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A B S T R A C T

In the present study, we analyzed the influence of untreated sewage exposure on carbon (δ13C) and nitrogen
(δ15N) isotopic composition and several biochemical responses in the barnacle Balanus glandula. The main ob-
jective was to evaluate whether changes in stable isotopes signature do reflect biochemical sub-lethal effects in a
sewage influence gradient. Stable isotopes analysis showed differences in isotope signatures between close se-
wage influence and distant sites, being δ13C signatures stronger than that of δ15N. Regarding biochemical effects,
although organisms close to the effluent would be clearly exposed to contaminants (increased GST activity) the
oxidative stress would not be too evident (peroxidases and ACAP not affected). The most affected physiological
aspect was the digestive one, reflected in increased alkaline proteases and lipases activities. A clear relation
between δ15N and GST activity was found, showing to δ15N as an indicator of potential exposure to chemical
contaminants.

1. Introduction

One of the main sources of coastal marine pollution is the sewage
effluents through which domestic and industrial residuals reach the sea.
In developed countries, the implementation of different degrees of
treatments has improved the quality of these liquid wastes (Fytili and
Zabaniotou, 2008), whereas this issue is still a challenge for the gov-
ernments of developing countries. However, fortunately, they are cur-
rently attempting to face it (Kivaisi, 2001). This is the case of Latin
America countries like Argentina, where most sewage effluents receive
none or minimal treatment (Sato et al., 2013). Only in the recent few
years, some secondary treatment systems can be found in Argentina,
but they constitute exceptions and usually they still do not reach the
desired quality of effluents (Iribarnegaray et al., 2017).

The assessment of anthropic impact in natural environments
through the study of pollution sublethal effects over organisms has
become a widespread scientific method. In particular, biochemical
biomarkers are considered early warming tools since it is assumed that
they are more sensitive than individual or population level biomarkers,
which would be evident subsequently (Jemec et al., 2010). For

instance, the enzyme Glutathione-S-transferase (GST) is an indicator of
exposure to contaminants since it takes place in phase II of the bio-
transformation process; also, this enzyme acts as an antioxidant. The
biochemical biomarkers related to oxidative stress processes (e.g.,
peroxidases enzymes (Pe), antioxidant capacity against peroxyl radicals
(ACAP)) are in particular widely used in environmental health assess-
ment since it is a very well-known effect of pollution (Benedetti et al.,
2015). All these biomarkers present sensitivity to sewage pollution in
different marine invertebrate species (Galloway and Depledge, 2001;
Machado et al., 2014; Zanette et al., 2015).

Further, there are some enzymes that although presenting potential
effectiveness as sewage biomarkers, they are poorly studied in this
topic. For example, the enzyme phenoloxidase (PO) takes part in the
melanin formation process, which constitutes a common immune re-
sponse to pathogens in invertebrates (Söderhäll and Cerenius, 1998).
Since the bacterial load discharged to the environment by a sewage
effluent is in general extremely high (Edwards, 1998), the PO activity of
invertebrates living under such conditions may indicate an influence of
this pollution source. On the other hand, the behavior of digestive en-
zymes in invertebrates shows a great plasticity according to the
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environmental conditions, making them potential biomarkers to assess
pollution effects (Charron et al., 2015). Due to the known changes in
the environmental organic matter generated by wastewater discharges,
it is very likely to find some variation in the activity of these enzymes,
in particular in filter-feeders invertebrates.

Several authors have used carbon (δ13C) and nitrogen (δ15N) stable
isotopes of aquatic organisms as tracers of sewage contamination (e.g.,
Waldron et al., 2001). The relative abundances of the lighter and
heavier isotopes of some elements are stable and characteristic of each
environment; e.g., the fraction of heavy 13C relative to the abundance of
the light 12C is different between freshwater and marine matrices
(Peterson and Fry, 1987). Further, due to processes occurring along the
food webs, stable isotopes ratios may reveal the origin of nutrients used
by primary producers as well as the diet composition of organisms
(Post, 2002). Since the marine environment under the influence of
sewage undergoes changes in the sources of nutrients and organic
matter, which have a different isotopic signature (human, terrestrial,
freshwater), the background levels of stable isotopes of the receiving
system are also altered. Hence, the communities living there reflect
these changes through carbon and mainly nitrogen stable isotopes
composition (Mancinelli and Vizzini, 2015).

Although the exposure evidence provided by stable isotopes offers
valuable information, the presence of a sewage plume does not ne-
cessarily indicate adverse effects on organisms. In this sense, it is in-
teresting to test the relation between stable isotopes signatures and
alterations in sentinel species in order to determine if stable isotopes do
reflect the real impact of this type of pollution. In this context, in the
present work, we propose to test whether carbon and nitrogen isotopic
signature are related with biochemical biomarkers (Pe, GST, ACAP, PO,
lipases and proteases) alteration in a barnacle species under the influ-
ence of an untreated sewage outfall.

