for Hg < DL and 1.40 μg g− 1 (dw). The rest of the metals were
low or < DL. Abnormally high As concentrations were attributed to
the 7.2° magnitude earthquake of April 4, 2010, with epicenter in the
CRD, which caused liquefaction of sediments (Murbach et al., 2010)
and possibly arsenic releases (García-Hernández et al., 2013).

Most metal concentrations were below the Mexican standards
(NOM-001-ECOL-1996) (NOM, 1996). Only Hg concentrations at
HR north showed values above the 10 μg L− 1 limit in water, and As
exceeded the 200 μg L− 1 limit into the CRE. None of the mean con-
centrations in fish tissue from CRD wetlands exceeded metal concen-
trations specified by the Mexican regulation for human consumption
(NOM-242-SSA1-2009). However, some authors consider that con-
centrations lower than the regulation limits could have an ecological
effect (García-Hernández et al., 2013). They concluded that Hg, As,
Se and Cu were found to be chemicals of potential concern, with mer-
cury as the metal of highest concern for aquatic biota and birds. Other
authors have quantified Cr in fish tissues (23.4 μg g− 1 dw) and sedi-
ment (28–84 μg g− 1 dw) (García-Hernández et al., 2001); Pb in sed-
iments (16–40 μg g− 1 dw) (Daesslé et al., 2009); and B in bird liv-
ers from different species (1.2–28.5 μg g− 1 dw) (Mora and Anderson,
1995). These metals and metalloids could potentially affect benthic
biota and fish eating birds. Recent efforts to deliver a historic “pulse
flow” to the CRD for ecological purposes (Howard, 2014) could help
reduce the threats posed by these elements, and begin a true restora-
tion of the CRD riparian vegetation and its associated unique wildlife.

6. Persistent organic pollutants (POPs)

6.1. POPs in sediments from coastal lagoons of the SE Gulf of
California

Information on concentrations of POPs in GC sediments is scarce.
Nine of the eleven main coastal lagoons of Sinaloa were studied for
the presence of OCPs (Fig. 1). No information on OCPs concentra-
tions is available for El Colorado (EC) and El Verde (VE) lagoons. In
a previous review, levels were compared to benchmark values (when
available) which represent concentrations above which adverse bio-
logical effects may be expected to occur, such as the threshold ef-
fects level (TEL; Buchman, 2008), the interim sediment quality guide-
line for marine sediments (ISQG; CCME, 2001) or the lowest ef-
fect level for freshwater sediments (LEL; Buchman, 2008) (Table 5a)
(Green-Ruiz et al., 2009). At least six OCPs were detected in the nine
coastal lagoons. Lindane, DDTs, endrin, heptachlor and HCB were
ubiquitous. In the AEP and OHT lagoons, the number and concentra-
tions of OCPs were largest (Table 5a). Five lagoons (AEP, OHT, HU,
AG, and NSI) showed sediment concentrations above the benchmark
for lindane (ISQG = 0.32 ng g− 1), DDTs (TEL = 3.89 ng g− 1), endrin
(ISQG = 2.67 ng g− 1) and heptachlor (ISQG = 0.6 ng g− 1) (Table 5a).

Other compounds, such as HCB, aldrin, and dieldrin were also de-
tected in sediments of most of the studied lagoons, but concentrations
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Table 5a
Range of organochlorine and organophosphorus* pesticides concentrations (ng g− 1) in sediments from coastal lagoons of the SE Gulf of California (data from Green-Ruiz et al.,
2009). Values in bold above benchmark: the TEL and LEL value for chlordane is 2.26 and 7, for DDT 3.89 and 7, for Dieldrin 0.72 and 2, for Endrin – and 3, for aldrin – and 2, and
for HCB – and 20 ng g− 1, respectively (Buchman, 2008). The ISQG value for chlordane is 2.26, DDT 1.19, Dieldrin 0.71, Endrin 2.67, Hepthachlor 0.6, Lindane 0.32, and Toxaphene
0.1 ng g− 1 (dry weight) (CCME, 2001).

Pesticide HUC OHT AEP AGI SMR NSI TEA CEU CHI

Aldrin < DL-10.5 < DL-1.3 0.4–10.2 – < DL-449 < DL-0.64 0.27–0.32 – –
Chlordane – 3.2–17.0 – – < DL-380 – < DL-0.49 – –
DDT < DL-110.4 < DL-28.8 < DL-10.9 < DL-25.9 < DL-352.7 < DL-4.7 < DL-0.7 < DL-197.0 < DL-103.9
DDVP < DL-14.9 < DL-107.1 < DL-13.0 < DL-18.6 – < DL-26.3 6.4–31.7 – –
Dieldrin 0.20–1.2 < DL-1.09 1.4–16.2 < DL-4.6 < DL-116.7 < DL-0.13 < DL-0.3 0.5–0.53 < DL-92.9
Endosulphan < DL-2.1 < DL-52.0 < DL-9.5 < DL-3.5 < DL-288 < DL-6.8 < DL-12.9 < DL-0.96 < DL-97.95
Endrin < DL-17.6 < DL-9.4 < DL-9.8 < DL-4.8 < DL-2840 < DL-14.6 < DL-3.3 < DL-57.8 < DL-717.4
HCB < DL-0.9 < DL-2.2 < DL-10.1 0.05–0.21 < DL-640 < DL-1.6 < DL-0.28 0.04–2.21 < DL-12571
Heptachlor < DL-2.4 10.8–116.7 2.4–10.2 49.1–64.5 6.0–231.5 < DL-17.9 < DL-1.27 < DL-0.2 < DL-401
Lindane < DL-2.0 0.10–0.58 < DL-4.3 < DL-15.2 – < DL-6.1 < DL-0.8 4.7–11.2 < DL-2638
Methoxychlor < DL-0.5 – < DL-4.0 – – – < DL-2.0 < DL-6.8 < DL-6.9
Toxaphene – – < DL-20.0 – < DL-2220 < DL-3.8 < DL-4.0 < DL-9.5
Chlorpyrifos* – < DL-361.3 0.4–21.9 – – – 0.60–6.0 –
Disyston* – < DL-10.1 < DL-7.2 – – 1.4–4.4 – – –
Fosdrin* < DL-180.3 < DL-14.0 < DL-202 < DL-6.7 < DL-53330 < DL-23.6 – – –
Malathion* – 4.8–56.8 0.5–10.5 – – 2.8–33.5 – 1.35–4.20 –

