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Use of intertidal macroalgae as bioindicators of
anthropogenic nutrient disturbance in the rocky
coasts of the tropical central Mexican Pacific

Careli Vergara-Carranza', Norma Lopezb?*, Alejandra Pifién-Gimate®

ABSTRACT. Bahia de Zihuatanejo, Mexico, exhibits disturbances in its rocky shores due to
large amounts of nutrients that enter the sea due to urbanization and mass tourism. These
nutrients are traced in macroalgae using stable isotopes. The objective of this study was to use
4 species of macroalgae as bioindicators to infer nutrient sources in the system through 3N
and the elemental nitrogen (N) content. Samples were collected in the rainy and dry seasons
of 2021 at 3 sites in the Zihuatanejo region: La Madera, Las Salinas, and La Majahua. Water
samples were taken at each site and season to determine nitrate (NO;) and phosphate (PO,)
concentrations. Isotopic signals and N content were evaluated in Hypnea spinella, Padina
gymnospora, Ulva intestinalis, and Ulva lactuca for each site and season. The concentra-
tions of NO; and PO,, which were highest at Las Salinas and showed no differences between
La Madera and La Majahua, were similar to those previously reported for the region. The
highest 6'°N signals were found in U. intestinalis and H. spinella at Las Salinas (16.12%o and
15.38%o, respectively) and La Madera (15.12%o0 and 13.58%o, respectively) and were close
to the isotopic wastewater signal. In La Majahua, low signals were obtained for H. spinella
(13.54%o), P. gymnospora (9.24%o), and U. lactuca (8.24%0), with values that were close
to the isotopic signal of nutrient-rich oceanic waters. The N content varied depending on
the species and site, although it was generally higher at Las Salinas. The isotopic signals
agreed with those reported for anthropogenic and natural nutrient-enriched coasts. The spe-
cies U. intestinalis and H. spinella can be used as bioindicators of anthropogenic disturbance
due to sewage discharge in the region.

Key words: macroalgae, bioindicators, stable isotopes, contamination, tropical Mexican
Pacific.

INTRODUCTION

Marine ecosystems, particularly coastal areas, have been

Ixtapa-Zihuatanejo, Guerrero, is an important inter-
national tourist destination in the tropical central Mex-
ican Pacific region. In fact, this destination had more than

subject to constant disturbance due to activities such as urban-
ization, intensive agriculture, industrialization, and mass
tourism (Orlando-Bonaca et al. 2008, Benedetti and Trussell
2014, Portugal et al. 2017). Consequently, a large amount
of nutrients of anthropogenic origin, mainly organic and
inorganic nitrogen (N) compounds that come from agricul-
tural runoff and wastewater, have been deposited in the sea
(Martins et al. 2012, Worm and Lenihan 2013, Kowalewski
et al. 2015, Zhai et al. 2020). This nutrient flux has seriously
compromised flora and fauna communities in the coastal zone
(Adams 2005, Lopez et al. 2017, Francescangeli et al. 2020).
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2,088,610 tourists per year until 2018 and 84,566 inhabitants
in 2020 (SECTUR 2014, INEGI 2020, GMZ 2022). Urban
development in Ixtapa-Zihuatanejo has been accelerated and
unplanned; this caused multiple impacts on the coastal zone,
including nutrient pollution in Bahia de Zihuatanejo due to
wastewater discharge (Nava and Ramirez-Herrera 2011, Inda
and Gomez 2015, Lopez et al. 2017, Garcia et al. 2018). This
bay receives direct discharges from “La Marina” (flux of
132.8 L-s!) and “La Ropa” (flux of 18 L-s™!) treatment plants
and a flux of 30 L-s! indirectly discharged (Planea Tropical S.
de R.L. de C.V. 2015, CONAGUA and SEMARNAT 2020).

¢ are included in the ar
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The discharge of wastewater in Bahia de Zihuatanejo can
be classified as a disturbance, taking into account that a dis-
turbance is the set of natural or anthropogenic events that
change the desired state of a system, including its structure,
composition, and diversity (Battisti et al. 2016, Newman
2019). In particular, nutrient enrichment is an anthropogenic
disturbance that leads to changes in the abundance of pri-
mary producers, which causes macroalgae to dominate ben-
thic communities in N-rich environments (Bricker et al. 2008,
Lapointe et al. 2015).