2. Material and methods

2.1. Study site and sampling

The studied area consisted on an intertidal loess platform located at
the Argentinean Coast (Southwest Atlantic) which is under the

influence of a sewage outfall coming from two cities, Necochea and
Quequén (115,457 habitants; 2010 census INDEC Argentina) (Fig. 1).
Although Necochea-Quequén effluent is relatively small, the discharged
residual waters do not receive any treatment, and the effects of sewage
pollution over the receiving marine community have already been re-
ported (López Gappa et al., 1990; Tablado et al., 1994; Tablado and
Gappa, 2001). In addition, in the first few meters from the outfall,
macroinvertebrate species are absent, whereas a little further away,
only the limpets Siphonaria lessoni and the barnacles Balanus glandula
begin to appear (pers. obs.). Thus, we chose B. glandula as the sentinel
species for this study because in a previous work it has shown high
sensitivity to pollution at the biochemical level (Laitano and Fernández-
Gimenez, 2016). In addition, this barnacle has a broader distribution
since it is an invasive species in many parts of the world (Spivak and
Schwindt, 2014).

The specimens were collected by hand at six locations from the
outfall towards west, following the direction and approximately the
distances of a previously reported pollution gradient (López Gappa
et al., 1990). The areas were sited at about 40 m (S1), 80 m (S2), 120 m
(S3), 180 m (S4), 280 m (S5) from the outfall. A sixth site at about
900 m was chosen as reference site (López Gappa et al., 1990) (Fig. 1).
At each location, three sites were randomly selected. Samples (3 per
station) were carried to the laboratory in cold conditions, immediately
dissected and pooled. Subsamples of soft tissues were dried in an oven
at 60 °C and processed for the stable isotopes analysis. For the bio-
chemical analysis, soft tissues were homogenized (1/2 w/v) in phos-
phate buffer (50 mM, pH 6) on ice, then samples were centrifuged
30 min at 10,000 rpm and 4 °C and the supernatant (protein extract)
was carefully removed and stored at −80 °C until analysis.

2.2. Stable isotopes analysis

Measurements of δ13C and δ15N for each sample were made on a
Carlo Erba Elemental Analyzer (CHONS) coupled to a Finnigan MAT
Delta V continuous-flow isotope ratio mass spectrometer (CF-IRMS)
through a Thermo ConFlo IV interface using internal standards. These
standards (caffeine: δ13C = −39.33‰, δ15N = 7.02‰; sugar:
δ13C = −11.41‰; and collagen: δ13C =−18.18‰, δ15N = 6.12‰)

Fig. 1. Map showing the study area and sampling stations (S1–S5) at different distances (40, 80, 120, 180 and 280 m, respectively) from the Necochea-Quequén sewage outfall. REF is the
reference station and it is 900 m from the outfall.
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were calibrated against VPDB and AIR reference standards for carbon
(L-SVEC, NBS-19 and NBS-22) and nitrogen (IAEA N1 and IAEA N2)
(Coplen et al., 1992; Gonfiantini, 1978). Replicates of internal stan-
dards showed analytical uncertainties to be on the order of± 0.2‰ for
both δ13C and δ15N values.
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2.3. Biochemical analysis

Soluble protein was measured by the method described by
(Bradford, 1976), using serum bovine albumin (Sigma A9647) as the
standard. Peroxidases activity was determined according to (Lamela
et al., 2005) using Pyrogallol 5% (w/v) (Sigma P0381) as substrate and
hydrogen peroxide (1.6 vol.) to activate the assay. After 20 s, absor-
bance was registered at 420 nm. Glutathione-S-transferase activity was
measured following (Habig et al., 1974), modified to microplate lecture
and measuring the conjugation between the substrate, 1-chloro-2,4-
dinitrobenzene (CDNB; Sigma 138,630), and reduced glutathione
(Sigma G4251). Absorbance at 340 nm was recorded every minute
during 10 min. Total antioxidant competence against peroxyl radicals
(ACAP) was measured in a 96-well microplate format according to
(Amado et al., 2009). Briefly, the method based on the exposure of
tissue homogenate with and without ABAP at 37 °C in which peroxyl
radicals are produced by thermal decomposition of ABAP. The thermal
decomposition of ABAP and ROS formation was monitored for 30 min,
with fluorescent readings every 5 min (488 ex. 525 em). The relative
difference area with and without ABAP was considered a measure of
antioxidant capacity, with greater differences reflecting lower anti-
oxidant capacity.