Names of lagoons: Agiabampo, AGI; Ohuira-Topolobampo, OHT; Navachiste-San Ignacio-Macapule, NSI; Santa María-La Reforma, SMR; Altata-Ensenada del Pabellón, AEP;
Ceuta, CEU; Urías-Mazatlán, UMA; Huizache-Caimanero, HUC; Teacapán, TEA, and the Chiricahueto wetland (CHI). Locations of coastal lagoons and the wetland are included in
Fig. 1. DL, detection limit 0.01 ng g− 1; −, not available.

above safety benchmarks were less frequently observed than in the
case of the OCPs. In OHT, in addition to the eight OCPs commonly
found in coastal lagoons of Sinaloa, endosulfan and the organophos-
phorus compounds methyl-parathion and chloropyrifos, for which
there are no benchmarks available, were also observed
(Galindo-Reyes et al., 1999). Regarding PCBs, slight contamination
was observed in UMA lagoon sediments, with aroclors 1254 and 1260
being the most abundant compounds (up to 11 and 6 ng g− 1, respec-
tively).

Sediment PAHs levels (Table 5b, from data compiled by
Green-Ruiz et al., 2009) were compared to benchmark values PEL,
which represent the level above which adverse effects are expected to
occur frequently (CCME, 2001). At least 13 PAHs compounds were
detected in seven of the nine coastal lagoons. Acenaphthene, ben-
zoanthracene, chrysene, fluoranthene and fluorene were the most fre-
quently found. In the OHT and SMR lagoons, the number and concen-
trations of PAHs were larger (Table 5a). The seven lagoons showed
sediment levels above the benchmark for fluorene.

6.2. POPs in biota from coastal lagoons of the eastern Gulf of
California

In general, POPs levels in biota from the Sinaloa coastal lagoons
reflect those of sediments. During the 70s and 80s, aldrin, chlordane
and dieldrin in bivalve mollusks collected from NSI and AEP lagoons
showed levels up to 40 and 70 ng g− 1, respectively, but were not de-
tected in fish, crustaceans, and birds. DDTs metabolites were only ob-
served in fish from TEA lagoon, with levels in the order of 10 ng g− 1.
Mollusks revealed the presence of organochlorine compounds, espe-
cially in samples from UMA, AEP and NSI. Endosulfan was unde-
tectable (< 0.01 ng g− 1) in fish, crustaceans, and birds, but it reached
concentrations in mollusks from UMA, AGI, and NSI, up to 171, 98,
and 254 ng g− 1, respectively. A similar pattern was observed for other
POPs: endrin and HCB were detected in bivalves, with levels of en-
drin up to 160 and 210 ng g− 1 in NSI and MAU; and of HCB lev-
els up to 240 and 225 ng g− 1 in CEU and SMR, respectively. Hep-
tachlor showed levels up to 70 and 80 ng g− 1 in AEP and MAU,

Table 5b
Range of polycyclic aromatic hydrocarbons (PAH's) concentrations (ng g− 1) in sed-
iments from coastal lagoons of the SE Gulf of California (data from Green-Ruiz et
al., 2009). Values in bold above benchmark: the PEL for acenaphthene 88.9, ace-
naphthylene 128, anthracene 245, Benzoanthracene 693, Benzo(a)pyrene 763, chrysene
846, fluoranthene 1494, fluorene 144, phenanthrene 544, and pyrene 1398 ng g− 1 (dry
weight) (CCME, 2001).

PAH's OHT NSI SMR AEP CEU UMA HUC

Acenaphthene < DL-3280 – < DL-60 < DL-100 – – 180–340
Acenaphthylene < DL-14050 – < DL-120 – – – –
Anthracene 50–12,420 – < DL-150 < DL-50 – < DL-250 –
Benzoanthracene < DL-110 – < DL-9770 < DL-200 – < DL-2090 < DL-360
Benzo(a)pyrene < DL-2340 10–140 230–300 < DL-240 – – –
Benzo(b)fluoranthene < DL-535 – < DL-190 – < DL-10 < DL-75 –
Benzo(g,h,i)perileno – – < DL-140 – – – < DL-280
Chrysene < DL-6380 – < DL-240 < DL-17890 < DL-350 < DL-1030 –
Fluoranthene < DL-5850 < DL-480 170–2100 < DL-80 < DL-200 110–3170 < DL-120
Fluorene 490–2410 200–520 440–3280 150–300 < DL-780 110–220 230–400
Indeno(1,2,3-c,d)pyrene – < DL-270 < DL-550 < DL-10 – 170–230 –
Phenanthrene < DL-8050 – – < DL-120 – – 190–220
Pyrene < DL-210 – < DL-9600 – – < DL-3530 < DL-80