The use of bioindicators can be a valuable tool to acquire
knowledge on the disturbances caused by human activities in
ecosystems (Bonanno and Orlando-Bonaca 2018). Character-
istically, a bioindicator is highly frequent and abundant, easily
identified and sampled, moderately tolerant to disturbances,
and widely distributed with respect to the range of exposure
to a contaminant (Bonanno et al. 2020). Due to their ses-
sile nature, permanence and abundance on rocky coasts, and
their moderate tolerance to disturbances, macroalgae can be
used as bioindicators of anthropogenic disturbance in marine
environments (Veiga et al. 2013, Bonanno and Orlando-
Bonaca 2018). In macroalgae, N forms proteins and partic-
ipates in the catalysis of enzymes; therefore, it is considered
a key and limiting nutrient for the metabolism and growth
of these important primary producers (Pedersen and Borum
1996), although phosphorus (P) can also be a limiting nutrient
(Valiela et al. 1997). N is found naturally in the water column;
however, excess N from wastewater discharges (mainly those
derived from domestic urban waters) and fertilizers often
leads to increased biomass of primary producers (Thornber
et al. 2008).

In recent decades, stable isotope analysis of N in mac-
roalgae has been highly useful to determine the origin and
flux of elements in ecosystems (Guerrero and Berlanga 2000,
Alquezar et al. 2013, Bergamino et al. 2017). N exists as 1
of 2 non-radioactive stable isotopes. The common isotope is
"N (99.6%) and the rarest is N (0.4%); the isotopic signal
is the ratio of these 2 N isotopes and is referred to as the 3N
(expressed in parts per thousand or %o). The ratio between
these 2 isotopes can be used to assess what source of N mac-
roalgae are incorporating. Since a wastewater effluent has a
higher proportion of "N than "N, the isotopic signal of the
effluent is high compared to that of ocean water (Costanzo
et al. 2001, Fry 2006). Thus, anthropogenic wastewater will
have 8N values in a range of +10%o to +20%0 (McClelland
et al. 1997, Kendall 1998), whereas nitrogen fertilizers will
have a signal that varies from —4%o to 4%o, which can be dis-
tinguished from atmospheric N as the basis of the isotopic
signal (Dailer et al. 2010, Calizza et al. 2015, Bergamino et
al. 2017).

Several studies of stable isotopes in macroalgae in coastal
systems from different regions of the world show how useful
macroalgae are as bioindicators of different sources of N,
including effluents of wastewater (Gartner et al. 2002, Rogers
2003, Costanzo et al. 2005), shrimp farming (Lin and Fong
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2008), nutrient-rich waters from upwelling (Viana and Bode
2013), and organic matter from macroalgae stranded on the
beach or from multiple sources such as agriculture and indus-
trial wastewater, which can have very light isotopic signals that
can even be negative (Lemesle et al. 2015, Wang et al. 2016).
In addition, some seasonal variations have been observed,
as there are point sources that can fluctuate depending on
the time of year (Lemesle et al. 2016). In Mexico, research
with stable isotopes in macroalgae on the coasts of the Gulf
of California has shown that the isotopic signal adequately
reflects the source of N, in particular, wastewater, shrimp
farming, and upwellings sources, with the study of 6N (e.g.,
Pifion-Gimate et al. 2009, 2017; Ochoa-Izaguirre and Soto-
Jiménez 2013).

Although macroalgae from the tropical central Mex-
ican Pacific have been widely studied with various objec-
tives (e.g., Taylor 1945, Dawson 1960, Mateo-Cid and
Mendoza-Gonzalez 1997, Mateo-Cid and Mendoza-Gonzalez
2012, Lopezetal. 2017, Nava et al. 2021, Sandoval-Coronado
and Lopez-Gomez 2021, Lopez et al. 2022), there is only one
study in which the isotopic signal in macroalgae was used
in the tourist area of Ixtapa-Zihuatanejo. Using 8N sig-
nals in 5 species of coralline macroalgae, Nava et al. (2014)
determined that the reefs closest to the tourist area and least
conserved were impacted by wastewater. Furthermore, mac-
roalgae showed isotopic signals of up to 9.5%o, which was
considered an enriched signal (Nava et al. 2014).

The aim of this work was to determine the sources of
nutrients and their spatial and temporal variation through the
N content and the isotopic signal in the tissues of 4 mac-
roalgae species (Ulva intestinalis, Ulva lactuca, Hypnea
spinella, and Padina gymnospora) in sites with and without
anthropogenic influence at 2 times of the year. The use of
macroalgae as bioindicators of anthropogenic N sources in
the Ixtapa-Zihuatanejo region through §'N will complement
and provide relevant information on the environmental con-
ditions of the bay.

