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Abstract The aim of the study was to evaluate the dy-
namic of cadmium, lead, copper, zinc, and iron among
lower trophic levels, sea urchins and macroalgae. Diets
and isotopic values were used in combination to explore
trophic positions and potential transference of metals
from primary producers to consumers. Concentrations
of trace elements were measured in two species of sea
urchin (Tripneustes depressus and FEucidaris thouarsii)
and nine macroalgae that are usually used as food in
four Sargassum beds, one of which is close to a phos-
phorite mine. Specimens were collected when Sargassum
fronds were at their greatest (winter) and lowest (sum-
mer) abundance. Highest concentrations of Cd, and Cu
in both urchin species were recorded in winter at the site
near the phosphorite mine. Concentrations of Pb in 7.
depressus were below the detectable limit, whereas F.
thouarsii, which in addition to a high concentration of
Pb, had high amounts of Cu and Zn. Gut content
analysis, indicates that the diet of both sea urchins at the
four sites and two collection dates is mainly macroalgae.
The 6"°N isotopic values in sea urchins in a typical
Sargassum bed were in good agreement with a diet
dominated by macroalgae, with T. depressus having
herbivorous habits and E. thouarsii having omnivorous
habits in this environment. We found macroalgae
important in the dynamics of metals in food webs,
potentially contributing to transferring Cd, Cu, and Zn
to key invertebrate species, such as sea urchins, indi-
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Introduction

Sea urchins (Phylum Echinodermata, Class Echinoidea)
commonly form dense colonies in rocky and coral reefs;
sandy areas with stone fragments; and areas with sea-
grass and macroalgae beds (Steneck 2013). In some
ecosystems, they play a significant role by modifying the
ecological structure of the communities. For example,
an increase in sea urchin biomass was correlated with a
12-fold decrease in kelp density on Adak Island, AK,
illustrating their ability to alter the physical structure of
marine communities (Estes et al. 1998). The sea urchin
Tripneustes ventricosus can consume about 3.6 % of
daily seagrass production of Thalassia testudinum
(Tertschnig 1988) and the sea urchins 7. gratilla and
Salmacis sphaeroides browse almost 100 % of the an-
nual production of macrophytes in seagrass beds
(Klumpp et al. 1993). Paracentrotus lividus and Arbacia
lixula play a role in controlling macroalgal communities
by reducing the coverage of foliose macroalgae, thus
favoring the recruitment of corals and coralline crustose
macroalgae (Ruitton et al. 2000). Sea urchins also serve
as links in several food webs; they are prey for starfish,
lobsters, crabs, snails, fish, birds, and some marine
mammals, as well as humans (Tertschnig 1988; Agat-
suma 2013; Steneck 2013).

The sea urchins Tripneustes depressus and FEucidaris
thouarsii include macroalgae in their diet, but little is
known about the items consumed by them (Lawrence
and Agatsuma 2013; Lawrence and Jangoux 2013). Both
species inhabit a wide range of reef habitats in the Gulf
of California and are among the dominant macroin-
vertebrates along the southern coasts (Herrero-Pérezrul
2008; Herrero-Pérezrul et al. 2008; Rios-Jara et al. 2008;
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Solis-Marin et al. 2013, 2014). In the southwestern Gulf
of California, both sea urchins dominate some rocky
and coral reefs (Reyes-Bonilla and Calderon-Aguilera
1999; Holguin-Quinones et al. 2000; Herrero-Pérezrul
2008; Solis-Marin et al. 2013), as well as communities
associated with Sargassum beds (Foster et al. 2007;
Suarez-Castillo 2008).

Sargassum beds are critical habitat for biological
diversity and fisheries in coastal areas in the Gulf of
California (Suarez-Castillo et al. 2013; Hinojosa-Arango
et al. 2014). They exhibit an annual growth cycle; the
fronds develop in winter and are senescent during
summer (Hernandez-Carmona et al. 1990; Nufiez-Lopez
and Casas-Valdez 1996; Sanchez-Rodriguez and Cer-
vantes-Duarte 1999). For example, fronds of S. hor-
ridum reach lengths up to 108 cm and growth rates of up
to 60 cm month™! in winter, but grow less than 10 cm
and growth rates under 10 cm month™' during the
summer (Muifieton-Gémez and Hernandez-Carmona
1993). The growing pattern of Sargassum is synchro-
nized with the growth of other flora and fauna, reaching
its fullness at the same time, with maximum richness and
abundance as other species (Foster et al. 2007; Pacheco-
Ruiz et al. 2008). During rapid development of the bed,
the number of macroalgae species increases (Foster et al.
2007); associated fauna generally is dominated by a few
species of animals (Suarez-Castillo 2008), including
some macroinvertebrates that benefit from the abun-
dance of macroalgae, using them as a food source (Br-
usca 1980; Pacheco-Ruiz et al. 2008; Suarez-Castillo
et al. 2013).

Sargassum beds may cover only a few square meters
to several kilometers along the coastline in the south-
western Gulf of California (Casas-Valdez et al. 1993). A
few beds are located in areas with large phosphorite
deposits (Riley and Chester 1971; Servicio Geologico
Mexicano 2008). These kinds of deposits contain Cd, Pb,
Cu, and Zn (Voulgaropoulos et al. 1991; Sabiha-Javied
et al. 2009). Although phosphorite is not a common
source of Fe, this element in the marine environment
indicates re-suspension of sediments derived from the
continental crust (Elrod et al. 2004). These five metals
can be absorbed and accumulated by biota, including
primary producers and their consumers (Ray 1984;
Wang 2002; Ruelas-Inzunza and Paez-Osuna 2008;
Eisler 2010), suggesting that 7. depressus and E.
thouarsii could absorb and accumulate metals through
consumption of macroalgae in habitats dominated by
Sargassum, as found in other sea urchins in habitats
dominated by macroalgae (Bohn 1979; Ahn et al. 2009).

Sea urchins bioaccumulate toxic metals (Bohn 1979;
Sadiq et al. 1996; Deheyn et al. 2005; Ahn et al. 2009)
and serve as sentinels of pollution (Dafni 1980, 2009;
Ablanedo et al. 1990; Aspholm and Hylland 1998).
Their importance in transferring metals and other con-
taminants to organisms at higher trophic levels, such as
fish, seals, and whales is also documented (Ahn et al.
2009). Studies of Arctic kelp forests (Laminaria saccha-
rina, L. digitata, and Alaria esculenta) and habitats of

the brown macroalgae Fucus distichus suggest that Cd,
Pb, Cu, Zn, and Fe are accumulated in sea urchins after
consumption of macroalgae (Bohn 1979; Ahn et al.
2009). Green macroalgae containing metals also
demonstrated trophic transference to urchins (Bielmyer
et al. 2012).