Names of lagoons: Agiabampo, AGI; Ohuira-Topolobampo, OHT; Navachiste-San
Ignacio-Macapule, NSI; Santa María-La Reforma, SMR; Altata-Ensenada del Pabellón,
AEP; Ceuta, CEU; Urías-Mazatlán, UMA; Huizache-Caimanero, HUC. Locations of
coastal lagoons are included in Fig. 1. DL, detection limit 10 μg g− 1; −, not available.
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respectively. Lindane showed highest levels in NSI, with 19 ng g− 1

(Green-Ruiz et al., 2009).
Metals and various POPs were quantified in the soft tissue of the

mangrove oyster Crassostrea corteziensis sampled during 1996 from
fourteen coastal lagoons at the continental GC coastline, from Yavaros
(YAV), Sonora, to Barra de Navidad (BAN), Jalisco (Páez-Osuna et
al., 2002). Twenty-two organochlorine compounds were detected, and
the most frequent and with largest concentration was HCB, which is
used alone or in combination with other fungicides for seed protection
in agriculture. Also, it is a byproduct of accidental releases from nu-
merous manufacturing processes of chemicals and pesticides. As ex-
pected, highest HCB concentrations were found in oysters from la-
goons bordered by agricultural land, such as YAV (911 ng g− 1 dw)
and NSI (183 ng g− 1), while lowest levels were found in areas with
limited agricultural activities such as San Cristobal, Nayarit (SCN)
(1.1 ng g− 1) and BAN (2.0 ng g− 1).

Oysters (C. corteziensis) from NSI, UMA and YAV showed the
highest average PCBs concentrations, with 655, 459 and 390 ng g− 1

dw, respectively, while lowest PCBs levels were found in AEP
(3.4 ng g− 1) and HUC (13.4 ng g− 1). The main PCBs mixtures most
frequently found were Aroclor 1242 (87–100%), Aroclor 1254
(0–11%) and Aroclor 1260 (0–10%) (Páez-Osuna et al., 2002). PCBs
levels in C. corteziensis from UMA ranged from 6.7–7.4 ng g− 1 in
1988 (Martin and Gutiérrez-Galindo, 1989), and in 1991 PCBs levels
up to 100 ng g− 1 were found in oysters from UMA and AEP (Sericano
et al., 1995).

Polycyclic aromatic hydrocarbons (PAHs) were also detected in
mangrove oysters of all fourteen coastal lagoons sampled by
Páez-Osuna et al. (2002). The lowest levels were found in TEA
(120 ng g− 1), NSI (180 ng g− 1), and AGI (251 ng g− 1), while the
highest concentrations were found in SMR (3520 ng g− 1) and AEP
(1820 ng g− 1). The concentration pattern was used to identify the pos-
sible source or origin of PAHs in oysters. Benzo (k) fluoranthene and
benzo (b) fluoranthene were among the most common and abundant
compounds in most of the oysters with high concentrations, suggest-
ing that the most likely source of PAHs is related to the river and
wind transport of waste pyrogenic fossil fuels, either from the densely
populated areas (as AEP and UMA), or from local sources, such as
boats used for fishing activities in YAV, AGI, OHT, NSI, SMR,
AEP, CEU and UMA (Páez-Osuna et al., 2002). However, levels of
PCBs (3.4–655 ng g− 1) and PAHs (120–3520 ng g− 1) in the GC la-
goons are comparable to, or higher than, those found in oyster species
such as Crassostrea gigas, C. comercialis, and C. iredale from Asia
(PCBs, 3–387 ng g− 1), Hawaii (PCBs, 52–210 ng g− 1) (Páez-Osuna et
al., 2002, and references therein), and USA (PCBs, 60–430 ng g− 1;
PAHs, 192–1100 ng g− 1, O'Connor, 1996; NOAA, 2017).

In 1996–7, aldrin, endrin, methyl parathion, DDTs, and lindane
were measured in water, sediment and the white shrimp (Litopenaeus
vannamei) from OHT lagoon (Galindo-Reyes et al., 1999). Water
levels ranged from < DL to 11.0 ng L− 1, < 0.4 to 12.4 ng L− 1 and
73.2 ng L− 1 for methyl parathion, DDTs and endosulfan 1, respec-
tively. In the case of sediments, levels reached up to 2.03 ng g− 1

for DDTs, 51.0 ng g− 1 for dieldrin, 56.2 ng g− 1 for heptachlor,
98.7 ng g− 1 for methyl parathion, and 118.5 ng g− 1 for endosulfan.
In the case of abdominal muscle of shrimp, they levels were up
to 29.0 ng g− 1 for DDTs, 113.8 ng g− 1 for methyl parathion,
120.9 ng g− 1 for heptachlor, 125.1 ng g− 1 for lindane, 132.0 ng g− 1

for chlordane, and 209.8 ng g− 1 for endosulfan. In some cases, con-
centrations may cause physiological and biochemical damage in
shrimp (Galindo-Reyes et al., 1999).