MATERIALS AND METHODS
Study site

The study was carried out in the Ixtapa-Zihuatanejo region
(17°40'39" N, 101°39"25" W to 17°36'47" N, 101°33"28"” W)
(Fig. 1). According to the K&ppen—Geiger climate classifica-
tion, the region has the Aw, climate, characterized as warm
subtropical with rain in summer (Garcia 2004). The average
annual temperature is 27.5 °C and average precipitation from
2011 to 2018 was 1,225 mm (CONAGUA 2022). The rainy
season occurs from June to October and the dry season from
November to May. The tidal regime is a mixed semidiurnal
type, with 2 high tides and 2 low tides per day and a variation
of —0.56 m to 1.10 m (SEMAR 2021). The hydrodynamics
of Bahia de Zihuatanejo includes thermohaline circulation
(Morales et al. 2008), which consists of a circular current that
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runs completely through the bay from the northwest to the
southwest (Lopez et al. 2017).

The study sites were La Madera (17°38'14" N, 101°33'03"
W) and Las Salinas lagoon (17°38'12.2" N, 101°33'35.4" W)
(sites with anthropogenic influence), in Bahia de Zihuatanejo,
and La Majahua (17°38'14" N, 101°33’03"” W), outside the
bay; this site was considered to have no anthropogenic influ-
ence (Fig. 1).

La Madera is made up of a 0.2-km long sandy beach sec-
tion and a rocky area composed of boulders, a rock platform
(where the macroalgae collection was carried out), and a
cliff at the eastern end of the beach (Escalante-Vargas 2003,
Mateo-Cid and Mendoza-Gonzalez 2012, Google 2021a).
This site is surrounded by the urban area of Zihuatanejo,
which covers approximately 7.5 km? (Google 2021a), has res-
idential and commercial land use, and is also considered an
important site for tourism (INEGI 2009).

Las Salinas lagoon is located 1 km away from La Madera
and has been identified as a discharge site for wastewater from
“La Marina” treatment plant (Planea Tropical S. de R.L. de
C.V.2015). Las Salinas has a floodable area of 7 hectares and
is surrounded by the urban area of Zihuatanejo. Its origin is

17°39.133' N

T Natural area

Py 17°38.140" La Majahua

Latitude (N
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semi-artificial and the predominant soil is sandy and low sand
clay, rocks, and gravel. Mangroves constitute the predomi-
nant vegetation, particularly the species Avicenia germinarns,
Laguncularia racemosa, and Conocarpus erectus. Las Salinas
has a permanent connection with the sea through a channel
(0.035 km wide and 0.168 km long) located in the southern
part (SEMAR 2003, Cordova-Tapia et al. 2014, Izurieta et al.
2014, Senate of la Republica 2015, Ramirez-Lopez 2020).
Along the channel, some rocky areas can be distinguished on
the banks (where the macroalgae collection was carried out);
depth increases towards the center and the soil becomes sandy
(per. obs.).

La Majahua is delimited by 2 rocky points with large
cliffs, promontories, and boulders. This beach is mixed and
has a 2.8 km extension with a 0.4 km long sandy beach. Sam-
pling was carried out on the southwestern rocky point (Google
2021b). The surrounding vegetation is predominantly medi-
um-sized subdeciduous forest (~282.5 ha) (CONANP 2023),
and some individuals of the mangrove C. erectus can occa-
sionally be found on the coast (INEGI 2009, Planea Tropical
S. de R.L. de C.V. 2015, Google 2021b). To date, no sources
of pollution have been identified on this beach because it is

17°37.148' 3
Pacific Ocean
Pacific Ocean
0 0.75 1.5km
[
101°34.729 101°33.737" 101°32.744 101°31.751"
Longitude (W)
La Majahua La Madera

Las Salinas

Figure 1. Map of the study area.
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located more than 3.5 km from the urban area of Bahia de
Zihuatanejo, free of human settlements and surrounded by
vegetation. Therefore, in this work, La Majahua was consid-
ered the site with the least anthropogenic influence (Google
2021b).

Sample collection

In 2021, 2 field trips were carried out, the first during the
dry season (May) and the second in the rainy season (October).
Four water samples were taken per site with the exception of
Las Salinas, where 3 samples were taken in the dry season, to
obtain a total of 23 samples. Each sample was filtered with a
PRF syringe and Whatman GF/F filters (0.45 um) (Maidstone,
UK). They were then contained in 125-mL Nalgene bottles to
be transferred to the laboratory in thermal bags with cooling
gel and stored in a refrigerator at —20 °C until subsequent
analysis. A DR/890 colorimeter (Hach, Loveland, USA) was
used to determine the concentration of N and P in water sam-
ples. The NitriVer3, NitraVer 6, and PhosVer 3 reagents were
used to determine nitrates and phosphates.