To study the dynamic of Cd, Pb, Cu, Zn, and Fe in
the lower trophic levels, these metals in 7. depressus and
E. thouarsii, as well as nine macroalgae, were measured.
Samples were collected from four reefs dominated by
Sargassum, one of which is located near a coastal
phosphorite deposit that is actively mined. Collections
were made in winter and summer. Gut contents of all
collected sea urchin were analyzed to identify the prin-
cipal components of their diet. Additionally, "°N iso-
topic values were measured in samples of both sea
urchins and the nine macroalgae species from a Sar-
gassum bed with minimal human disturbance. Diets and
isotopic values were used in combination to explore
trophic positions and potential transference of metals
from primary producers to consumers.

Materials and methods
Concentration of metals
Study area

The study was conducted at four sites in the coastal area
of the southwestern Gulf of California: El Coyote
(24°41712.7"N, 110°4379.96”W), Las Animas
(24°31743.8”N, 110°44’1.50”W), San Juan de la Costa
(24°21758.2”N, 110°40’50.7”W), and EI Sauzoso
(24°18738.6”N, 110°3828.8”W) (Fig. 1). A phosphorite
mine is located at San Juan de la Costa. El Coyote and
Las Animas are located 32 and 14.1 km north of San
Juan de la Costa, respectively, and El Sauzoso is located
10.3 km to the south. There are minimal anthropogenic
disturbances evident at these three sites; access is by
rural roads and trails. Population near each of these
three sites is less than 40 people within a radius of 5 km
(CONABIO 2014). There are no mining activities; the
families depend mostly on small-scale fishing (Diaz-Ur-
ibe et al. 2007). All four sites are characterized by Sar-
gassum beds (Hernandez-Carmona et al. 1990;
Muiieton-Gomez and Hernandez-Carmona 1993) con-
taining a highly diverse flora and fauna, as do other
Sargassum beds in the region (Foster et al. 2007; Pa-
checo-Ruiz et al. 2008).

At each site, sampling was conducted on the Sar-
gassum bed along transects, over a span of a few days,
during March and September 2011; March represents
winter conditions (highest productivity) and September
represents summer, when the fronds are at their lowest
productivity (Hernandez-Carmona et al. 1990; Nuifiez-
Lopez and Casas-Valdez 1996; Sanchez-Rodriguez and
Cervantes-Duarte 1999). On each visit, ten of the larger
specimens of Tripneustes depressus and Eucidaris
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Fig. 1 Collection sites in the southwestern Gulf of California, Baja
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thouarsii were collected, except at El Coyote where only
two specimens of T. depressus could be found in winter
and eight in summer. Overall, 70 7. depressus specimens
(104.0 = 14.7 mm diameter) and 84 E. thouarsii speci-
mens (31.8 £ 8.2 mm diameter) were examined. Addi-
tionally, 18-30 healthy fronds of nine macroalgal species
were detached at the basal holdfast by hand: three green
(Caulerpa sertularioides, Codium simulans, and Ulva
lactuca), two brown (Dictyota flabellata and Sargassum
sinicola), and four red (Gracilaria pachydermatica,
Hypnea valentiae, Laurencia papillosa, and Polysiphonia
pacifica) macroalgae. These species are among the most
abundant in this region, contributing >70 % of the
seaweed biomass in Sargassum-dominated communities
(Cruz-Ayala et al. 1998). All macroalgal species were
considered potential food sources. Sea urchins and
macroalgae were collected at a depth of 0.5-2.0 m along
the beds.

Sample preparation

Sea urchin specimens were dissected to extract the go-
nads. For T. depressus, the gonads from each specimen
were processed as separate samples; for E. thouarsii, the
gonads from two or three specimens were pooled to
obtain a composite sample of ~1.0 g DW, sufficient to
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carry out all analyses. Whole specimens of macroalgae
were carefully cleaned by hand to remove sand and
epiphytes. Thalli of each species were separated into
three batches of 6-10 specimens. Three composite sam-
ples (n = 3) were prepared for each macroalgae species,
site, and collection time.

Gonads and macroalgae samples were oven-dried at
75 °C for 24-72 h to constant weight and then ground in
a steel ball mill to obtain a homogeneous mixture suit-
able for metal and isotope analyses. To avoid damage by
humidity, all samples were stored under dry conditions
until analysis.

Metal concentrations

Concentrations of Cd, Pb, Cu, Zn, and Fe were deter-
mined in gonads of both sea urchin species and from
whole thalli of nine macroalgae species. Approximately
0.5 g of dried samples were digested with a 3:1 solution
of nitric acid with hydrogen peroxide, 70 and 30 %,
respectively (reagent grade, Avantor Performance
Material, Central Valley, PA) in a microwave oven
(Mars 5X, CEM, Matthews, NC). Concentrations of
Cd, Pb, Cu, Zn, and Fe in each digested sample were
quantified using air-acetylene flame atomic absorption
spectrophotometry (Avanta, GBC Scientific Equipment,
Braeside, VIC, Australia) (Méndez-Rodriguez et al.
2006; Hernandez-Almaraz et al. 2014). The reference
standards TORT-2, DORM-2, and ALGAE (National
Research Council Canada, Institute for Marine Bio-
sciences, Certified Reference Materials Programme,
Halifax, NS, Canada) were used for validating the
accuracy of the analytical method. Recovery of standard
reference materials were 97-103 % for Cd, 95-100 %
for Pb, 96-97 % for Cu, 94-105 % for Zn, and
95-101 % for Fe. Detection limits (ug g~'; DW) for Cd,
Pb, Cu, Zn, and Fe were 0.017, 0.07, 0.02, 0.02, and 0.07,
respectively.

Statistics

Before each statistical analysis was run, Kolmogorov—
Smirnov and Levene tests were performed to test dataset
normality and homoscedasticity, respectively. Log
transformation was performed to obtain normal distri-
butions and homogeneous variances for data set of five
metals on E. thouarsii, and log (x + 1) transformation
on data sets of T. depressus and macroalgae (Zar 2010).
Data were compared by two-way ANOVA to assess
significant differences in sea urchins metal concentra-
tions, followed by the post hoc Tukey test, among sites
and seasons. All macroalgae were analyzed separately,
but pooled to assess significant differences in metal
concentrations among sites. All the analyses were per-
formed using STATISTICA 8 software (Statsoft 2007).
Data are presented as mean = SE; all concentrations
are expressed as pg g ' DW, unless otherwise noted.
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Results at P <0.05 were considered statistically signifi-
cant.

Because 67 of 70 samples of T. depressus had less than
detectable amounts of Pb and the remaining three Pb
samples were considered outliers (Gilbert 1987), com-
parative analysis was not made with this dataset.
Moreover, because there were on two samples of de-
tected elements in 7. depressus collected in winter at El
Coyote, these data were not used to compare between
sites and dates. Metal concentrations reported in Her-
nandez-Almaraz et al. (2014) for specimens of Sargas-
sum sinicola and Gracilaria pachydermatica collected in
winter at Las Animas, San Juan de la Costa, and El
Sauzoso were included for comparison.