In 1999, Aroclor 1254 and Aroclor 1260 were found to be the most
abundant PCBs in water and sediments of the urbanized UMA la-
goon, both in the dry and wet seasons (Galindo-Reyes et al., 2003).
The highest levels were, respectively, 9 and 4 ng L− 1 in water and 11
and 6 ng g− 1 in sediments, indicating contamination with PCBs, espe-
cially Aroclor 1254, but comparable to levels found in other aquatic
ecosystems such as the Gulf of St. Lawrence (water 10.5–16.0 ng L− 1,
Harding et al., 1997), Great Lakes (sediments 0.2–26.0 ng g− 1, Malek
et al., 2013) or Venice, Italy (water 0.004–0.4 ng L− 1, Guerzoni et al.,
2007; salt-marsh sediments 0.1–15.6 ng g− 1, Mugnai et al., 2011; sed-
iments 1–810 ng g− 1, Guerzoni et al., 2007). In the white shrimp L.
vannamei, Aroclor 1254 was found with a mean lethal concentration
of 1.0 mg L− 1, 100 times higher than those recorded for shrimp from
coastal lagoons were.

6.3. POPs in biota of the GC ecoregion

6.3.1. Marine mammals
In 2005 and 2006, POPs levels were determined in fat biopsies of

34 sea lions (Zalophus californianus) from the islets of the central part
of GC, adjacent to Sonora, and San Pedro Nolasco Island (SPN) (Fig.
1) (Niño-Torres et al., 2009). The organochlorine compounds detected
were lower than those found in individuals of the same species in the
eastern Pacific. The average levels were: 2750 ng g− 1 (of lipid weight)
for the sum of DDTs metabolites; 1450 ng g− 1 for the sum of PCBs;
50 ng g− 1 for the sum of HCHs; and 46 ng g− 1 for the sum of chlor-
danes. The most abundant OCPs was the metabolite p,p′-DDE. No sig-
nificant differences of the organochlorine groups were found between
the two studied populations, although adult females had significantly
larger levels than the pups for DDTs and HCHs.

OCPs and PCBs were determined in blubber biopsies of healthy
(not stranded) Balaenoptera physalus from the GC, one of the most
isolated and least studied population in the world (Niño-Torres et al.,
2010). OCPs were generally lower than those for the same species
sampled in other regions of the world ocean. The concentration ranges
were 300 to 2400 ng g− 1 (lipid weight) for DDTs; 40 to 290 ng g− 1 for
PCBs; < 92 ng g− 1 for HCHs; and < 100 ng g− 1 for total chlordanes.
The most abundant DDTs metabolite present was p,p′-DDE, and most
abundant CB congeners were CBs 138, 153, and 180. In general,
males had significantly higher concentrations than females. Despite
the fact that concentrations found in this population had levels below
what is expected to cause adverse health effects, peak concentrations
in some animals (up to 2700 ng g− 1 lipid) were larger than those as-
sociated with adverse reproductive effects (Niño-Torres et al., 2010).
Therefore, given the relatively small size of the population (400–800
individuals; Urbán-Ramírez et al., 2005; Díaz-Guzmán, 2006) and its
high isolation in the GC, the effects of these pollutants on the health
of individuals could result in adverse effects at the population level.

In 1999, the levels of the sum of DDTs in fat biopsies of 16 in-
dividuals of the dolphin D. capensis, sampled off Guaymas, were
determined (Gallo-Reynoso et al., 2015). Most samples showed the
metabolite p,p′-DDE, while p,p′-DDT, and p,p′-DDD were below de-
tection limits. p,p′-DDE concentrations ranged from < DL to
87,300 ng g− 1 lipid (median 16,000 ng g− 1 lipid). Highest concen-
trations were found in immature females. Also, during 2008–2010
DDTs, PCBs (30 congeners), PDBEs (diphenyl ethers (deca tri-a)
brominated) and PAHs (16 priority for the EPA) were evaluated in
resident and migratory cetaceans in the GC. Samples were biopsies of
the integument (epidermis, dermis and subcutaneous fat layer (blub-
ber)) from 64 specimens: whales Balaenoptera physalus (n = 8),
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B. deni (n = 6), B. musculus (n = 6), and Physeter macrocephalus
(n = 14), dolphins Tursiops truncatus (n = 13), and Delphinus capen-
sis (n = 12), and the killer whale Orcinus orca (n = 5) (Fig. 9; Fossi et
al., 2014).

These results, including the work of Godard-Codding et al. (2011),
are summarized in Fig. 9. Highest POP levels are found in the

whale O. orca and the dolphin D. capensis; on the contrary, low-
est levels were found in the whale B. edeni. POPs bioaccumulation
and toxicological damage is influenced by (Fossi et al., 2014) (i)
their position in the food web, (ii) their ability of cytochromes P450
(CYPs) planar (CYP1A1) or globular induction (CYP2B) linked to the
presence of halogenated compounds in the blubber (subcutaneous fat

Fig. 9. Mean concentrations of persistent organic pollutants in marine mammals from the Gulf of California. Data are from Fossi et al. (2010, 2014); Niño-Torres et al. (2009, 2010);
Godard-Codding et al. (2011); and Gallo-Reynoso et al. (2015).
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layer) (CYPs display functions in the metabolism of signaling mole-
cules as steroid hormones and contaminants), (iii) migratory or res-
ident behavior (transient) of the species; and (iv) the role of evolu-
tionary pressure on the enzyme systems related to the eating habits of
the species. It has been reported that POPs cause immune and repro-
ductive dysfunctions and act as endocrine-disrupting chemicals. There
is also concern about accumulation, and effects in the food chain, of
emerging contaminants such as plastic derived compounds (phthalates
and bisphenol A) and PBDEs (Fossi and Marsili, 2003; Fossi et al.,
2014).