Phenoloxidase activity measurement was adapted from (Palmer
et al., 2011) using L-DOPA (3 mg ml−1) (Aldrich 333,786) as substrate
and recording absorbance at 490 nm. The activity of two types of
proteinases was assessed, those which act at pH 7.5 and pH 6, using 1%
azocasein as the substrate in 50 mM Tris–HCl, pH 7.5 (García-Carreño,
1992) and 6 (Celis-Guerrero et al., 2004), respectively. Lipases activity
was determined according to (Versaw et al., 1989). β-naphthyl capry-
late (Goldbio N-100) dissolved in dimethyl sulfoxide (DMSO) was used

as substrate and absorbance was recorded at 550 nm.
All assays were made in triplicate with two control trials. Pe and

lipases activities were measured with a Shimadzu UV-2102 PC,
UV–visible Scanning Spectrophotometer, while GST, PO and protei-
nases activities were measured with a Biotek EPOCH microplate spec-
trophotometer. Pe, PO, proteinases and lipases activities are expressed
as the change of absorbance per minute per mg protein (Abs min−1 mg
protein−1). GST activity is expressed as units per mg protein (U mg
protein−1). One unit of enzyme is the quantity of enzyme that catalyzes
the formation of 1 μmol of product per minute.

2.4. Data analysis

Results are presented as means ± standard error. The isotopic
signature and the biochemical biomarkers were compared among sites
trough generalized linear models (GLM). Models with isotopic signature
or biochemical biomarkers as dependent variable and site as fixed
factor were developed, specifying Gaussian or Gamma family, as ap-
propriate, according to the distribution of each data set. In order to
determine the significance of the factor “site” on the isotopic signature
or the biochemical biomarkers (which means, if there are differences in
these variables according to the distance to the sewage outfall), models
were contrasted with a null model (without any independent variable)
through the Akaike's Information Criteria. When the Akaike's number of
a model with the factor “site” is lower (with a difference of at least 7)
and the Akaike's weight is considerably higher than those of the null
model (Burnham et al., 2011), it is an indication of significant differ-
ences in the analyzed variables due to such factor. When significant
differences among sites were found, Tukey's tests were applied to the
constructed model in order to make post-hoc multiple comparisons and
detect which sites differ in the stable isotopes values and each bio-
chemical parameter. The relation between the isotopic signature and
each biochemical biomarker was tested through Pearson or Spearman
correlation tests, according to the normality and homoscedasticity of
each one. All statistical analyses were conducted in R 2.13.0.

3. Results and discussion

3.1. Stable isotopes

Carbon and nitrogen stable isotopes of B. glandula at different

Fig. 2. Carbon and nitrogen stable isotopes ratios
of barnacles Balanus glandula at different dis-
tances from Necochea-Quequén sewage outfall
(S1: closest–S5: farthest) and a reference site
(REF).
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Fig. 3. Biochemical responses (mean and standard deviation) measured in barnacles Balanus glandula at different distances from Necochea-Quequén sewage outfall (S1–S5) and a
reference site (REF). Pe: peroxidases; GST: glutathione-S-transferase; ACAP: antioxidant capacity against peroxyl radicals; PO: phenoloxidase; AlPROT: alkaline proteases; AcPROT: acid
proteases; LIP: lipases. Asterisks indicate significant differences with the reference site.
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distances from the Necochea-Quequén sewage outfall are presented in
Fig. 2. Barnacles from the reference station presented similar values
than those reference values previously reported in other marine filter-
feeder species from the region (Laitano et al., 2016 and references
therein), which confirms the lack of sewage influence at that station.
The δ13C values ranged from −20.1 to −17.6‰ and showed sig-
nificantly depleted values in the two closest stations to the effluent
outfall; compared with the reference site, S1 and S2 were 1.9 and 1.1‰
depleted. This depletion is a well-reported pattern in organisms of all
trophic levels, or even sediments, exposed to sewage pollution (Gearing
et al., 1991; Waldron et al., 2001). This carbon signature indicates the
presence of terrestrial organic matter depleted in 13C relative to that
produced by phytoplankton (Peterson and Fry, 1987).

δ15N values varied between 9.3‰ and 12.5‰, and only S1 (the
closest site to sewage) displayed significant differences from the other
sites, showing a less positive nitrogen isotope signature (2.6‰ depleted
compared with the reference site; p < 0.05; Fig. 2). In general, studies
on sewage pollution show that organisms exposed to such contamina-
tion present enriched 15N values (Oakes and Eyre, 2015). However, this
pattern corresponds to the incorporation of residues previously sub-
jected to treatment, which, through microbial nitrification and deni-
trification processes that selectively utilize 14N, enrich the effluent
(Toyoda et al., 2011). The Necochea-Quequén sewage does not receive
any treatment and, thus, barnacles are reflecting the depleted δ15N

characteristic of land-originated nitrogen compared with the marine
origin one (Peterson and Fry, 1987), as has been reported in other
species under untreated sewage outfalls influence (Rogers, 2003).