On the rocky shores of Bahia de Zihuatanejo, filamen-
tous, lamellar, branched-coarse, and leathery macroalgae are
notable for their abundance and coverage (Nava et al. 2014,
Loépez et al. 2017). In the present work, 4 species of mac-
roalgae belonging to these functional groups were selected,
U. lactuca (lamellar), U. intestinalis (filamentous), H. spinella
(branched-thick), and P. gymnospora (leathery), using the cri-
teria of high coverage, ease of collection, and presence of con-
spicuous, monospecific growths greater than 10 cm in length.
At least 5 thalli per species were taken at each site and during
each season. Since no senescent thallus was found, it was pos-
sible to use the entire thallus. The species P. gymnospora was
not present at Las Salinas, and U. lactuca was collected in
the rainy season due to the absence of U. infestinalis. The
macroalgae samples were extracted by hand using chisel and
hammer, rinsed with seawater, and placed in plastic bags for
transport to the laboratory. Throughout the study, 85 samples
were obtained. These samples were transferred, while kept
cold, to the laboratory and, subsequently, rinsed with fresh
water to remove epibionts.

Sample processing

Each sample was dried in a DHG-9145 Eco-Shell convec-
tion oven (Corning, USA) at a temperature of 60 °C for 5 to
7 days until a constant dry weight was obtained. The dried
material was pulverized with an agate mortar and stored in
sterile polypropylene tubes. Between 1 and 2 mg of the sample
were weighed and packaged in Costech Analytical (Valencia,
USA) 5 x 9 mm tin capsules. The samples were analyzed
in the Laboratorio de Analisis de Isotopos Estables of the
Facultad de Quimica de la Universidad Nacional Auténoma
de México, Yucatan Unit, to obtain the "'N/**N ratio relative to
atmospheric N, (reference material). An ECS4010 elemental
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analyzer (Costech Analytical) with a Zero Blank autosampler
coupled to a DELTA V Plus isotopic ratio mass spectrometer
(Thermo Fisher Scientific, Waltham, USA) was used. The
8N values in mL (%o) were calculated with Eq. (1):

O N (%) =[(725) — 1] 1,000
where R is equal to "N/"N, corresponding to the isotopic sig-
nature (Peterson and Fry 1987).

Statistical analysis

Shapiro—Wilk normality tests were performed for nitrate
and phosphate data and Kolmogorov—Smirnov tests for stable
isotopes and elemental N values to determine whether the
data were homogeneous and homoscedastic. As they were
not normal for nutrients, a non-parametric Kruskal-Wallis
test was performed to demonstrate significant differences
between sites and seasons for nitrates, phosphates, and mac-
roalgae (stable isotopes and elemental N). When there were
significant a posteriori differences, a multiple comparisons
test was performed to identify different groups.

RESuULTS

The average values of nitrates and phosphates were
statistically higher (KW-H, ,; = 14.49, P < 0.05 and
KW-H,; »;) = 14.03, P < 0.05, respectively) at Las Salinas
(0.481 + 0.07 mg'L"' and 2.34 + 0.86 mg'L"!, respec-
tively) with respect to La Madera (0.032 + 0.03 mg-L!
and 0.246 £ 0.08 mg-L”', respectively) and La Majahua
(0.018 £ 0.006 mg-L! and 0.266 + 0.12 mg-L"!, respec-
tively). Average values of nitrates and phosphates, although
not statistically significant, were higher in the rainy season
(0.18 £ 0.2 mg-L ! and 0.2 + 1.2 mg-L!, respectively) than
in the dry season (0.14 + 0.2 mg-L! and 0.74 + 0.9 mg-L!,
respectively). At Las Salinas, nitrates and phosphates were
considerably higher than in the other 2 sites in both seasons,
and nutrients were higher during the rainy season in all 3
sites than in the dry season (Table 1).

Ulva intestinalis had the highest average value in the iso-
topic signal for the whole study (13.02 + 2.48%o), followed
by H. spinella (12.22 + 2.27%0), P. gymnospora (9.36 +
1.03%o), and U. lactuca (8.24 + 0.42%o) (Fig. 2a). The iso-
topic signals of the 4 species showed significant differences
(KW-H3 ;) = 38.3881, P < 0.05). An a posteriori test of mul-
tiple comparisons showed significant differences (P < 0.05)
between U. intestinalis and P. gymnospora, U. intestinalis and
U. lactuca, H. spinella and P. gymnospora, and H. spinella
and U. lactuca. Las Salinas had the highest average value
of 3N (13 + 3.02%0), followed by La Madera (12.18 +
1.89%0) and La Majahua (9.8 = 2.01%o). Differences in the
isotopic signals of the 3 sites were significant (KW-H,z), =
20.6276, P < 0.05). The a posteriori test of multiple compar-
isons showed significant differences (P < 0.05) between La
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Table 1. Values of nitrates (NO,) and phosphates (PO,) by site and
season.