6.3.2. Birds
OCPs, PCBs, and PBDEs were determined in eggs of the brown

pelican (Pelecanus occidentalis) from the GC in 2004 (3 islands: San
Luis, Baja California 29° 58′ 8.4″ N, 114° 24′ 3.6″ W; Piojo, 29° 1′
1.2″ N, 113° 27′ 46.8″ W; San Lorenzo Sur 28° 40′ 1.2″ N, 112°
52′ 1.2″ W) and from South Carolina in 2005 (Vander Pol et al.,
2012). The brown pelican is a long-lived shorebird that eats mainly
fish (Shields, 2002), and was listed in 1970 as endangered species in
the United States largely due to reproductive system problems and
mortality caused by organochlorine compounds. POPs bioaccumulate
and biomagnify, causing harmful effects. Therefore, the brown pelican
is a good biomonitor for the marine environment and for human pop-
ulations that live in similar environments and consume similar diets.
The geometric means (wet weight) were 13.6 ng g− 1 for chlordanes,
489 ng g− 1 for DDTs, 13.6 ng g− 1 for HCHs, 61.5 ng g− 1 for PBDEs,
135 ng g− 1 for PCBs, 5.42 ng g− 1 for dieldrin, 2.73 ng g− 1 for HCB,
and 0.29 ng g− 1 for mirex. Eggs from South Carolina showed signif-
icantly higher levels of PCBs, chlordanes, dieldrin, and mirex than
those from the GC; while eggs from the GC were more elevated in
DDTs, HCHs, and the brominated congeners PBDEs 28, 47, 66, 99,
and 100.

OCPs were analyzed in eight bird species from the agricultural
valleys of Baja California, Sinaloa and Sonora (Mora and Anderson,
1991). DDE was present in all samples collected and showed the high-
est geometric means of all OCPs, ranging from 40 ng g− 1 (ww) in
mourning doves (Zenaida macroura) to 5050 ng g− 1 in the cormorant
(Phalacrocorax auritus). Also, HCHs was detected in 95% of sam-
ples. Other OCPs compounds, such as DDD, dieldrin, oxychlordane,
heptachlor epoxide, endosulfan, and endrin, were found at lower lev-
els and less frequently than DDE and HCHs. In general, organochlo-
rine compound concentrations were higher in Mexicali samples than
in those from Yaqui and Culiacan valleys. Vázquez-Boucard et al.
(2014) cited a study of Rivera-Rodríguez (2007), who reported low
levels (0.0002–6.856 ng g− 1) of organochlorine compounds detected
in a population of osprey hatchlings (Pandion haliaetus) located
80 km from an agricultural area in San Ignacio lagoon, Baja Califor-
nia.

Pesticides and PCBs were determined in breeding bird eggs from
the Colorado River Delta (García-Hernández et al., 2006). DDTs, lin-
dane, heptachlor, dieldrin, diazinon, dimethoate and malathion were
present in eggs of mourning dove and burrowing owls, but DDE lev-
els were lower than critical levels associated with eggshell thinning
(10 μg g− 1) and considerably lower than samples from 1987 (Mora,
1991). The non-ortho PCBs congeners 77 and 126, which are two
of the most toxic, with similar structure to dioxins, were found in
eggs of mourning doves at concentrations as high as 1157 μg kg− 1 and
193.5 μg kg− 1, respectively (García-Hernández et al., 2006).

6.3.3. Sea turtles
There is only one published study on the presence of pesticides

and PCBs in turtles of the GC ecoregion (Gardner et al., 2003). Sam

ples were taken from seven green (Chelonia mydas), one logger-
head (Caretta caretta) and one olive ridley (Lepidochelys olivacea)
sea turtles, which died as incidental catches near Magdalena Bay
(on the Pacific side of the peninsula) and La Paz Bay. The sum of
organochlorine compounds found in all tissues (muscle, liver, adipose
and kidney) ranged from 29 to 5100 ng g− 1 lipid (mean = 300 ng g− 1

lipid). The range for PCBs was 0.04–40 ng g− 1 (mean = 1.5 ng g− 1);
for HCB < 3–32.0 ng g− 1; and for chlordanes < 3–45.3 ng g− 1. Of the
41 organochlorine compounds examined, heptachlor epoxide was the
most common, and dieldrin, aldrin, endosulfan, lindane and chlordane
were also detected. The relatively low levels were attributed to the
feeding habits (herbivorous) of the predominant collected species, and
to the fact that they were sampled from an unindustrialized region. The
turtle C. caretta presented the lowest overall levels of organochlorine
compounds, but the highest PCBs concentrations.

6.4. POPs in the Colorado River delta

The intensive agriculture era of the SW United States and NW
Mexico started with the damming of the Lower Colorado River at the
beginning of the 20th century (Bureau of Reclamation, 2014). Water
was channelized for agriculture and development purposes and, as a
result, the Imperial Valley in the U.S.A. and the Mexicali valley in
Mexico were born. Since then, the widespread use of agrochemicals in
the region has been permanent. Prior to the DDTs ban for agriculture
in 1988, approximately 900,000 L year− 1 of OCPs (Toxaphene-DDT
and DDTs 35%) were used for cotton crops in the Mexicali valley
(SAGAR, 1971). Other organochlorine pesticides used at that time in-
cluded HCH, dieldrin and endrin (Moreno-Mena and Lopez-Limón,
2005). It is estimated that > 500,000 L of pesticides are currently used
per crop season in the Mexicali valley. Nowadays, most of them are
organophosphates, pyrethroids and carbamates, including the highly
toxic pesticides and herbicides endosulfan, 2,4-D, azinphos-methyl,
methyl-parathion, methamidophos and paraquat (Moreno-Mena and
Lopez-Limón, 2005).