Thus, the stable isotopes results indicate that the influence of the
studied sewage outfall would be in the first meters. The δ13C was more
sensitive than δ15N because not only differ in the first two stations, but
also these stations differ each other in δ13C, indicating a small gradient
of sewage influence. In general, a different result is found in other
studies in which δ15N is a more sensitive tracer of anthropic organic
matter than δ13C; however, this higher sensitivity of δ15N is reported in
primary producers and consumers which feed exclusively on them (e.g.,
grazers) (Vizzini and Mazzola, 2006). Rogers (2003) suggested that the
δ13C signature would be as good indicator as the δ15N to filter-feeders
because they assimilate the particulate sewage-derived organic matter
directly, which would be the case of B. glandula. Consistently, other
studies on the sewage influence on filter feeders organisms found the
isotopic composition of both, carbon and nitrogen, as equally suitable
tracers of such pollution (Dolenec et al., 2006; Piola et al., 2006).

3.2. Biochemical biomarkers

The different biochemical responses measured in B. glandula under
sewage influence are presented in Fig. 3. Peroxidases mean activity
varied between 0.115 and 0.238 Abs min−1 mg protein−1, GST mean
activity oscillated between 1.22 and 3.83 U mg protein−1 while ACAP
mean values did it between 0.26 and 0.41. The mean activity of the
enzyme PO ranged from 0.039 to 0.082 Abs min−1 mg protein−1. Al-
kaline and acid proteinases and lipases showed mean activities from 0.1
to 0.29, from 0.05 to 0.08 and from 0.079 to 0.197 Abs
min−1 mg protein−1, respectively.

GST, alkaline proteinases and lipases presented significant differ-
ences in at least one station respect to the reference site, whereas the
other biomarkers did not show statistical differences among stations
(Table 1, Fig. 3). GST showed markedly higher activity at the station S1
compared with all the other stations. This enzyme participates in de-
toxification processes and as an antioxidant agent (Barata et al., 2005).
Therefore, in environmental studies, variations in its activity has been
assumed as a response to organic contaminants presence (Zanette et al.,
2015) as well as to oxidative stress (Lima et al., 2007). Since Pe activity
and ACAP were similar among stations, indicating that the antioxidant
system is not over stimulated by sewage influence, it is probable that
the increased GST activity corresponds to the activation of bio-
transformation processes (Zanette et al., 2015). This would indicate
that there is exposure to contaminants, but it would not be high enough
to trigger oxidative stress.

Compared with the reference site, the activities of alkaline proteases
and lipases were enhanced in the first three stations closer to the
sewage outfall (S1, S2 and S3; Fig. 3). The influence of chemical con-
taminants potentially released by the studied sewage should be dis-
carded since all the evidence available indicate an inhibition of diges-
tive enzymes by pollutants (Chen et al., 2002; Dedourge-Geffard et al.,
2013). On the other hand, the organic material released by the outfall
could explain the increased alkaline proteases and lipases activities. The
activity of these enzymes varies in response to changes in food type
availability (Albentosa and Moyano, 2009), which would be the case of
a filter-feeder exposed to sewage effluent. Raunkjᴂr et al. (1994) stu-
died the composition of four sewage outfall sludges and found them
rich in lipids and proteins, which is consistent with the increased ac-
tivities of proteases and lipases determined in the studied barnacles.
From these results, proteases and lipases are proposed as biomarkers of
physiological state alteration in organisms exposed to sewage pollution.

3.3. Stable isotopes and biomarkers link

δ13C did not show significant correlation with any analyzed bio-
marker, whereas δ15N was correlated with GST, alkaline proteases and

Table 1
GLMs. Akaike's number (AICc) and Akaike's weight (wAICc) for both, the null model
(without independent variable; m0) and that with site as independent factor (m1), for the
different measured parameters. Lower AICc (a difference of at least 7) and higher wAICc
indicates that is the best-fitted model when comparing m0 with m1. In bold: lower AICc
and higher wAICc of m1, which means significant differences among sampling stations.
Pe: peroxidases; GST: glutathione-S-transferase; ACAP: antioxidant capacity against per-
oxyl radicals; PO: phenoloxidase; Al PROT: alkaline proteases; Ac PROT: acid proteases;
LIP: lipases.