Macroalgae in the sea urchins’ diet
Gut content components

To determine diet composition of the two sea urchin
species at each site during each season, the gut contents
of 70 T. depressus and 84 E. thouarsii specimens were
extracted and placed in a 4 % formalin-seawater solu-
tion. Each sample was washed through a 700 pm mesh
sieve. Approximately 1 g of gut contents and 5 mL of
distilled water were placed in a Petri dish previously
marked with randomly arranged points (Hyslop 1980).
The number of points needed to evaluate each speci-
men’s diet was chosen, based on a trophic diversity
curve, in which the asymptotic relationship between the
number of points examined and the number of new
items found provided an estimate of the number of
points needed to achieve precision and a reliable
description of diet (Cortés 1997). For T. depressus, gut
content fragments from 60 points were examined; for E.
thouarsii, 30 points were examined. Each fragment was
examined under a stereo microscope, and identified to
the lowest possible taxonomic level, using taxonomic
keys and descriptions (Setchell and Gardner 1924; Joly
1967; Abbott and Hollenberg 1976; Brusca 1980; Guiry
and Guiry 2014).

Relative frequency of occurrence (RFO) of each
component of the diet was based on the number of guts
in which the component was found, expressed as a
percent of the total number of guts examined. Relative
abundance (RA) of each component in the diet was
based on the number of fragments of each component,
expressed as a percent of the total number of fragments.
The index of relative importance (IRI,) of each com-
ponent (n) was calculated as the product of the two
percentages, RFO and RA, divided by 100. The relative
importance index (IRI) of each component is expressed
as a percent of the sum of the indices (Pinkas et al. 1971;
Hyslop 1980; Mazariegos-Villarreal et al. 2013):

IRI(%) = <1R1,, /> IRI, % 100)

i=1

The IRI was developed to assess the relationship of
the various food items in stomachs (Pinkas et al. 1971).
Results are expressed as a percentage unit, it being
possible to compare among datasets.

Stable isotope analysis (6'°N)

To assess the trophic level of primary producers and
consumers, 0 °N isotopic values were measured for both
sea urchin species and nine macroalgae in triplicate
analyses. The same samples used for metal analysis from
El Sauzoso collected at winter 2011 were selected to
exemplify a representative Sargassum bed with no hu-
man disturbance and under conditions of maximum
richness and abundance of species. To avoid altering
isotope content, none of the samples were acid washed
(Bunn et al. 1995; Carabel et al. 2006; Ng et al. 2007;
Serrano et al. 2008; Schlacher and Connolly 2014).

Isotopic analysis was conducted, as described by
Bentzen et al. (2007); 0.2-0.5 mg of each sample was
placed in individual tin capsules (Costech Analytical
Technologies, Valencia, CA). All samples were analyzed
at the Alaska Stable Isotope Facility, University of
Alaska Fairbanks, Fairbanks, Alaska, with a continuous
flow, isotope ratio mass spectrometer (DeltaV Plus,
Thermo Fisher Scientific, Waltham, MA). Empty cap-
sules and capsules filled with peptone (Sigma-Aldrich,
St. Louis, MO) as reference material were used in each
run; mean and SD of the reference material was
SN = 7.00 + 0.14: recovery, 99.9 %, were used as a
quality assurance measure. All samples were run in
triplicate. Results are expressed as ratios in delta (J)
notation in parts per thousand (9,) relative to atmo-
spheric nitrogen (N,) as international standard (Peter-
son and Fry 1987; Coplen 2011):

4
(ISN/I N)Sample 1
(ISN/MN)Smndard

The mean isotopic values of §'°N and its SE were
obtained for each species.

To analyze the relationship between trophic levels
and metal concentrations, '°N content versus metal
concentrations in sea urchins and macroalgae from El
Sauzoso in winter 2011 were plotted.

OPN =

Results
Concentrations of metals

Concentrations of Cd, Cu, Zn, and Fe were detected in
T. depressus collected from the four Sargassum beds, but
Pb concentrations were below detectable limits at all
sites (Table 1). Concentrations of Cd, and Fe in sea
urchins from San Juan de la Costa were statistically
higher than in sea urchins collected at the other sites.



The means of Cd, Cu, and Fe were higher in sea urchins
sampled in winter than those sampled in summer. Metal
concentrations of Cd, Cu, and Fe changed according to
the site and the season (Table 1).

Concentrations of the five metals were detected in E.
thouarsii from the four sites (Table 2). The highest
concentrations of Cd, Cu, and Zn were found in San
Juan de la Costa, and were statistically different from
those in the sea urchins sampled at the other sites. Pb
concentrations decreased from north to south (EI Coy-
ote = Las Animas = San Juan de la Costa > El Sau-
z0s0); concentrations at El Coyote were 2.5-3 times
higher than in El Sauzoso. The Pb concentration was
higher in sea urchins collected in summer; Cd and Cu
concentrations were not. Concentrations of Cd, Pb, Cu,
and Zn varied with the site and the season (Table 2).

In the macroalgae, concentrations of Cd, Cu, and Zn
were statistically different among sites (Table 3). Con-
centrations of Cd in macroalgae from San Juan de la
Costa were statistically higher than in macroalgae at the
other sites. The means of Cu were statistically higher in
macroalgae collected at Las Animas and were statisti-
cally different from those sampled at the other sites. The
means of Zn were statistically higher in macroalgae
collected at El Coyote and San Juan de la Costa, and
were statistically different from those sampled at Las
Animas and El Sauzoso. The concentrations of Pb and
Fe were not different among sites (Table 3).

Table 1 Concentration of cadmium, lead, copper, zinc, and iron (ug g~

Sargassum beds at four sites in the Gulf of California

789

Concentrations of Cu, Zn, and Fe were detected in
macroalgae collected from the four Sargassum beds, but
Cd and Pb concentrations were below detectable limits in
macroalgae on some sampling dates (Table 4). Almost
72 % of the macroalgae were collected during winter. The
maximum Cd content was found in thalli of brown
macroalgae Dictyota flabellata from San Juan de la Costa
(132 + 0.5 pg g™ "), and Sargassum sinicola from EIl
Sauzoso (13.1 £ 0.7pugg ') and Las Animas
(11.7 £ 0.7 pg g "), all were collected in summer.
Among the red macroalgae, Gracilaria pachydermatica
from El Coyote contained the highest Cd concentration
in winter (8.0 + 0.6 pg g '). The green macroalgae Co-
dlum simulans contained the highest Pb (3.9 + 0.9 pg
g 1) at Las Animas in winter. The mean concentrations
of Cu were higher in the thalli of the red macroalgae,
Polysiphonia pacifica, from El Coyote and Las Animas in
winter (5.9 + 0.0 and 5.0 + 0.8 pgg ', respectively)
and in thalli of Sargassum sinicola from Las Animas in
summer (5.0 £+ 0.9 pg g~ '). The highest concentrations
of Zn occurred in macroalgae from El Coyote: red
(Polysiphonia pacifica; 47.3 + 0.0 pgg~' in winter),
brown (Dictyota flabellata; 44.0 + 0.8 pg g~ ' in winter),
and green (Caulerpa sertularioides; 41.9 £+ 0.7 ng g*1 in
summer). The highest concentrations of Fe were in red
macroalgae Laurencia papillosa from Las Animas
(1920.1 + 187.3 pg g~ ') and Dictyota flabellata from El
Coyote (1518.5 + 137.3 pug g~ '), both in winter.

