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ABSTRACT:The Bahia Blanca Estuary, located at the Atlantic coast of Argentina, includes a governmental
nature reserve to protect biodiversity, lands and water; however, as the process of industrialization and urban-
ization is stepping rapidly at the neighbouring area, the potential increase in contaminant loads is a serious
concern. After several contaminants surveys at the estuary, no single study has been yet performed in order to
study the native mussels population assemblages vs. the chemical environment; then, to test the ability of
Brachidontes rodriguezii assemblages as pollution indicators, native populations were chosen at three different
sites from the Bahia Blanca Estuary. After quadrants sampling, the populations were assessed for size classifi-
cation, density, sex rate, surrounding sediment and body burden of Polycyclic Aromatic Hydrocarbons (PAHS)
as chemical pollution markers. Soxhlet extracted samples were measured through Capillary Gas Chromatogra-
phy (Hewlett-Packard P68906C)/Mass Spectrometry (HP 5972). Mussels appeared to be better pollution
indicators than sediments and could be used to classify the average pollution level at the area as "moderate™ along
the studied period. A positive correlational analyses was found between the population assemblage disruption
vs. PAH's tissue burden, supporting the suitability of this specie to be used as biomonitor. In addition, source
apportionment procedures could successfully discern between PAHSs petrogenic and combustion inputs, leading
to tag each site with the major contributing PAHs sources. Finally, screening values analysis concluded a certain
health risk to potential consumers; thus, highlighting the urgent need of a systematic monitoring program.
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INTRODUCTION

Asit is well stated, marine and coastal areas repre-
sent especially vulnerable zones to the anthropogenic
PAHSs introduction via urban runoff (McCready et al.,
2000), industrial processes (Simpson et al., 1996), ve-
hicle exhausts and spillage of fossil fuels (Pettersen et
al., 1997; Wang et al., 1999); therefore, the concentra-
tion of these compounds in seawater and sediments
undoubtedly involve a toxicological importance to both
benthic and pelagic marine organisms. As a general path-
way, PAHSs entering the water system can be first accu-
mulated in fine-grained sediments and suspended par-
ticles, later remobilized in the seawater, then become
bioavailable to native organisms (Wetzel and Van Vleet,
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2004) and finally accumulated in biota with high rates
of uptake or unable to efficiently metabolize the parent
compounds (e.g. some invertebrates and mussels). Nu-
merous literature dealing with PAHSs entrance to the
food web has performed research on these routes; asa
consequence, mussels and other bivalves have been
extensively investigated as the PAHS's access point
to the pelagic food web and successively used as sen-
tinels for biomonitoring programs (e.g., International
Mussel Watch, Farrington and Tripp, 1995; European
BIOMAR, Narbonneet al., 2005). Despite this, there is
scarce to null studies involving both chemical and bio-
logical aspects of a native mussel community at the
extensive Argentinean coast.
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The Bahia Blanca Estuary (BBE), located on the
Atlantic coast of Argentina, has been recommended to
be included in the RAMSAR list as the "Natural Re-
serve of Bahia Blanca" by The World Conservation
Congress (WCC), to protect biodiversity, lands and
water (2012). Despite this, the process of industrializa-
tion and urbanization is stepping rapidly at the area
and the potential increase in contaminant loads is a
serious concern. Then, the main aim of this work
emerges as a consequence of considering this scenario
and the null precedents linking the occurrence of pol-
lutants with biological effects in sensitive species at
the area. Specifically, the present research will study
the presence of polycyclic aromatic hydrocarbons
(PAHS) as a chemical disturbing factor and its impact
over native mussel populations within the BBE, at the
northern coast of the Patagonia. As a secondary objec-
tive, the selected species will be assessed as an au-
tochthonous biological indicator to be included in fu-
ture research surveys. Finally, an immediate outcome
will be the generation of solid scientific basis to in-
clude the area in the RAMSAR international protec-
tion list conversation.

MATERIAL & METHODS

The BBE, at the north Patagonian coast (38°40” S
and 62° 09" W) has a total surface of 2300 km2, of which
about 410 km2 of islands and 1150 km2 of intertidal
sector. It is a mesotidal system with very little fluvial
input covered by extensive tidal flats and salt marshes
(Piccolo and Perillo, 1990). This estuary has a large
length/width ratio, low mean depth and a very large
tidal prism in relation to a small freshwater input (Freije
etal., 1981). The inner part of the estuary shows high
primary production values due to a bloom of diatoms
during winter and spring (Popovich et al., 2008).

On the one hand, it presents intensive anthropo-
genic activity at the north shoreline: oil, chemical and
plastic factories, two commercial harbours, a 12-m over-
all length ships fishing fleet with a total catch of 600 t/
yrand a big industrial city with more of 350 000 inhab-
itants, whose pre-filtered effluents are directly intro-
duced into the estuarine waters. On the other hand, the
inner and outermost part of the estuary presents low
urbanized / rural lands, a tourist area and an artisanal
fishing / recreational port (Fig. 1).

PAHSs standard (mix), deuterated internal standards
(napthalene-d8, acepnapthene-d10, phenanthene-d10,
crysene d-12) and benzoanthacene d-12 were provided
by Sigma-Aldrich. HPLC-grade solvents (hexane, ac-
etone, dichloromethane and methanol) were purchased
from Merck. No significant amount of analytes was
showed in procedural blanks. Ultrapure water (Milli-Q)
was produced by a Millipore apparatus with 18.2 M?/
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Fig. 1. Map of the area of study showing the sam-
pling stations

cm resistivity. Merck silica gel 60 (70-230 mesh ASTM)
and Aluminum oxide activated at 450 °C were heated at
120°C for 12 h prior to use. Glassware was washed with
detergent (Decon), rinsed with ultrapure water and ac-
etone and was dried at 120°C prior to use.