Variable AICc wAICc

δ13C m0: 45.7
m1: 6.5

m0:< 0.001
m1: 1

δ15N m0: 57.4
m1: 29.5

m0:< 0.001
m1: 1

Pe m0: −47.3
m1: −41.4

m0: 0.63
m1: 0.37

GST m0: 112.5
m1: 94.1

m0:< 0.001
m1: 1

ACAP m0: −27.8
m1: −6.7

m0: 1
m1:< 0.001

PO m0: −156.9
m1: −158

m0: 0.37
m1: 0.63

Al PROT m0: −95.8
m1: −111

m0:< 0.001
m1: 1

Ac PROT m0: −55.9
m1: −43.8

m0: 1
m1:< 0.001

LIP m0: −53.8
m1: −62.9

m0: 0.01
m1: 0.99

Table 2
Parameters of correlation analyses (p-value and rho) between biomarkers significantly
different among study sites and carbon and nitrogen stable isotopes signatures (δ13C and
δ15N, respectively). GST: glutathione-S-transferase; PO: phenoloxidase; Al PROT: alkaline
proteases; LIP: lipases; In bold: significant correlation.

Enzyme δ13C δ15N

GST p > 0,05 p < 0,05
rho = −0.3 rho = −0.5

PO p > 0,05 p > 0,05
rho = −0.09 rho = −0.3

Al PROT p > 0,05 p < 0,05
rho = −0.26 rho = −0.5

LIP p > 0,05 p < 0,05
rho = −0.25 rho = −0.5
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lipases activities (Table 2). This could be surprising since the carbon
signature reflected statistically better the extent of influence of the
sewage material. However, δ15N showed a tendency to present lower
values at the three first stations besides the significant difference of S1
(Fig. 2), which would be more similar to the biomarkers pattern men-
tioned above than δ13C results.

Few previous studies established a relationship between stable iso-
topes signature and sewage pollution effects, but they did it in different
conditions than this study. Morrissey et al. (2013) analyzed the re-
lationship between isotopes composition and freshwater macro-
invertebrates community indices exposed to secondary treatment
plants. Another similar work which can be mentioned is that of
Carballeira et al. (2011) that studied the relation of δ15N with mollusks
histopathological effects but exposed to land-based marine fish farms
which, although present organic matter contamination, the chemical
contaminants and routes of contamination would be different. Despite
the differences, both studies reported a strong correlation between the
analyzed pollution effects and δ15N. In the present study, we found such
clear relationship when analyzing the impact of sewage on GST activity.
Although a correlation between δ15N and some digestive enzymes was
also found, this does not mean that the nitrogen stable isotope analysis
reflects such biochemical alterations since the δ15N responded only in
the first station whereas the biochemical responses were detected until
S3.

The arising question now is why the digestive enzymes response is
stronger than the isotopic response. One possible explanation would be
that stable isotopes are time-integrated indicators of environmental
condition whereas the digestive enzymes may depend on the organic
matter recently released by the effluent. For instance, for limpets and
mussels, it took them more than nine months to recover their back-
ground N signature after a sewage plant closure in New Zealand
(Rogers, 2003). On the other hand, the differential activation of the
digestive enzymes would be directly related to the different composi-
tion of the diet (Albentosa and Moyano, 2009). Thus, the variability in
the digestive enzymes response would be higher than that of δ15N,
which would explain the different responses. However, another possible
explanation for the weaker δ15N signal arises from the fractionation
process. An organism does not directly assimilate the nitrogen signature
of the consumed organic matter because it suffers the fractionation
process, which will determine its final δ15N (Peterson and Fry, 1987).
Fractionation in animals is due mainly to differential higher excretion
of the light 14N isotope, leading to a more enriched body signature (Fry,
2006), which is precisely the contrary effect of the incorporation of
sewage organic matter by barnacles in this study (depletion of δ15N).
Thus, fractionation process could be counteracting the effect of sewage,
leading to a weaker δ15N signal.

Concluding, the stable isotopes analysis showed a sewage influence
in the first few meters from the outfall, being the δ13C more sensible
than δ15N. The untreated wastewaters of the study area led to novel
results compared to those obtained in most other studies of the same
research topic. When analyzing the effects of sewage discharge on
barnacles, a variety of responses have been found according to the
different biochemical parameters. The most affected biochemical aspect
was the digestive one, which in turn was measured for the first time in
sewage-exposed animals and, thus, digestive enzymes are proposed as
biomarkers of sewage pollution. A clear relationship between δ15N and
GST activity was found, showing that δ15N is an indicator of potential
exposure to chemical contaminants, besides the exposure to the organic
ones. Further studies with different sewage conditions (size, treatment,
environment, etc.) could assess this.

Acknowledgments

M. V. Laitano and Y. E. Rodriguez were sponsored by Consejo
Nacional de Investigaciones Científicas y Técnicas (CONICET) (post-
doctoral and doctoral fellowships, respectively). This study was

partially funded by ANPCyT of Argentina (Dr. Mauricio Díaz-Jaramillo,
PICT-2510), and Universidad Nacional de Mar del Plata (Dra. Analia
Fernández-Gimenez, EXA 772-16). We also thank Camila Albanesi and
Diego M. Molares for their help in samples collection.