! (DW)) in gonads of the sea urchin Tripneustes depressus from

n Cd Pb Cu 7Zn Fe
Site
El Coyote 10 73 £ 1.6 <0.07 1.0 £ 03 24.8 £ 5.0 524 + 13.6°
Las Animas 20 7.7 + 1.0° <0.07 1.1 £ 02 237 + 3.7 42.5 £ 9.0%
San Juan de la Costa 20 309 + 5.5° <0.07 1.7 £ 03 60.6 £ 12.8 165.3 + 27.9°
El Sauzoso 20 9.2 + 1.0° <0.07 13 +£03 31.6 + 7.0 40.0 £ 5.4°
P < 0.0001 P =0.39 = 0.11 P < 0.0001
Season
Winter 32 20.5 + 4.0° <0.07 1.8 + 0.2° 34.8 + 5.8 106.3 + 21.7°
Summer 38 9.8 + 1.2% <0.07 0.9 + 0.2% 382 + 7.1 547 + 6.4°
P < 0.0001 P < 0.05 = 0.83 P < 0.05
Site X season
El Coyote
Winter* 2 104 + 0.0 <0.07 1.0 + 1.0 23.0 + 13.1 419 £ 5.5
Summer 8 6.5 + 1.9° <0.07 1.1 + 0.3%° 253 + 5.8 55.1 + 17.0°
Las Animas
Winter 10 10.6 = 1.0° <0.07 1.4 + 0.3%° 23.1 + 2.7 53.4 + 17.8°
Summer 10 47 + 1.0 <0.07 0.8 + 0.3 243 £ 7.1 31.6 + 3.6
San Juan de la Costa
Winter 10 426 £ 9.64 <0.07 2.5 + 0.4° 583 + 14.7 239.1 + 44.4°
Summer 10 192 £ 2.2° <0.07 0.9 + 0.3 62.9 £ 21.9 91.5 £+ 10.6°
El Sauzoso
Winter 10 10.5 + 1.7° <0.07 1.6 + 0.4*° 254 + 7.6 394 + 442
Summer 10 79 + 1.1° <0.07 0.9 + 0.4° 37.8 + 11.8 40.7 £+ 10.1*
P < 0.05 P < 0.05 P = 0.66 P < 0.05

Samples were collected in winter (March) and summer (September) 2011. Data are shown as mean + SE; lowercase letters indicate
significant differences by two-way ANOVA, followed by post hoc Tukey test, P < 0.05

* Not considered in statistical comparisons
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Table 2 Concentration of cadmium, lead, copper, zinc, and iron (ug g~' (DW)) in gonads of the sea urchin Eucidaris thouarsii from

Sargassum beds at four sites in the Gulf of California

n Cd Pb Cu 7Zn Fe
Site
El Coyote 10 56 + 0.4° 36.4 + 2.2° 6.9 + 0.3* 87.6 + 13.9° 202.6 + 25.2°
Las Animas 9 6.1 + 0.6° 38.6 + 4.2° 6.6 £ 0.7% 167.9 + 22.6° 142.6 + 24.0°°
San Juan de la Costa 9 29.0 + 3.0° 27.4 £ 2.3° 8.7 + 0.8° 327.0 £ 51.9¢ 155.7 + 37.9*°
El Sauzoso 10 3.3 + 0.2% 12.8 + 1.7° 6.1 + 0.4* 197.8 + 35.9° 105.5 + 17.8
P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 P < 0.05
Season
Winter 18 10.1 + 3.1° 249 + 3.7° 8.0 + 0.5° 203.4 + 374 179.4 + 27.8
Summer 20 95+ 1.7% 33.6 + 2.3° 6.1 £ 0.3* 176.6 + 23.3 140.3 + 14.8
P < 0.05 P < 0.0001 P < 0.0001 P =033 P =0.20
Site X season
El Coyote
Winter 5 5.1 + 0.8 31.8 + 3.7° 7.8 + 0.4° 112.7 + 15.3% 214.6 + 43.0
Summer 5 6.1 £ 0.3° 39.7 + 1.5° 6.1 + 0.3%° 62.6 + 13.7° 192.7 + 23.5
Las Animas
Winter 4 5.8 + 2.4 37.7 £ 17.6° 8.8 + 1.4 209.4 + 18.0° 120.6 + 43.0
Summer 5 6.2 + 0.5° 38.9 + 3.5° 5.4 £ 0.2° 154.1 + 27.9° 149.9 + 30.2
San Juan de la Costa
Winter 4 38.3 £ 2.3¢ 24.1 £ 2.1° 10.8 + 0.9° 425.5 + 82.7° 259.8 + 61.2
Summer 5 234 + 1.8° 29.4 + 3.3° 7.1 + 0.8% 228.5 + 27.9% 93.2 £ 17.0
El Sauzoso
Winter 5 34 + 0.4° 10.6 £ 1.5 6.2 £ 0.5%° 129.0 + 39.7*° 104.6 + 23.3
Summer 5 3.1 + 0.2° 15.7 + 2.8 6.0 + 0.8%° 301.0 + 25.1¢ 106.3 + 32.7
P < 0.001 P < 0.05 P < 0.05 P < 0.0001 P =0.10

Samples were collected in winter (March) and summer (September). Data are shown as mean + SE; lowercase letters indicate significant
differences by two-way ANOVA, followed by post hoc Tukey test, P < 0.05

Table 3 Concentration of cadmium, lead, copper, zinc, and iron (ug g~' (DW)) in macroalgae group sampled at four Sargassum beds at

four sites in the Gulf of California collected in winter (March) and summer (September)

Cd Pb Cu 7n Fe
El Coyote 24 + 0.4° 0.3 £ 0.1 23 £ 03 274 + 2.3° 510.5 + 71.3
Las Animas 3.6 £ 0.9 0.9 £ 0.4 3.7 £ 0.4° 17.0 £ 1.0° 456.5 + 123.8
San Juan de la Costa 59 + 0.8° 0.5+ 02 22 + 0.3° 25.1 + 1.3° 449.6 + 44.2
El Sauzoso 4.1 £ 0.9* 0.7 £ 0.3 1.6 £ 0.2¢ 14.4 + 0.9 408.2 + 55.9
P < 0.01 P =03 P < 0.0001 P < 0.0001 P = 0.401

Data are shown as mean + SE; lowercase letters indicate significant differences by one-way ANOVA, followed by post hoc Tukey test,

P < 0.05

Macroalgae in sea urchin diets
Gut content

The diet of both sea urchin species was mostly
macroalgae (>99 %) at all four sites during both sea-
sons. Some cyanoprokaryotes and invertebrates were
also identified, but these contributed less than 1 % to
the diet and are components that were probably ingested
with macroalgae (Tables 5, 6).