Site Season NOs (mg-L™) PO4 (mg- L")
Las Salinas Dry 0.476 = 0.01 1.98+1.3
Rainy 0.485 +0.08 2.61+0.3
La Madera Dry 0.022 +0.005 0.287 +0.07
Rainy 0.042 +0.04 0.205 +0.07
La Majahua Dry 0.02+0.0 0.377 +0.05
Rainy 0.017 +0.001 0.155+0.03

Majahua and La Madera and La Majahua and Las Salinas
(Fig. 2b). The average value of 8'°N was higher in the dry
season (12.97 = 2.54%o) than in the rainy season (10.04 = 1.7)
(Fig. 2¢). Significant differences in 3'°N were found between
the dry and rainy seasons (KW-H,, 3, = 20.9449, P < 0.05).

Significant differences in the isotopic signal of U. infestinalis
were found between sites (KW-H,,,5, = 5.9871, P < 0.05). The
signals for La Madera and Las Salinas were higher than the
signal from La Majahua (P < 0.05). No significant differences
were found between seasons for U. intestinalis (KW-H, ,5 =
0.1571, P =0.6919). No significant differences were observed
for H. spinella between sites (KW-H,, 30, = 1.2877, P=0.5253),
but were observed between seasons (KW-H,, 35, = 21.7742, P
< 0.05). The highest signal was found in the dry season (P <
0.05). For P. gymnospora, significant differences were found
between sites (KW-H,, 5, = 11.4248, P <0.05), with the lowest
isotopic signal at La Majahua (P < 0.05). Significant differ-
ences were found for seasons (KW-H,, ,;, = 6.4341, P < 0.05).
The highest isotopic signal occurred during the dry season (P
<0.05).

We observed variations in N content that depended on the
species, site, and season (Table 2). Significant differences were
found in elemental N concentrations between species (KW-
Hg gy =9.5314, P <0.05). We demonstrated significant differ-
ences (P < 0.05) between U. intestinalis and P. gymnospora
with the multiple comparisons test (Fig. 3a). Significant dif-
ferences were found for sites (KW-H, 5, =21.2793, P <0.05),
with the lowest value (P < 0.05) at La Majahua compared to
the values of Las Salinas and La Madera (Fig. 3b). In addi-
tion, there were significant differences between seasons (KW-
H, 5, = 36.7625, P < 0.05), with the highest average value in
the rainy season compared to the dry season (Fig. 3c).

For U. intestinalis, significant differences in N content
were observed between sites (KW-H,, 5y = 9.4578, P < 0.05).
The multiple comparisons test showed that the content of N
was significantly lower at La Majahua (P < 0.05) compared
to the values of Las Salinas and La Madera. There were sig-
nificant differences in N content between seasons (KW-H,, ,;,
=16.1571, P < 0.05). The highest N concentration occurred
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in the rainy season (P < 0.05) in U. intestinalis. No signifi-
cant differences were observed in the N content of H. spinella
between sites (KW-H,, 3, = 3.3581, P = 0.2), but there were
differences between seasons (KW-H,, 3, = 21.7742, P <0.05).
Furthermore, the N concentration was significantly higher
in the rainy season (P < 0.05). No significant differences in
the N content of P. gymnospora were observed between sites
(KW-H,, ,;, = 1.6066, P = 0.2). There were significant differ-
ences between seasons (KW-H,;,;, = 8.9054, P < 0.05), and
the highest N concentration was found in the rainy season
(P <0.05).

The pattern observed in the variations of "N showed that,
in both seasons in Las Salinas and La Madera, U. intestinalis
had a higher signal than H. spinella and P. gymnospora. Only
at La Majahua did U. intestinalis and U. lactuca show sig-
nals lower than those of H. spinella in both seasons. The
SN decreased in the rainy season for the species present
at each site (Fig. 4a). Regarding N content, H. spinella and
U. intestinalis had the highest concentrations at the 3 sites
and in both seasons. Regardless of the species, La Madera
and Las Salinas had the highest values of N content in the
rainy season, in contrast to La Majahua, which had the lowest
values recorded (Fig. 4b).

DiscussioN

According to the results obtained in this study for the
Ixtapa-Zihuatanejo region, the concentration of nitrates and
phosphates in the water was higher at Las Salinas than at La
Madera and La Majahua. The nutrient values found in this
work (Table 1) were lower than those reported by Ramirez-
Loépez (2020) and higher than those reported by IMTA (2010)
(Table 3). However, the patterns of the highest and lowest
concentrations reported during the dry and rainy seasons,
respectively, were maintained. Other studies of coastal areas
describe that nitrate and phosphate values above 0.1 mg-L™!
indicate anthropogenic nutrient enrichment (Valiela et al.
1997). Based on the values obtained and those that have been
reported, Las Salinas has greater anthropogenic pressure as
it is influenced by “La Marina” treatment plant. The values
obtained for La Madera are within the range of the values
reported for Las Salinas. Due to the proximity of both sites,
it is likely that wastewater values, both N and P, are being
reflected. On the contrary, the values found at La Majahua
were low and also coincide with those reported for the same
region in areas with little anthropogenic influence (Table 3).
Although the N:P ratio could not be obtained, the concen-
trations of both nutrients could be indicating that these are
not limited for primary producers; we recommend subse-
quent studies to obtain dissolved inorganic N, total N, total
P in water, and P in the macroalgal tissue to confirm this
observation.