References

Albentosa, M., Moyano, F.J., 2009. Differences in the digestive biochemistry between the
intertidal clam, Ruditapes decussatus, and the subtidal clam, Venerupis pullastra.
Aquac. Int. 17, 273–282. http://dx.doi.org/10.1007/s10499-008-9199-1.

Amado, L.L., Garcia, M.L., Ramos, P.B., Freitas, R.F., Zafalon, B., Ferreira, J.L.R., Yunes,
J.S., Monserrat, J.M., 2009. A method to measure total antioxidant capacity against
peroxyl radicals in aquatic organisms: application to evaluate microcystins toxicity.
Sci. Total Environ. 407, 2115–2123. http://dx.doi.org/10.1016/j.scitotenv.2008.11.
038.

Barata, C., Lekumberri, I., Vila-Escalé, M., Prat, N., Porte, C., 2005. Trace metal con-
centration, antioxidant enzyme activities and susceptibility to oxidative stress in the
tricoptera larvae Hydropsyche exocellata from the Llobregat river basin (NE Spain).
Aquat. Toxicol. 74, 3–19. http://dx.doi.org/10.1016/j.aquatox.2005.04.002.

Benedetti, M., Giuliani, M.E., Regoli, F., 2015. Oxidative metabolism of chemical pollu-
tants in marine organisms: molecular and biochemical biomarkers in environmental
toxicology. Ann. N. Y. Acad. Sci. 1340, 8–19. http://dx.doi.org/10.1111/nyas.12698.

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72,
248–254. http://dx.doi.org/10.1016/0003-2697(76)90527-3.

Burnham, K.P., Anderson, D.R., Huyvaert, K.P., 2011. AIC model selection and multi-
model inference in behavioral ecology: some background, observations, and com-
parisons. Behav. Ecol. Sociobiol. 65, 23–35. http://dx.doi.org/10.1007/s00265-010-
1029-6.

Carballeira, C., Espinosa, J., Carballeira, A., 2011. Linking δ15N and histopathological
effects in molluscs exposed in situ to effluents from land-based marine fish farms.
Mar. Pollut. Bull. 62, 2633–2641. http://dx.doi.org/10.1016/j.marpolbul.2011.09.
034.

Celis-Guerrero, L.E., García-Carreño, F.L., Navarrete Del Toro, M.A., 2004.
Characterization of proteases in the digestive system of spiny lobster (Panulirus in-
terruptus). Mar. Biotechnol. 6, 262–269. http://dx.doi.org/10.1007/s10126-003-
0032-6.

Charron, L., Geffard, O., Chaumot, A., Coulaud, R., Jaffal, A., Gaillet, V., Dedourge-
Geffard, O., Geffard, A., 2015. Consequences of lower food intake on the digestive
enzymes activities, the energy reserves and the reproductive outcome in Gammarus
fossarum. PLoS One 10, 1–14. http://dx.doi.org/10.1371/journal.pone.0125154.

Chen, Z., Mayer, L.M., Weston, D.P., Bock, M.J., Jumars, P. a, 2002. Inhibition of di-
gestive enzyme activities by copper in the guts of various marine benthic in-
vertebrates. Environ. Toxicol. Chem. 21, 1243–1248.

Coplen, T., Krouse, H., Böhlke, J., 1992. Reporting of nitrogen-isotope abundances. Pure
Appl. Chem. 64, 907–908.

Dedourge-Geffard, O., Charron, L., Hofbauer, C., Gaillet, V., Palais, F., Lacaze, E., Geffard,
A., Geffard, O., 2013. Temporal patterns of digestive enzyme activities and feeding
rate in gammarids (Gammarus fossarum) exposed to inland polluted waters.
Ecotoxicol. Environ. Saf. 97, 139–146. http://dx.doi.org/10.1016/j.ecoenv.2013.07.
016.

Dolenec, T., Lojen, S., Dolenec, M., Lambaša, Ž., Dobnikar, M., Rogan, N., 2006. 15N and
13C enrichment in Balanus perforatus: tracers of municipal particulate waste in the
murter sea (Central Adriatic, Croatia). Acta Chim. Slov. 53, 469–476.

Edwards, D.D.M., 1998. Distribution of Clostridium perfringens and fecal sterols in a
benthic coastal marine environment. Appl. Environ. Microbiol. 64, 2596–2600.

Fry, B., 2006. Stable Isotope Ecology, Stable Isotope Ecology. Springer, New York. http://
dx.doi.org/10.1007/0-387-33745-8.

Fytili, D., Zabaniotou, A., 2008. Utilization of sewage sludge in EU application of old and
new methods - a review. Renew. Sust. Energ. Rev. 12, 116–140. http://dx.doi.org/10.
1016/j.rser.2006.05.014.

Galloway, T.S., Depledge, M.H., 2001. Immunotoxicity in invertebrates: measurement
and ecotoxicological relevance. Ecotoxicology 10, 5–23.