The relative importance index (IRI) indicates that
macroalgae species in the diet varied with the season and
site. In T. depressus, the most common types were brown
(1.3-76.2 %) and red macroalgae (11.3-95.0 %) (Ta-
ble 5). Sargassum, Gracilaria, Laurencia, Amphiroa, and
Hypnea were the most important components.
Gracilaria fragments were the primary component

(62 %) in winter at El Coyote, while more Sargassum
fragments were the primary component at Las Animas
(75 %) and El Sauzoso (76 %). At the San Juan de la
Costa, IRI was 20-30 % for Laurencia, Ulva, and Sar-
gassum fragments. In summer, Sargassum fragments
were an important component at El Coyote (56 %) and
El Sauzoso (64 %), while Sargassum and Dictyota
fragments accounted for 61 % at Las Animas. At the
San Juan de la Costa, articulated coralline Amphiroa
represented 54 % IRI (Table 5).

Red macroalgae are the main food for E. thouarsii,
reaching as much as 99 % (Table 6). Lithophyllum,
Hypnea, Polysiphonia, Ceramium, and Gracilaria were
the most important components. Fragments of the
crustose algae Lithophyllum were consumed at all sites,
with the highest IRI at Las Animas in winter (72 %) and
summer (90 %). The filamentous algae Ceramium were
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Table 4 Concentration of cadmium, lead, copper, zinc, and iron (ug g~' (DW)) in macroalgae sampled at four Sargassum beds from the

Gulf of California

Species Site Season Cd Pb Cu Zn Fe

Chlorophyta

Caulerpa sertularioides EC w <0.017 <0.07 1.9 £ 0.0 26.7 = 0.0 263.1 £ 0.0
EC S <0.017 <0.07 1.4 £ 0.3 419 £ 0.7 317.1 = 16.4
ES S <0.017 <0.07 1.0 £ 0.2 12.1 £ 1.3 424.1 £ 232

Codium simulans EC w 1.3 £03 <0.07 1.6 + 0.6 18.8 = 0.7 647.4 + 143
LA w 0.7 £ 0.2 39 £ 1.7 32 £ 0.5 16.0 £ 1.3 333.0 + 824
SJ w 28 £ 09 <0.07 1.3 £ 0.7 199 £ 1.8 378.3 + 50.0
ES w 1.7 £ 0.2 <0.07 1.7 £ 0.2 16.6 £ 0.6 565.1 £ 171

Ulva lactuca SJ A% <0.017 <0.07 1.1 £0.2 319 £ 2.5 351.5 + 32.8
ES W 0.1 £ 0.0 <0.07 22 +£0.2 119 £ 0.0 208.0 = 0.8

Ochrophyta

Dictyota flabellata EC w 2.7 £0.2 1.4 £ 0.3 2.4 £ 03 440 £ 0.8 1518.5 £ 137.3
EC S 0.6 £ 0.0 0.1 £ 0.0 2.9 + 03 26.6 + 4.4 774.0 + 43.8
LA S 09 £ 0.1 <0.07 23+ 02 223 £ 1.3 591.1 = 77.8
SJ \% 92 £ 0.2 02 + 0.1 1.4 £ 0.2 264 + 0.8 526.0 + 42.5
SJ S 132 £ 0.5 0.8 = 0.5 34 £ 0.3 38.7 £ 2.5 789.3 + 33.5
ES w 28 £ 04 <0.07 1.9 £ 0.0 195 + 0.4 809.9 + 144.0

Sargassum sinicola EC w 5.5+ 02 <0.07 31 £ 1.5 175 £ 1.3 140.8 + 28.2
EC S 32 £ 0.3 03 £ 03 32 £0.5 169 + 0.7 263.5 + 28.8
LA W 52 + 0.6 <0.07 33+ 04 17.1 £ 14 116.2 + 8.0
LA S 11.7 £ 0.7 <0.07 50 £ 0.9 23.8 + 0.9 224.5 + 39.3
SJ W 9.6 £ 04 28 £ 1.1 45+ 09 23.0 £ 1.6 1349 + 153
ES W 6.7 £ 0.3 <0.07 1.5 £ 0.2 153 £ 0.2 123.1 = 3.1
ES S 13.1 £ 0.7 3.2 £ 04 1.6 £ 0.5 19.8 £ 0.6 490.9 £ 3.0

Rhodophyta

Gracilaria pachydermatica EC w 8.0 £ 0.6 0.2 £ 0.1 <0.02 10.7 = 1.0 64.1 + 8.6
EC S 1.5+ 0.3 08 £ 04 1.3 +£03 8.8 £ 0.6 130.5 £ 15.1
LA W 5.0 £ 0.3 24 £ 04 51 £ 1.2 11.1 £ 0.7 66.4 + 4.2
SJ W 6.0 = 0.5 <0.07 3.8 £0.5 18.7 £ 1.0 197.0 £ 34.0
ES W 54 + 0.3 22 £ 0.7 1.6 £ 1.1 92 + 14 98.1 + 4.3

Hypnea valentiae EC w 1.0 £ 0.1 <0.07 22 £0.2 45.7 £ 29 346.5 + 88.3
SJ w 5.8 £ 0.0 <0.07 1.6 = 0.0 243 + 0.0 5659 + 0.0

Laurencia papillosa var. pacifica EC S 09 £ 0.1 0.1 £ 0.0 1.5 £ 0.1 26.8 £ 2.6 464.5 £ 91.0
LA \W% 0.6 £ 0.0 <0.07 1.7 £ 0.5 147 £ 0.9 1920.1 £ 187.3
SJ w 29 £0.2 <0.07 1.5 £ 0.1 21.8 £ 0.3 701.4 £ 106.5
ES w 1.3 £ 0.2 <0.07 1.3 +£02 9.7 £ 0.7 479.4 £+ 107.7

Polysiphonia pacifica EC w 1.7 £ 0.0 0.3 £ 0.0 59 £ 0.0 473 £ 0.0 1025.9 £+ 0.0
LA w 1.0 £ 0.3 <0.07 5.0 £ 0.8 142 £ 0.3 123.1 + 3.0

Site: El Coyote (EC), Las Animas (LA), San Juan de la Costa (SJ), El Sauzoso (ES); Collection Date: winter (W, March) and summer (S,
September) 2011. Three composite samples (n = 3) were analyzed for each macroalgae species. Data are shown as mean = SE
* From Hernandez-Almaraz et al. (2014)

an important component at San Juan de la Costa in
winter (58 %). Fragments of Hypnea (26 %) and Lau-
rencia (22 %) were highest in sea urchins at El Coyote in
winter and summer, respectively (Table 6).