As expected, 8N isotopic signals in U. infestinalis,
U. lactuca, H. spinella, and P. gymnospora showed variations
depending on the species, site, and season of the year. High
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Figure 2. 5"°N (%o) by species, site, and season throughout the study.
Ul = Ulva intestinalis, UL = Ulva lactuca, HS = Hypnea spinella,
and PG = Padina gymnospora.

values were found in the isotopic signal of U. intestinalis with
respect to H. spinella and P. gymnospora, which could be
related to its filamentous form. This shape allows the rapid
absorption of nutrients from the water column, so this group
of algae reflects N sources with high efficiency (Dailer et al.
2010). Regardless of their form, the physiological responses
of algae to environmental conditions have been observed to
influence isotopic fractionation. That is, when going through
different biological or enzymatic processes, the proportion of
the heavy isotope over the light one varies (Bergamino et al.
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Figure 3. Elemental nitrogen (N) (%) by species, site, and season
throughout the study. Ul = Ulva intestinalis, UL = Ulva lactuca,
HS = Hypnea spinella, and PG = Padina gymnospora.

2017) in such a way that there will be variations in the 3"*N
values with respect to the nutrient sources (Ochoa-Izaguirre
and Soto-Jiménez 2015). However, macroalgae are expected
to be sensitive enough to record changes in concentrations of
dissolved N and its stable isotope in the water column and, in
this way, integrate and reflect N sources in coastal systems
(Ochoa-Izaguirre and Soto-Jiménez 2015).

In the present study, the isotopic signal of the species
varied between sites. The highest isotopic signals were
detected at Las Salinas and La Madera whereas the lowest
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were detected at La Majahua, which indicates that the mac-
roalgae reflect the different sources of N (Fig. 4). For example,
although P. gymnospora had a 3"N isotopic signal of 9.92—
10.4%o at La Madera, this signal was lower than the signals
of the other species and coincided with the values reported
for Padina spp. on Ishigaki Island, Japan (6'°N values greater
than 8%o), which were related to an enrichment of the isotopic
signal due to anthropogenic influence (Umezawa et al. 2002).
Although these authors did not mention the point source of
enrichment for Padina spp., it coincides with the values of
enriched waters. It is likely that this particular species differ-
entially assimilates N and, therefore, reflects a lower isotopic
signal than the other species. Even so, an isotopic signal close
to wastewater was observed, as has been reported in other
studies (Table 4).

The highest values of the isotopic signal were observed at
Las Salinas. In previous studies, elevated isotopic signals have
been linked to wastewater (Table 3, Fig. 4a). For example,
in La Paz, Baja California Sur, Mexico, 6'°N isotopic signal
values of 16.5%o in U. intestinalis were recorded for a site
influenced by untreated wastewater (Pifion-Gimate et al.
2017). This coincides with the highest 3'°N of U. intestinalis
recorded at Las Salinas, which was 16.2%o. Furthermore,
this value is within the range of the isotopic signal shown by
untreated wastewater. Therefore, the high values found at Las
Salinas could reflect the enrichment of N from the discharge
of “La Marina” treatment plant and the clandestine discharge
of untreated wastewater from urban settlements (IMTA 2010,
Ramirez-Lopez 2020).

At La Madera, U. intestinalis, H. spinella, and
P. gymnospora had average signals of 13.9%o, 12.4%o, and
10.2%o, respectively. Because these are high isotopic sig-
nals, they also reflect the influence of wastewater discharges

W<O

(Table 3). Reports indicate that Las Salinas is influenced by
wastewater and highly affected by these discharges (IMTA
2010). Hotels and restaurants have established around Las
Salinas; therefore, it is possible that untreated wastewater
from these businesses is discharged into the sea (per. obs.).
Nava et al. (2014) collected samples of Jania genus species
at Las Gatas reef in the southeastern end of Bahia de Zihua-
tanejo and obtained an isotopic signal of 9.23%.. This value,
which was lower than that observed in the present study, was
considered by the authors as coming from wastewaters that
influence the bay. As at La Madera, Las Gatas has restaurants
that indirectly discharge their untreated wastewater into the
sea (Instituto de Ingenieria 2011), which causes high isotopic
signals.