García-Carreño, F.L., 1992. The digestive proteases of langostilla (Pleuroncodes planipes,
decapoda): their partial characterization, and the effect of feed on their composition.
Comp. Biochem. Physiol. B Comp. Biochem. 103, 575–578. http://dx.doi.org/10.
1016/0305-0491(92)90373-Y.

Gearing, P.J., Gearing, J.N., Maughan, J.T., Oviatt, C.A., 1991. Isotopic distribution of
carbon from sewage-sludge and eutrophication in the sediments and food web of
estuarine ecosystems. Environ. Sci. Technol. 25, 295–301.

Gonfiantini, R., 1978. Standards for stable isotope measurements in natural compounds.
Nature 271, 534–536.

Habig, W., Pabst, M., Jakoby, W., 1974. Glutathione S-transferase, the first enzymatic
step in mercapturic acid formation. J. Biol. Chem. 249, 7130–7139.

Iribarnegaray, M.A., Rodriguez-Alvarez, M.S., Moraña, L.B., Tejerina, W.A., Seghezzo, L.,
2017. Management challenges for a more decentralized treatment and reuse of do-
mestic wastewater in metropolitan areas. J. Water Sanit. Hyg. Dev (In press). https://
doi.org/10.2166/washdev.2017.092.

Jemec, A., Drobne, D., Tišler, T., Sepčić, K., 2010. Biochemical biomarkers in environ-
mental studies-lessons learnt from enzymes catalase, glutathione S-transferase and
cholinesterase in two crustacean species. Environ. Sci. Pollut. Res. 17, 571–581.
http://dx.doi.org/10.1007/s11356-009-0112-x.

Kivaisi, A.K., 2001. The potential for constructed wetlands for wastewater treatment and
reuse in developing countries: a review. Ecol. Eng. 16, 545–560.

M.V. Laitano et al. Marine Pollution Bulletin 127 (2018) 505–511

510



Laitano, M.V., Fernández-Gimenez, A.V., 2016. Are mussels always the best bioindica-
tors? Comparative study on biochemical responses of three marine invertebrate
species to chronic port pollution. Bull. Environ. Contam. Toxicol. 97, 50–55. http://
dx.doi.org/10.1007/s00128-016-1839-y.

Laitano, M.V., Silva Barni, M., Costa, P.G., Cledón, M., Fillmann, G., Miglioranza, K.,
Panarello, H., 2016. Different carbon sources affect PCB accumulation by marine
bivalves. Mar. Environ. Res. 113, 62–69. http://dx.doi.org/10.1016/j.marenvres.
2015.11.004.

Lamela, R.E.L., Silveira Coffigny, R., Cruz Quintana, Y., Martínez, M., 2005.
Phenoloxidase and peroxidase activity in the shrimp Litopenaeus schmitti, Pérez-
Farfante and Kensley (1997) exposed to low salinity. Aquac. Res. 36, 1293–1297.
http://dx.doi.org/10.1111/j.1365-2109.2005.01344.x.

Lima, I., Moreira, S.M., Osten, J.R.-V., Soares, A.M.V.M., Guilhermino, L., 2007.
Biochemical responses of the marine mussel Mytilus galloprovincialis to petrochemical
environmental contamination along the North-western coast of Portugal.
Chemosphere 66, 1230–1242. http://dx.doi.org/10.1016/j.chemosphere.2006.07.
057.

López Gappa, J.J., Tablado, A., Magaldi, N.H., 1990. Influence of sewage pollution on a
rocky intertidal community dominated by the mytilid Brachidontes rodriguezi. Mar.
Ecol. Prog. Ser. 63, 163–175. http://dx.doi.org/10.3354/meps063163.

Machado, A.A.D.S., Wood, C.M., Bianchini, A., Gillis, P.L., 2014. Responses of biomarkers
in wild freshwater mussels chronically exposed to complex contaminant mixtures.
Ecotoxicology 23, 1345–1358. http://dx.doi.org/10.1007/s10646-014-1277-8.

Mancinelli, G., Vizzini, S., 2015. Assessing anthropogenic pressures on coastal marine
ecosystems using stable CNS isotopes: state of the art, knowledge gaps, and com-
munity-scale perspectives. Estuar. Coast. Shelf Sci. 156, 195–204. http://dx.doi.org/
10.1016/j.ecss.2014.11.030.

Morrissey, C.A., Boldt, A., Mapstone, A., Newton, J., Ormerod, S.J., 2013. Stable isotopes
as indicators of wastewater effects on the macroinvertebrates of urban rivers.
Hydrobiologia 700, 231–244. http://dx.doi.org/10.1007/s10750-012-1233-7.