Stable isotopes

At El Sauzoso during winter, '°N content in gonad
tissue of sea urchins ranged from 10.5 to 12.0 %, in T.
depressus and 13.5-14.8 9, in E. thouarsii; a difference of
32 +£ 049, between species was calculated. In
macroalgae, the 5'°N content ranged from 7.2 to 13.0 %,
(Table 7). Plots of isotope content versus concentration
of each metal showed that 7. depressus sea urchins with
the lowest 6'°N content had high Cd concentrations
with respect to E. thouarsii sea urchins and macroalgae
(Fig. 2a). The sea urchin species with the highest 5'°N,

E. thouarsii, had high concentrations of Pb, Cu, and Zn,
compared to the other species (Fig. 2b shows this pat-
tern, as an example, using only Pb). No patterns for Fe
concentrations were identified.

Discussion
Metals

The maximum concentrations of Cd in gonads of 7.
depressus (42.6 £ 9.6 ug g ") and in E. thouarsii
(38.3 + 2.3 pg g~ ') are higher than concentrations in of
sea urchins Strongylocentrotus spp. (Bohn 1979; Ahn
et al. 2009), Sterechinus neumayeri (Majer et al. 2014),
and Echinometra mathaei from sites in the Persian Gulf
(Sadiq et al. 1996). The maximum concentration mea-
sured in specimens of the sea urchin Strongylocentrotus
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Table 5 The index of relative importance (IRI) of macroalgae found in gut contents of the sea urchin Tripneustes depressus from
Sargassum beds at four sites in the Gulf of California

Taxonomic group Winter Summer
EC LA SJ ES EC LA SJ ES

Chlorophyta

Caulerpa 0.0 0.0 0.0 0.1 0.1 6.6 0.9 20.7
Ulva 0.0 0.0 29.6 0.0 0.0 0.0 0.2 0.0
Subtotal 0.0 0.0 29.6 0.1 0.1 6.6 1.1 20.7
Ochrophyta

Dictyota 0.0 1.1 0.6 0.2 0.5 23.0 1.2 4.2
Sargassum 1.3 75.1 21.5 76.0 56.5 38.5 5.8 63.6
Subtotal 13 76.2 22.1 76.2 57.0 61.5 7.0 67.8
Rhodophyta

Amphiroa 0.0 0.0 6.4 6.8 0.3 2.4 54.1 0.6
Gelidiella 0.0 0.0 0.0 1.1 0.0 1.9 11.0 0.6
Gracilaria 61.9 15.0 4.2 9.8 13.9 10.7 8.9 34
Hypnea 10.6 0.6 3.8 0.7 5.3 43 6.6 3.5
Laurencia 21.2 2.5 29.9 5.2 14.2 12.1 2.7 3.1
Polysiphonia 0.9 5.2 1.9 0.0 0.0 0.0 0.2 0.0
Spyridia 0.4 0.0 0.0 0.0 8.1 0.0 0.0 0.1
Subtotal 95.0 23.3 46.2 23.6 41.8 314 83.5 11.3
Cyanoprokaryota 0.0 0.0 0.0 0.0 0.0 0.0 5.5 0.0
Invertebrates 0.4 0.2 0.0 0.0 0.0 0.2 0.7 0.0
Subtotal 04 0.2 0.0 0.0 0.0 0.2 5.2 0.0

The sea urchin specimens were collected in winter (March) and summer (September). Data are expressed as relative percentages (%). The
subtotal IRI for each taxonomic group is shown in italic
EC El Coyote, LA Las Animas, SJ San Juan de la Costa, ES El Sauzoso

Table 6 The index of relative importance (IRI) of macroalgae found in gut contents of the sea urchin Eucidaris thouarsii from Sargassum
beds at four sites in the Gulf of California

Taxonomic group Winter Summer
EC LA SJ ES EC LA SJ ES

Chlorophyta

Caulerpa 0.0 0.0 0.0 0.1 4.6 0.0 0.0 3.0
Ulva 0.0 0.0 19.2 0.0 0.0 0.0 0.0 0.0
Subtotal 0.0 0.0 19.2 0.1 4.6 0.0 0.0 3.0
Ochrophyta

Dictyota 0.0 0.0 0.1 0.0 0.0 4.4 0.0 0.2
Sargassum 0.0 0.0 0.9 10.0 0.0 0.0 0.0 0.0
Subtotal 0.0 0.0 1.0 10.0 0.0 4.4 0.0 0.2
Rhodophyta

Amphiroa 1.3 0.2 0.0 5.3 0.2 0.3 0.0 0.0
Ceramium 0.0 0.0 58.3 5.1 0.0 0.0 0.0 0.0
Gracilaria 0.1 0.5 0.2 5.1 1.0 0.5 17.8 0.0
Hypnea 26.1 24 0.4 0.7 8.2 4.1 29.4 66.1
Laurencia 0.2 0.0 3.0 0.1 222 0.0 0.0 0.0
Lithophyllum 29.4 72.2 17.4 52.7 422 90.0 51.9 28.7
Polysiphonia 36.8 23.1 0.5 17.8 0.0 0.0 0.0 0.0
Spyridia 5.4 0.0 0.0 0.0 21.2 0.0 0.0 1.7
Subtotal 99.3 98.4 79.8 86.8 95 94.9 99.1 96.5
Invertebrates 0.3 0.2 0.0 0.3 0.3 0.0 0.0 0.0

The sea urchin specimens were collected in winter (March) and summer (September). Data are expressed as relative percentages (%). The
subtotal IRI for each taxonomic group is shown in italic
EC El Coyote, LA Las Animas, SJ San Juan de la Costa, ES El Sauzoso

spp. from Arctic environments near mine tailings was maximum concentration in specimens of E. mathaei
1.6 pg Cd g~' DW (Bohn 1979; Ahn et al. 2009); spec- from an area impacted principally by an oil spill in the
imens of S. meumayeri from Antarctic environments Persian Gulf was 5.49 pg Cd g~' WW (Sadiq et al. 1996)
nearby to an area affected by fire had a maximum con- (~0.7 pg Cd g~' DW, assuming a ratio of wet to dry
centration of 0.98 ug Cd g~' DW (Majer et al. 2014); the weight of 8:1 in the gonads; Garmendia et al. 2010).
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Table 7 Mean and range of 6'°N content in gonads of two sea urchin species and their potential dietary items (nine macroalgae species) in

a Sargassum bed in the Gulf of California

Taxonomic group Species S"N/Y, (Min—-Max)

Invertebrates

Echinodermata Tripneustes depressus 11.2 £ 0.6 (10.5-12.0)
Eucidaris thouarsii 143 £ 0.5 (13.5-14.8)

Macroalgae

Chlorophyta Caulerpa sertularioides 9.6 £ 0.2 (9.2-10.1)
Codium simulans 123 £ 0.2 (11.9-12.7)
Ulva lactuca 82 + 0.3 (7.2-8.8)

Ochrophyta Dictyota flabellata 10.0 = 0.6 (7.8-10.7)
Sargassum sinicola 12.5 £ 0.2 (12.1-13.0)