The isotopic signal of the 4 species studied at La Majahua
(7.88-13.54%0) is within the range of nutrient-rich waters.
However, this town is far from the urban area of Zihuatanejo
and no point sources of pollution have been identified. In
addition, no information was found about any specific source
of nutrient enrichment on this beach. However, the natural
disposition of nutrients in oceanic currents can also explain
the values found at La Majahua. For example, Aguifiiga et
al. (2010) found isotopic signals between 10%o and 12%o in
Alfonso Basin, Bahia de La Paz, which were related to the
advection of equatorial subsurface waters enriched in "N
in some periods. Subsequently, Pifion-Gimate et al. (2017)
reported 8N values of 9.3%0 for U. lactuca and 10.4%o
for U. rigida at a site with conditions similar to those of La
Majahua. This site was free of urban settlements and without
point sources of anthropogenic pollution, but influenced by
enriched oceanic waters. Therefore, these authors concluded
that the isotopic signal in Ulva spp. reflects that of the sur-
rounding sea (Table 4). Nava et al. (2014) found isotopic

Table 2. Ranges of 8'°N (%o) and nitrogen (N) content (%) of 4 species of macroalgae and the N sources
observed in the 3 locations of the present study. RW = wastewater, AD = advection waters, WFP = waste

fishing products, and OW = oceanic waters.

Species Site SN (%o) N (%) Known source of N
Ulva intestinalis La Madera 12.8-15.12 1.11-7.8 RW
Las Salinas 10.58-16.12 1.48-6.4 RW and WFP
La Majahua 0.76-1.97 ow
Hypnea spinella La Madera 11.2-13.58 1.07-5.2 RW
Las Salinas 9.98-15.38 1.41-5.3 RW and WFP
La Majahua 9.68-13.54 0.88-3.4 ow
Padina gymnospora La Madera 9.92-10.4 0.99-4.3 RW
La Majahua 7.88-9.24 0.4-3.3 AD
Ulva lactuca La Majahua 0.8-2.1 AD
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Figure 4. "N and elemental nitrogen (N). (a) Average (+SD) of 8"°N (%o) in the 4 species of macroalgae from the 3 sites in the 2 study sea-
sons. RWW = wastewater, OW = oceanic water, RW = rain water. (b) Average (+£SD) of the N content (%) in the 4 species of macroalgae
from the 3 sites in the 2 study seasons of Bahia de Zihuatanejo. Ul = Ulva intestinalis, UL = Ulva lactuca, HS = Hypnea spinella, and PG =
Padina gymnospora. Rainfall: 251 mm (September)-56.5 mm (October) (CONAGUA 2023).

signals of 8%o in reefs located outside Bahia de Zihuatanejo
and indicated that these environments do not have anthropo-
genic influence, which coincides with what was found in this
study for La Majahua. Therefore, the isotopic signals of 3N
at our site could be reflecting nutrient-rich oceanic waters. The
typical isotopic signal of oceanic nitrate, a potential source of
N for macroalgae, is around 5.5%o for deep-sea nitrate and
becomes enriched in surface waters (e.g., >5%o) due to prefer-
ential uptake of N nitrate by phytoplankton over "N nitrate
(Granger et al. 2004). In Hanalei Bay in Hawaii, the isotopic
signal of nitrate dissolved in surface waters was close to 7%o
(Derse et al. 2007), so the isotopic signal values of the mac-
roalgae in the present study would reflect the signal of sur-
face oceanic waters. The coastal area of Ixtapa-Zihuatanejo is
influenced by the Mexican Coastal Current (Rodriguez 2016)
and the Western Mexican Current (Kessler 2006).

The highest values of the isotopic signal were found during
the dry season (12.97%o + 2.54%0) compared to the rainy
season (10.04%o % 1.7%o). Ochoa-Izaguirre and Soto-Jiménez

(2015) previously reported this pattern for macroalgae species
from an estuary in the state of Sinaloa. The values reported in
Bahia de Zihuatanejo may be due to mixing processes during
the rainy season. The deposition of atmospheric N, which has
an isotopic signal close to 0%, is reflected in the decrease
in 8N, since rainwater (3%o) has an isotopic signal close to
atmospheric N (Heaton 1986). Mixing processes have been
observed in different studies (e.g., Pidn-Gimate et al. 2017).
However, when the mix has multiple sources of nutrients, it is
difficult to identify the source with the greatest contribution
to the ecosystem (Ochoa-Izaguirre et al. 2017). In Bahia de
Zihuatanejo, there is considerable precipitation in the rainy
season (Fig. 4) and point sources are maintained (treatment
plant). Therefore, it can be inferred that there is mixing with
rainwater due to the decrease in the isotopic signal from
12.9%0 to 10%o, which is similar to what was reported in
previous studies (Ochoa-Izaguirre and Soto-Jiménez 2013,
2015). Nevertheless, more studies on the isotopic signal of
sources inside and outside the bay must be carried out to help
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Table 4. 3N (%o) values of 4 species of macroalgae and the associated nitrogen (N) sources in other studies in different parts of the world.