Because of the intensive use of pesticides in agriculture, residues
have been found in water, sediment, fish and wildlife of the CRD
wetlands (Núñez-Esquer, 1975; García-Hernández et al., 2006, 2013;
Lugo-Ibarra et al., 2011). DDTs were found in in soft tissue samples
of the bivalve mollusk Chione californiensis from the upper GC, with
maximum total concentrations of 145 μg kg− 1 (dw) (Núñez-Esquer,
1975). OCPs were detected in the Ciénega de Santa Clara (CSC) wet-
land (6500 ha), in eastern delta. CSC receives salinized wastewater
from the Wellton-Mohawk agricultural valley in Arizona. The high-
est pesticide concentration in water was 0.52 μg L− 1 of HCHs, also
present in sediment (7.7 μg kg− 1) and in fish (39.3 μg kg− 1). Other
pesticides detected in CSC were lindane, heptachlor, aldrin, endrin,
endosulfan α and β and DDTs. Also, HCHs, endrin, endosulfan a
and p,p-DDT were detected in HR north, a wetland in the western
delta. Indeed, HR receives agricultural, industrial and urban waste-
water, although with pesticide concentrations lower to CSC. In HR
south, aldrin and p,p-DDE were found in fish at concentrations of
12.4 μg kg− 1 and 62.8 μg kg− 1, respectively (García-Hernández,
2013). Although data are scarce, it appears that during the last
~ 40 years there has been no significant increase of OCPs concentra-
tions in the biota of this area.

Concentrations of endrin, DDD, and endosulfan in CSC and HR
north could potentially affect aquatic organisms. Also, concentrations
of HCHs, heptachlor and DDTs could affect benthic fauna, and levels
of DDE and DDD could affect fish-eating birds from these wetlands.
As these compounds exceeded at least one benchmark, they should
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be considered chemicals of potential concern for the CRD wetlands
(García-Hernández et al., 2013).

Concentrations of PCBs in two sediment cores from Colorado
River Delta ranged from 0.07 to 4.9 μg kg− 1, which are lower than the
concentrations found in the Pacific coast of California (Lugo-Ibarra et
al., 2011). Concentrations of OCPs ranged from 1.3 to 47.4 μg kg− 1,
with higher concentrations at HR than at the Colorado River site.
DDTs were present at higher levels than HCHs, chlordanes, drines
and endosulfan. Higher concentrations of POPs were observed after
the Glen Canyon dam construction in 1960, and some concentration
peaks were coincided with high-flow events in the Colorado River
(Lugo-Ibarra et al., 2011). Therefore, residual concentrations of OCPs
used in the past in the CRD may still affect aquatic biota, benthic in-
vertebrates and birds in its wetlands, where these contaminants still
show relatively high concentrations during high-flow river events.

7. Plastics

Plastic pollution has become a growing threat to marine life dur-
ing the last two decades. In the environment, plastic debris gradually
degrades into mesoplastics (> 5 mm) and thereafter into smaller mi-
croplastics (< 5 mm) because of exposure to mechanical erosion and
ultraviolet radiation (Andrady, 2011). Hence, dense concentrations of
microplastics are liable to be observed in the world's seas. However,
except for a few previous studies conducted within limited groups of
organisms (Seminoff et al., 2002; Fossi et al., 2016) there is not infor-
mation regarding the concentrations, effects and fate of plastics in the
GC.

Large plastic accumulations have been documented at sea, both
in the North Pacific and the North Atlantic gyres (Law et al., 2010;
Titmus and Hyrenbach, 2011). Plastic ingestion by marine wildlife is
a pervasive and increasing concern (Laist, 1987, 1997). In particular,
many seabird species are affected across the globe. About, 44% of all
seabird species have been confirmed to ingest plastic underscoring the
vast scale of the phenomenon (Laist, 1997). Seabirds are susceptible to
plastic ingestion because they forage over vast space ranges, and oc-
cupy a high trophic level position in marine food webs. The GC and its
surroundings are highly vulnerable to plastics due to the presence of
large populations of many marine and terrestrial mammals, birds, rep-
tiles, and a wide variety of fish and shellfish. For example, twenty-six
species of seabirds are born and breed in the GC, and the GC wetlands
are part of the North-South Pacific migration corridor, sustaining 530
bird species (Páez-Osuna et al., 2016).

In addition to the main polymer, most of plastics contain a vari-
ety of additives to improve their ductility, flexibility, brittleness, hard-
ness and durability. However, some of such additives, especially cer-
tain plasticizers (e.g., dibutylphthalate, DEHP, and biphenol A) are
suspected to be endocrine disruptors for organisms, including marine
animals and humans (Jesper-Suhrhoff and Scholz-Böttcher, 2016).
DEHP is the most abundant phthalate in the environment (Erythropel
et al., 2014). In organisms, it is rapidly metabolized to its primary
metabolite mono-(2-ethylhexyl) phthalate and can be used as a marker
of exposure to DEHP (Fossi et al., 2016).

Unlike in the Mediterranean Sea and other densely populated mar-
ginal seas as Baltic or the North Sea, only two studies on the pres-
ence of plastics in the GC were found. During 1995–1999, the diet of
green sea turtles (Chelonia mydas) at Bahía de los Ángeles, central GC
was studied through sampling esophageal lavage, faeces and stom-
ach contents from live-captured turtles (Seminoff et al., 2002). Turtles
were found to consume marine algae (Gracilariopsis lemaneiformis,
Gracilaria, Codium, Ulva and Chaetomorpha),

sponges, tube worms, sea pens and sea hares. Additionally, anthro-
pogenic debris such as plastic bags and nylon cord were also com-
monly recovered.