Oakes, J.M., Eyre, B.D., 2015. Wastewater nitrogen and trace metal uptake by biota on a
high-energy rocky shore detected using stable isotopes. Mar. Pollut. Bull. 100,
406–413. http://dx.doi.org/10.1016/j.marpolbul.2015.08.013.

Palmer, C.V., Bythell, J.C., Willis, B.L., 2011. A comparative study of phenoloxidase ac-
tivity in diseased and bleached colonies of the coral Acropora millepora. Dev. Comp.
Immunol. 35, 1098–1101. http://dx.doi.org/10.1016/j.dci.2011.04.001.

Peterson, B.J., Fry, B., 1987. Stable isotopes in ecosystem studies. Annu. Rev. Ecol. Syst.
18, 293–320.

Piola, R.F., Moore, S.K., Suthers, I.M., 2006. Carbon and nitrogen stable isotope analysis
of three types of oyster tissue in an impacted estuary. Estuar. Coast. Shelf Sci. 66,
255–266. http://dx.doi.org/10.1016/j.ecss.2005.08.013.

Post, D.M., 2002. Using stable isotopes to estimate trophic position: models, methods, and
assumptions. Ecology 83, 703–718. http://dx.doi.org/10.2307/3071875.

Raunkjᴂr, K., Hvited-Jacobsen, T., Nielsen, P., 1994. Measurement of pools of protein,
carbohydrate and lipid in domestic wastewater. Water Res. 28, 251–262.

Rogers, K.M., 2003. Stable carbon and nitrogen isotope signatures indicate recovery of
marine biota from sewage pollution at Moa Point, New Zealand. Mar. Pollut. Bull. 46,
821–827. http://dx.doi.org/10.1016/S0025-326X(03)00097-3.

Sato, T., Qadir, M., Yamamoto, S., Endo, T., Zahoor, A., 2013. Global, regional, and
country level need for data on wastewater generation, treatment, and use. Agric.
Water Manag. 130, 1–13. http://dx.doi.org/10.1016/j.agwat.2013.08.007.

Söderhäll, K., Cerenius, L., 1998. Role of the prophenoloxidase-activating system in in-
vertebrate immunity. Curr. Opin. Immunol. 10, 23–28. http://dx.doi.org/10.1016/
S0952-7915(98)80026-5.

Spivak, E.D., Schwindt, E., 2014. Balanomorfos (Cirripedia: Thoracica). In: Roig-Juñent,
S., Claps, L., Morrone, J. (Eds.), Biodiversidad de Artrópodos Argentinos Vol. 3.
Sociedad Entomológica Argentina, pp. 1–18.

Tablado, A., Gappa, J.L., 2001. Morphometric diversity of the pulmonate limpet
Siphonaria lessoni in different coastal environments. Sci. Mar. 65, 33–41. http://dx.
doi.org/10.3989/scimar.2001.65n133.

Tablado, A., López Gappa, J.J., Magaldi, N.H., 1994. Growth of the pulmonate limpet
Siphonaria lessoni (Blainville) in a rocky intertidal area affected by sewage pollution.
J. Exp. Mar. Biol. Ecol. 175, 211–226. http://dx.doi.org/10.1016/0022-0981(94)
90027-2.

Toyoda, S., Suzuki, Y., Hattori, S., Yamada, K., Fujii, A., Yoshida, N., Kouno, R.,
Murayama, K., Shiomi, H., 2011. Isotopomer analysis of production and consumption
mechanisms of N2O and CH4 in an advanced wastewater treatment system. Environ.
Sci. Technol. 45, 917–922. http://dx.doi.org/10.1080/00380768.2012.686436.

Versaw, W.K., Cuppett, S.L., Winters, D.D., Willams, L.E., 1989. An improved colorimetric
assay for bacterial lipase in nonfat dry milk. J. Food Sci. 54, 1557–1558. http://dx.
doi.org/10.1111/j.1365-2621.1989.tb05159.x.

Vizzini, S., Mazzola, A., 2006. The effects of anthropogenic organic matter inputs on
stable carbon and nitrogen isotopes in organisms from different trophic levels in a
southern Mediterranean coastal area. Sci. Total Environ. 368, 723–731. http://dx.
doi.org/10.1016/j.scitotenv.2006.02.001.

Waldron, S., Tatner, P., Jack, I., Arnott, C., 2001. The impact of sewage discharge in a
marine embayment: a stable isotope reconnaissance. Estuar. Coast. Shelf Sci. 52,
111–115. http://dx.doi.org/10.1006/ecss.2000.0731.

Zanette, J., Monserrat, J.M., Bianchini, A., 2015. Biochemical biomarkers in barnacles
Balanus improvisus: pollution and seasonal effects. Mar. Environ. Res. 103, 74–79.
http://dx.doi.org/10.1016/j.marenvres.2014.11.001.

M.V. Laitano et al. Marine Pollution Bulletin 127 (2018) 505–511

511