Rhodophyta Gracilaria pachydermatica 122 £ 0.6 (11.1-12.9)
Hypnea valentiae 11.5 £ 0.2 (10.9-11.9)
Laurencia papillosa var. pacifica 10.4 £ 0.1 (9.8-10.9)
Polysiphonia pacifica 10.0 £ 0.2 (9.8-10.1)

Specimens were collected at a representative site with minimal human disturbance and under conditions of maximum richness and
abundance of species (El Sauzoso in winter-March 2011). Three composite samples (n = 3) were analyzed for each species. Data are

shown as mean + SE (Minimum-Maximum)

Concentrations of Pb in T. depressus were below the
detectable limit (<0.07 pug g~ '), which is in agreement
with the low concentrations in Strongylocentrotus spp.
(0.03-0.08 pg g~ ', Ahn et al. 2009). By contrast, con-
centrations up to 39.7 + 1.5 pg Pb g~! were found in E.
thouarsii, suggesting that either this species is exposed to
a specific source of Pb from crustose (Lithophyllum) or
articulated (Amphiroa) coralline algae and/or other
organisms (mollusks, barnacles, filamentous, or turf-
forming algae) attached to the macroalgae or rocks
(Reyes-Bonilla and Calderon-Aguilera 1999). Previ-
ously, we measured a concentration of Pb of 32.5 pg g~
in Amphiroa beauvoisii collected in winter 2011 at El
Sauzoso (unpublished data); this amount, along with up
to 9.7 ug Pb g~ ! in A. rigida near a lead-—zinc smelter
(Schintu et al. 2010) indicates that these algae, contain-
ing calcified cell walls, can trap Pb (Davis et al. 2003).
This suggests a route of exposure for E. thouarsii to
appreciable concentrations of Pb through its diet.

Compared with concentrations of Cu (1.2-3.3 pg
g, Zn (20-134 pgg"), and Fe (32-133 pgg ),
contents in Strongylocentrotus spp. (Ahn et al. 2009), the
concentrations in 7. depressus are consistent, while
concentrations in E. thouarsii are higher. Such variations
could be related to species-specific biological character-
istics, because these three elements are essential for
metabolism; their concentrations are therefore subject to
homeostatic cellular regulation (Warnau et al. 1995a;
Bielmyer et al. 2012; Watts et al. 2013). Seasonable
differences could be related to physiological changes
during the life cycle (Warnau et al. 1995a, b, ¢; Walker
et al. 2013). In general, both species of sea urchins tend
to display peaks of Cu, Zn, and Fe concentrations in
winter, when the Sargassum bed reached maximum
development, with a highest abundance of macroalgae.

However the high concentrations of Cd, Cu, Zn, and
Fe in T. depressus and E. thouarsii at San Juan de la
Costa are probably related to the presence of phospho-

rite deposits in the area. Marine upwelling, rain runoff,
sewage discharge, and mining wastes can transport these
metals to offshore areas and eventually increase their
concentration in marine organisms (Neff 2002; Barwick
and Maher 2003; Manahan 2007; Chojnacka 2009).
Investigations at the same site on the chocolate clam
Megapitaria squalida (Méndez-Rodriguez et al. 2006)
and the sea slug Elysia diomedea (Hernandez-Almaraz
et al. 2014) show that the origin of these elements is the
phosphate deposits that erode by natural or anthro-
pogenic means, releasing these elements into the marine
environment, which in turn accumulate in resident spe-
cies of plants and animals. As generalist consumers of
macroalgae and invertebrates, 7. thouarsii and E.
depressus can act as bioindicators of contaminants
(Bohn 1979; Ablanedo et al. 1990; Warnau et al. 1995a;
Sadiq et al. 1996; Storelli et al. 2001; Deheyn et al. 2005,
Ahn et al. 2009).

Macroalgae in the sea urchins’ diet

T. depressus and E. thouarsii are common in reefs lo-
cated in the southwestern Gulf of California (Reyes-
Bonilla and Calderén-Aguilera 1999; Herrero-Pérezrul
2008; Herrero-Pérezrul et al. 2008; Rios-Jara et al. 2008;
Solis-Marin et al. 2013, 2014). We found that, in Sar-
gassum habitats, T. depressus feeds on brown and red
macroalgae during the highest (winter) and lowest
(summer) of algal biomass. The gut contents were
mainly macroalgae of the genera Sargassum, Gracilaria,
and Laurencia. In tropical and subtropical rocky reefs,
sea urchins of the genus Tripneustes (T. gratilla, T.
ventricosus, and T. depressus) are opportunistic con-
sumers; however, a preference for macroalgae and even
preference for a particular species has been reported for
T. gratilla (Dy et al. 2002; Stimson et al. 2007; Lawrence
and Agatsuma 2013). Experimentally, Sargassum, Hyp-
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Fig. 2 6'°N values and concentrations of cadmium (a) and lead
(b) in gonads of two sea urchin species (Tripneustes depressus and
Eucidaris thouarsii) and their potential dietary items (macroalgae
species, Codium simulans, Dictyota flabellata, Gracilaria pachyder-
matica, Sargassum sinicola, Ulva lactuca) from a Sargassum spp.
bed in the Gulf of California, El Sauzoso in winter 2011. Diamonds
sea urchins; Circles macroalgae species. Data are shown as
mean + SD, (ug g~ ' DW)

nea, and Laurencia are among the preferred macroalgae
of T. gratilla and consumption of these taxa is related to
higher growth rates in sea urchins (Dworjanyn et al.
2007; Seymour et al. 2013).

E. thouarsii has been described as an avid coral
consumer in coral reefs or as a generalist omnivore that

grazes on organisms attached to rocks, such as poly-
chaetes, bryozoans, foraminifera, mollusks, barnacles,
and filamentous and crustose macroalgae (Bautista-
Romero et al. 1994; Reaka-Kudla et al. 1996; Reyes-
Bonilla and Calderén-Aguilera 1999). Our analysis of
gut content suggest that, in Sargassum beds, E. thouarsii
likely feeds on red algae, including articulated (Amphi-
roa) and non-articulated (Lithophyllum) coralline red
algae, as well as the filamentous macroalgae (Spyridia,
Polysiphonia, and Ceramium) and fleshy macroalgae
(Gracilaria, Laurencia and Hypnea). Green and brown
macroalgae were present in large amounts in only a few
sea urchins, although diet preference might be related to
variations in local availability rather than preference for
a specific species. McPherson (1968a) found that a clo-
sely related species, Eucidaris tribuloides, preferred
sponges (Cliona lampa), followed by seagrass (Thalassia
testudinum) and macroalgae (Dictyota sp. and Liagora
sp.)-

Prevalence of crustose (non-articulated) macroalgae
in the gut of E. thouarsii may be explained by their
foraging behavior, this sea urchin browses the rocks
where the macroalgae grow, consuming the crustose
algae and associated small organisms. Calcareous frag-
ments are the major component of gut contents of FE.
tribuloides (McPherson 1968a), suggesting that this
species obtains nutrients from microorganisms attached
to calcareous fragments, as well as the macrophytes and
sponges (McPherson 1968b; Santos et al. 2002). The sea
urchins Diadema antillarum and Toxopneustes roseus
primarily consume crustose coralline macroalgae (in-
cluding Lithophyllum species) are their main food source
for these urchins (Hawkins 1981; James 2000). Abun-
dance of crustose coralline macroalgae and their rela-
tively high nutritional value favors recruitment and
survival of the sea urchin E. tribuloides (Reaka-Kudla
et al. 1996).