Recently, plastic additives (phthalates), organochlorine-com-
pounds, biomarker responses (cytochrome P450 1A (CYP1A1), 2B
(CYP2B) and lipid peroxidation) were detected in integument biop-
sies (epidermis, dermis and blubber) from fin whales (Balaenoptera
physalus) of both the Mediterranean and the GC (Fossi et al., 2016).
Significant differences were found between the fin whale populations
in the two basins. The parameters CYP2B and, albeit to a lesser extent,
HCB were higher in whales sampled in the GC, whereas the values
for PCBs, DDTs, total organochlorines, mono-(2-ethylhexyl) phtha-
late, lipid peroxidation and CYP1A1 were higher in whales sampled in
the Pelagos Sanctuary (Mediterranean Sea). These results suggest that
whales in the Mediterranean Sea are exposed to greater toxicological
risk than whales in the GC.

In the North Pacific, marine debris occurs in greater concentra-
tions within of specific regions, such as the subtropical convergence
zone and eastern and western “garbage patches”, due to circulation
(Howell et al., 2012). The eastern garbage patch is characterized by
the abundance (334,271 pieces/km2) and weight (5114 g/km2) of plas-
tic pieces. The size of this region apparently corresponds to the con-
vergent region within the center of the anticyclonic portion of this
“gyre within a gyre”. This garbage patch region could potentially in-
fluence the GC particularly during the presence of the El Niño-South-
ern Oscillation (ENSO), when the southward displacement of the sub-
tropical convergence zone occurs. The southern movement of the front
during El Niño events has been associated with an increase in ma-
rine debris concentration in the northwestern Hawaiian islands chain
(Donohue and Foley, 2007). In the GC, the potential influence of this
problem is unknown, and requires to be evaluated, particularly at the
GC mouth and with the presence of hurricanes.

8. Conclusions

With the expansion of economic activities such as shrimp aquacul-
ture, agriculture, tourism and mining, the GC pollution problems are
likely to exacerbate and pose significant ecological and public health
risks in the coming ~ 25 years, especially in the continental margin. At
some sites, pollution has already caused changes which have been ob-
served in algal communities, mollusks, fishes, and marine mammals.
Of particular interest is the impact of pollution on GC fisheries and
valuable coastal habitats (lagoons, estuaries, wetlands), which have
been poorly studied in comparison to those of other marginal seas.
There is a special need to study POPs, mercury, arsenic and contam-
inants of emerging concern, such as plastic derived compounds and
PBDEs.

Nutrient loads from municipal waters (6145 t N y− 1; 1368 t P y− 1),
aquaculture (9044 t N y− 1; 3078 t P y− 1), agriculture
(106,684 t N y− 1; 2132 t P y− 1), livestock (66,372 t N y− 1;
7322 t P y− 1), atmosphere (163,144 t N y− 1; 4752 t P y− 1) and natural
processes (2398 t N y− 1; 1198 t P y− 1) were extrapolated from infor-
mation in the SE GC. Obviously, there is a need to perform better esti-
mations in the whole GC. These inputs have led to growth increase of
aquatic macrophytes and harmful algal blooms (HABs) in lagoons and
coastal waters. A better evaluation of the impact of nutrient loads on
receiving wetlands, before they reach the GC coastal lagoons is also
needed.

HABs in the GC decrease during El Niño years, and La Niña
events appear to promote them. Predominantly, fourteen HAB-form-
ing species have been observed, with Gymnodinium cate
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natum being the most frequent. The connection between the mortal-
ity of several organisms in the GC and HABs biotoxins deserves to be
examined in more detail, as the biotoxins involved in need to be char-
acterized in terms of their composition, toxicity and effects at the level
of biological communities.

Macroalgal blooms in the gulf are characterized by their extraor-
dinary growth and dominance of few species. In coastal lagoons, the
most abundant species are Spyridia filamentosa, Gracilaria vermicu-
lophylla and Ulva sp. The patchy distribution and species composition
are controlled by nutrient pulses and favorable temperatures. Indeed,
the extent and biomass of algal beds have decreased during El Niño
(warmer waters) events. However, GC macroalgal blooms have not
yet shown the high biomasses found in other places with larger anthro-
pogenic influence. Therefore, studies on the role of increased nutrient
discharges to GC on macroalgae populations are urgently needed.

The frequency of spills linked with mine tailings dam failures in
the GC region is high. At least four cases were documented during
2013–2016. Surprisingly, the research related to the events has been
very limited and should be urgently fostered. For example, results
from the upper San Lorenzo River indicate the presence of metal con-
tamination hotspots, which need to be fully characterized (composi-
tion, magnitude and extent), and effects on the biological communities
and human populations need to be urgently assessed.

Mercury levels in the sediments from nineteen coastal ecosystems
of the GC were in the range 0.006–2.25 mg kg− 1 (dw). The low val-
ues reveal pristine or close to pristine environments, and higher lev-
els (Guaymas Bay and Santa Rosalia) indicate the impacts by har-
bor activities and past mining activities, respectively. In the open GC,
sharks muscle show the highest Hg contents, followed by isopods,
rays, fishes, birds, mammals, cultured shrimp, wild shrimp, bivalves,
and turtles. The high Hg levels observed in top predators (sharks, sail-
fish, marlin, and swordfish) indicate the need to better study the po-
tential health risks to human populations with high consumption rates,
as well as the antagonistic (protective) role of selenium.