Species Site SN (%o0) Nitrogen source Reference

Ulva intestinalis Dakwan, Taiwan 3.0-8.6 Sewage water effluent from Lin et al. (2007)

(as Enteromorpha) wastewater treatment plant
Nanwan, Taiwan 13.1-14.9 Sewage water effluent from

wastewater treatment plant
. . Narragansett Bay, Rhode

Ulva intestinalis Island, USA 15 Sewage water effluent Thornber et al. (2008)

Urias Estuary, Sinaloa, Seafood processing industry ~ Ochoa-Izaguirre and Soto-Jiménez
. 13.9

Mexico and wastewater (2015)
Casa del Marlng, Bahia 16.5 Non-treated wastewater Pifién-Gimate et al. (2017)
de La Paz, Mexico
Southern Florida Bay Sewage water effluent from .

Ulva lactuca Region, USA ~8 wastewater treatment plant Lapointe etal. (2004)
East coast of central Flor- Wastewater and residual .
ida, USA 5.0-13.0 groundwater Barile (2004)
Green Island, Taiwan 1.9-3.9 Natural Lin et al. (2007)
Urias Estuary, Sinaloa, Seafood processing industry ~ Ochoa-Izaguirre and Soto-Jiménez

. 134
Mexico and non-treated wastewater (2015)
. Southeast region of the Agriculture, wastewater, e
Hypnea spinella Gulf of California 8.5-11.4 shrimp farm effluent Pifion-Gimate et al. (2009)
Padina spp. Ishigaki Island, Japan >8 Anthropogenic Umezawa et al. (2002)

monitor the environment of the Ixtapa-Zihuatanejo region.
The isotopic signal ranges obtained in this study coincided
with those recorded in other studies around the world that
reported the same N sources in the same genera and species
of macroalgae (Table 4).

Macroalgae from La Madera and Las Salinas had a higher
proportion of elemental N in their tissues in both seasons,
which was similar to what was observed in the highest nutrient
concentrations of the water column at these sites. This sup-
ports the conclusion of nutrient enrichment by wastewater.
In Majahua, the N concentration was lower, which coincides
with a lower concentration of nutrients in the water compared
to the other sites. This is consistent with other studies, which
showed that the concentration of elemental N in the tissues of
macroalgae varied and adequately reflected the nutrient con-
centrations of the water column. The content and proportion
of N and P in macroalgal tissues can be used as indicators
of the availability of these nutrients in the ecosystem (Fong
et al. 1994, Kim et al. 2014). Ochoa-Izaguirre et al. (2017)
found that the N concentration in macroalgal tissue ranged
from 1.66% to 2.37% in highly impacted sites. Our results are
consistent with these values. However, some of the N content
values were high in La Majahua. Considering that this site has
no anthropogenic influence, this may be a result of enriched
surface oceanic waters, as discussed above.

By obtaining the isotopic signal and the elemental N con-
tent in the tissue of the macroalgae in this study, we concluded
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that the selected macroalgae species were good bioindicators
of nutrient enrichment by natural and anthropogenic sources,
as has been observed in other studies. In particular, species of
the genus Ulva seem to best reflect the isotopic signals of their
sources, followed by H. spinella and P. gymnospora. Like-
wise, we can conclude that Bahia de Zihuatanejo is influenced
by wastewater from the human settlements that surround it,
as shown by stable isotopes. We recommend subsequent
studies to obtain the isotopic signal of sources of nutrients
to the system and the particulate organic matter to develop
mixture models and understand the contributing proportion of
each source to the system. Macroalgae are good bioindicators
because they are easy to collect, present all year round, and
grow in almost all coastal environments. Stable isotope anal-
yses have been characterized as accessible in terms of costs
and macroalgae sample obtention and processing. Thus, it is
recommended to monitor the isotopic signal in macroalgae
to detect natural and anthropogenic nutrient sources in the
Ixtapa-Zihuatanejo region at the sites analyzed in this study
and others in the region over several years. The characteri-
zation of the possible sources of anthropogenic nutrients that
impact the sites, including the analysis of the content of nutri-
ents (N and P) in water and macroalgae, will facilitate the
identification of contamination sources of N and the magni-
tude of its impact. Considering that the development plan of
the municipality contemplates growth in infrastructure, local
authorities can use this study as a starting point to carry out
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informed efforts for the conservation and management of
resources in the coastal zone of the Ixtapa-Zihuatanejo region,
one of the most important tourist destinations in the country.
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