Field and laboratory studies have shown that con-
sumption of macroalgae provides nutrients and better
gonadal growth in sea urchins (Dafni 1992; Schlosser
et al. 2005; Dworjanyn et al. 2007; Sonnenholzner et al.
2011; Seymour et al. 2013). Gut content analysis and
stable isotope analysis were used to show food sources
and trophic position of sea urchins in subtidal rocky
reefs (Vanderklift et al. 2006). The stable isotope com-
position of prey is reflected in the prey’s isotope signa-
ture (Peterson and Fry 1987; Boecklen et al. 2011).
Isotope composition increases from one trosphic level to
the next, particularly from 3 to 5 9, for 6'°N (Peterson
and Fry 1987). We found that the increase in '°N value
in sea urchins was 3.2 + 0.4 %,, which falls within the
suggested enrichment. The trophic level of T. depressus,
as inferred from its 6'°N values, corresponds to a diet
based primarily on macroalgae, similar to other her-
bivorous sea urchins, based on a study of isotope and
gut contents analysis of Paracentrotus lividus and
Sphaerechinus granularis (Pinnegar and Polunin 2000).
Our results are also similar to 8'°N values of the her-
bivorous gastropod that feeds on macroalgae, Megas-



traea undosa from Pacific coast of the Baja California
Peninsula (6"°N = 12.4 + 0.6 %,; Gomez-Valdez 2010)
and Elysia diomedea from the Sargassum bed at El
Sauzoso, one of the locations in our study (§'°N =
14.3 + 0.5 %,; Hernandez-Almaraz 2015).

The 0"°N value of E. thouarsii is consistent with the
results of the diet analysis. In addition to feeding on
macroalgae, E. thouarsii preys on invertebrates attached
to the rocky substrate, as well as on invertebrates asso-
ciated with the browsed macroalgae browsed, similar to
E. tribuloides (McPherson 1968b; Reaka-Kudla et al.
1996). The contribution of nitrogen from epiphytic
macrophytes has been observed in the sea urchin Para-
centrotus lividus (Tomas et al. 2006). It follows that
consumption of sponges, bryozoans, and other inverte-
brates contributes to higher 6'°N value. Hence, the §'°N
value of E. thouarsii should be greater than in 7.
depressus. The designation of E. thouarsii as an omni-
vore is thus the same Megathura crenulata, a gastropod
that feeds on macroalgae and invertebrates (6'°N =

15.5 £ 0.7 %,; Gomez-Valdez 2010). The difference in
feeding habits and the difference in trophic level of T.
depressus and E. thouarsii has also been found in other
sea urchins. This was examined by comparing the diet
and isotopic data of species coexisting in patches of fo-
liose and crustose coralline macroalgae, the herbivorous
sea urchin Heliocidaris erythrogramma and carnivorous
sea urchins Phyllacanthus irregularis and Cen-
trostephanus tenuispinus (Vanderklift et al. 2006) and the
herbivorous Paracentrotus lividus and carnivorous Ar-
bacia lixula (Agnetta et al. 2013).

Fluctuations in isotope content of macroalgae are
frequently reported, even in species belonging to the
same taxonomic group (Wang and Yeh 2003; Lin et al.
2007; Hanson et al. 2010; Dethier et al. 2013). The cause
for variations are complex, seemingly related to physical
and chemical factors in the marine environment (Lin
et al. 2007; Stephens and Hepburn 2014), as well as
metabolic differences between macroalgae groups and
presence of epibionts and/or storage of substances
(Stephenson et al. 1984; Wang and Yeh 2003; Marconi
etal. 2011). The 6'°N value in macroalgae could indicate
differences in nitrogen availability, as occurs in other
macrophytes (Stephens and Hepburn 2014). Variations
in isotope values and consumer—resources discrimina-
tion have been widely documented and are currently of
great interest in trophic ecological studies (Tomas et al.
2006; Boecklen et al. 2011; Dethier et al. 2013).

Diet as a potential route of transfer

Diet is the major route for transferring Cd, Pb, Cu, Zn,
and Fe, among other elements, in marine food webs
(Wang 2002; Barwick and Maher 2003; Jara-Marini
et al. 2009). Evaluations of metal in food chains that
begin by eating macrophytes suggest that macroalgae
are responsible for transferring Cd, Pb, Cu, Zn, and Fe,
among other elements, to herbivores and omnivores
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(Barwick and Maher 2003; Jara-Marini et al. 2009).
Concentrations of these five elements in the sea urchin
Paracentrotus lividus and three macroalgae species that it
consumes, Ulva lactuca, U. prolifera (= Enteromorpha
prolifera), and Codium vermilara, showed that concen-
trations of Cd, Pb, and Fe in the sea urchin gonads
mirror their concentrations in macroalgae (Storelli et al.
2001). Concentrations of Cd and Cu in soft structures
(gonads and gut) of sea urchin E. mathaei, were also
related to feeding habits (Sadiq et al. 1996).

Studies of pollutant metals transfer across food chains,
used isotopic values (6'°N) to suggest that Cd, Cu, and Zn
are accumulated and transferred from primary producers
to primary and secondary consumers (Ruelas-Inzunza
and Paez-Osuna 2008; Jara-Marini et al. 2009), unlike the
PD that is transferred mainly into higher consumers, i.e.,
omnivores, carnivores and predators (Ruelas-Inzunza
and Paez-Osuna 2008). From gut content analysis, iso-
topic values, and metal concentrations in 7. depressus and
E. thouarsii, we suggest uptake of Cd, Cu, and Zn result
from consumption of common macroalgae species that
are present in the Sargassum beds; Cd is accumulated in
macroalgae and transferred to the sea urchin 7. depressus
and E. thouarsii, but to a lesser extent (Fig. 2a). While E.
thouarsii diet is more diverse, feeding on macroalgae and
other items, which contributes to the transfer of Pb
(Fig. 2b). Differences in the accumulation of metals in
organisms of the same taxonomic group have been ob-
served in other food chains of marine environments
(Barwick and Maher 2003; Jara-Marini et al. 2009). The
recognition of these kind of differences is important to
understanding the dynamics in these elements in the basal
levels of the food chain and its potential impact at higher
levels, mainly because the macroalgae are basis for mul-
tiple food chains, and because sea urchins are species that
contributes to structure of diverse marine environments.
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