Arsenic levels in GC wild and cultured bivalve mollusks ranged
from 4.8 to 53.4 μg g− 1 (dw), and arsenobetaine was the most com-
mon chemical species, followed by non-extractable As and inorganic
As. Therefore, the consumption of mollusks from the south GC is safe.
Biota from Guaymas Basin hydrothermal vents showed relatively high
As levels. Arsenic in muscle ranged from: < 0.2–101.8 mg kg− 1 in
rays and sharks; 2.2–9.9 mg kg− 1 in striped marlin; 1.5–6.6 μg g− 1 in
sailfish; and 0.3–23.6 μg g− 1 in turtles.

Lead isotope ratios indicate that Pb origins in the SE GC are i) ores
mined in Mexico and used in the past for the production of tetraethyl
lead added to gasoline until 1997, ii) natural Pb weathered from the
Sierra Madre Occidental mother rock, and iii) inputs from a more ra-
diogenic source derived from industrial activity in the United States. It
is estimated that 90% of Pb in phytoplankton, zooplankton, and mol-
lusks is anthropogenic. However, these studies have been limited to
selected lagoons from the SE GC and should be extended the rest of
GC, particularly in mining and urban areas.

Several coastal lagoons in the SE GC show sediment metal con-
centrations higher that the PEL. Also, levels of As, Se and Cu in wa-
ter, sediment and fish muscle from Ciénega de Santa Clara and Hardy
River, at the Colorado River delta, were low or moderate. Only Hg in
Hardy River north and As in the Colorado River estuary showed val-
ues higher than the water limit. Metal concentrations were found to be
chemicals of potential concern for biota, with Hg as the metal of high-
est concern.

Information on sediment POPs concentrations in GC is scarce.
Owing to the agriculture oriented to economy of Sinaloa, OC-com-
pounds were detected in nine of its eleven main coastal lagoons. In
general, and especially evident un bivalve mollusks, POPs levels in
biota SE GC coastal lagoons reflect sediment concentrations. POPs in
GC marine mammals cause immune and reproductive dysfunctions,
and act as endocrine-disrupting chemicals. There is concern about ac-
cumulation and effects of emerging contaminants such as plastic de-
rived compounds and PBDEs in the food chain, which deserve fur-
ther research in GC. Levels of organochlorine compounds in turtles
were low, likely due to the feeding habits (herbivorous) of the studied
species and to the fact that sampling was done away from industrial-
ized regions. There is a clear need to examine turtles from other GC
areas, especially those showing higher pollution levels.

POPs have been measured in eggs from some GC islands, agri-
cultural valleys of Baja California, Sinaloa and Sonora, and the Col-
orado River delta, showing high variability. Concentrations of DDE in
bird eggs from the Colorado River delta were lower than critical lev-
els associated with eggshell thinning, and levels of DDE (measured in
2004–2005) were lower than those reported in a pioneer study in 1987.
Considering the importance of the GC as permanent or transitory habi-
tat of numerous bird species, more studies are required on POPs in the
main bird populations of its islands and wetlands, specially those most
affected by agricultural activities.

The GC is an extraordinary eco-region, as it holds very high pro-
ductivity, biodiversity and exceptional ecosystems. Its shores are
highly appreciated by national and international tourism. As in most
of the world marine ecosystems, its coastal zone is largely exploited
by agriculture, industry (including mining activities) and hosts rela-
tively large human settlements, thus causing numerous stressors, such
as pollution, that affect biological communities and diminish ecosys-
tem services. However, the research intensity on pollution and its ef-
fects is still rather weak. More detailed, extensive and comprehensive
studies on the pollution levels and trends, including emerging pollu-
tants, transfer processes and toxic effects on species (including hu-
mans) and ecosystems are needed to better preserve the GC eco-re-
gion.

Abbreviations

Cytochromes P450 are a number of isozymes which include the categories CYP1,
CYP2 and CYP3; these categories are further divided into subfamilies according to
their properties (e.g. CYP1A1, CYP2B and CYP5)

) δ15N = 103

[(Rsample/Rstan-
dard)-1]

R is the ratio of 15N/14N in the sample and the standard; the stan-
dard is atmospheric N2 (R = 0.0036765)

DSP diarrhetic shellfish poisoning
DDT 1,1′-(2,2,2-Trichloroethane-1,1-diyl)bis(4-chlorobenzene) or

dichloro-diphenyltrichloroethane; it is degraded to DDE or DDD
DDTs is the sum of the concentrations of o,p′-DDE or 2,4′-DDE
(1-chloro-2-[2,2-dichloro-1-(4-chlorophenyl)ethenyl]benzene) p,p′-DDE or 4,4′-
DDE (1-chloro-4-[2,2-dichloro-1-(4-chlorophenyl)ethenyl]benzene) o,p′-DDT or
2,4′-DDT (1-chloro-2-[2,2,2-trichloro-1-(4-chlorophenyl)ethyl]benzene) p,p′-DDT
or 4,4′-DDT (1-chloro-4-[2,2,2-trichloro-1-(4-chlorophenyl)ethyl]benzene) o,p′-
DDD or 2,4′-DDD (1-chloro-2-[2,2-dichloro-1-(4-chlorophenyl)ethyl]benzene) and
p,p′-DDD or 4,4′-DDD (1-chloro-4-[2,2-dichloro-1-(4-chlorophenyl)ethyl]benzene)

DEHP di(2-ethylhexyl)phthalate
HCB 1,2,3,4,5,6-hexachlorobenzene
HCH 1,2,3,4,5,6-hexachlorocyclohexane; total hexachlorocyclohexanes

(HCHs) is the sum of the concentrations of α-HCH, β-HCH, γ-
HCH, and δ-HCH

OCPs organochlorine pesticides
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