Indigenous mussels (Brachidontes rodriguezzii)
were collected from dock columns and rocks in surface
water (0-1 m) during March 2013, on board of the IADO
IV research vessel. A total of three collections of mus-
sels were performed in the same time and in the same
depth as at different sites, namely, S1, S2 and S3. In
addition, at each site, 1 L of surface water (? 0,50 m
depth) and a total of 500 g of surface sediment were
collected and stored in clean oven-baked glass bottles
before laboratory processing. "Villarino Viejo" station
(S1) is located at offshore waters of a recreational/fish-
ing port, while Puerto "Cuatreros" station (S2) isin the
vicinity of low urbanized/rural lands. They receive both
freshwater from the Sauce Chico River, which cross a
highly agriculture and cattle breeding lands. Finally,
"Pehuenco” station (S3) is located at the outermost
limit of the estuary and supports both a recreational
beach and an artisanal fishing fleet.

Sampling was performed using 0.25 m2 quadrants
for area normalization, performing up to 8 quadrants
collection. Immediately after, mussels were transferred
inside an ice cool box to the laboratory. The specimens
at each station were treated separately, cleaned to re-
move sediment and particles, sorted and counted to
determinate the population densities. Then, each indi-
vidual was sexed in order to measure the sex ratio of
each population, either directly with naked eye or mi-
croscope techniques, following the New Zealand
Greenshell (2006). In addition, each individual was also
assessed for length and width of the shell by means of
an electronic calliper (0.01mm accuracy), selecting three
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size classes of length in order to rank mussels in small
[<25mm]; medium [25-35mm] and large [>35mm] indi-
viduals. At the end, the soft tissue was dissected,
wrapped in aluminium foil and frozen at -20°C. Samples
were then lyophilized during 48hs, smashed in a mortar
and prepared for chemical analyses. Before extraction
100 pl of the mixture of four predeuterated PAHSs
(napthalene-d8, acepnapthene-d10, phenanthene-d10,
crysene d-12) was added as subrogate standards. Then,
the tissue was digested under reflux with methanol and
potassium hydroxide. The non-saponificable fraction
was extracted with n-hexane; the organic phase was
dried with anhydrous sodium sulphate, and evaporated
down to 2mL under a gentle high purity Nitrogen stream.
Extract was seeded in alumina-silica gel columns to carry
out the sample clean-up and hydrocarbon isolation.
Elution was performed with 70 mL n-hexane-
dichloromethane (9:1), and then the eluate was evapo-
rated down to ImL (N2). Finally, just before the GC/MS
injection, all the samples were spiked with the internal
standard for recovery test.

In order to state the nutritional condition of each
environment, water subsamples for determination of
nitrite (NO2-), nitrate (NO3-), ammonium (NH4+), dis-
solved inorganic phosphorous (DIP) and dissolved sili-
cates (DSi) concentrations were treated as Grasshoff
(1976); McDonald and McLaughlin (1982) and APHA-
AWWA-WEF (1998) standardized methods and ana-
lyzed by the colorimetric methods described by
Grasshofet al. (1983), Treguer and Le Corre (1975a and
1975b), Eberlein and Kattner (1987) and Technicon®
(1973), respectively, using a Technicon 1l segmented
flux auto analyzer. Water subsamples were subse-
quently used for the determination of chlorophyll a (Chl-
a) using standardized colorimetric methods (APHA,
1998). Suspended particulate matter (SPM) was deter-
mined gravimetrically in additional water subsamples,
using 0.45 um pore diameter Whatman cellulose filters.
For each sample, additional 250 ml were filtered in 1.2
pm pore diameter pre-ashed glass fiber Whatman GF/C
filters and treated following Strickland and Parsons pro-
tocols (1968) for the photometric determination of Par-
ticulate Organic Matter (POM) (Beckman DU-2 Spec-
trophotometer).

After collection, samples were immediately refrig-
erated, stored on solvent cleaned glass containers
avoiding exposure to light, and then rapidly transported
to the laboratory to be deep frozen prior to analysis.
10-20 g of wet sediment were freeze-dried and extracted.
Prior to extraction, 100 pl of perdeuterated PAHs as
subrogate standards were added (Naphthalene-d8,
Acenaphthene-d10, Phenanthrene-d10, Chrysene-d12).
Soxhlet extraction apparatus was assembled and re-
fluxed with Hexane-Acetone mixture for about two hours
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for each batch of samples. After that, the dried samples
were Soxhlet extracted for 12 hs, using a Hexane-Ac-
etone 1:1 solvent mixture (EPA 3540C method). The ex-
tracts were concentrated close to 10 mL in a rotary
evaporator with a low temperature thermostatic bath
and further concentrated up to 2 mL under a gentle -
high purity- Nitrogen flow. For elimination of polar com-
ponents, the extracts were passed through a 5% H20
deactivated alumina/silica gel column (1 cmi.d. /15
cm), and PAHSs were eluted with 70 mL hexane/methyl-
ene chloride (9:1, v/v). Before the extract was loaded, 1-
2 g of Na2SO4 was added to the top. Eluates were
evaporated down close to 10 mL in a rotary evaporator
and further concentration was achieved drying the ex-
tracts under Nitrogen flow at room temperature up to 1
mL. Then, 100 pL of deuterated internal standard were
added to extracts vials for recovery test, giving a final
concentration of about 2000 ng.mL-1.

PAHSs were quantified using a gas chromatograph
(Hewlett-Packard HP68906C) coupled with a quadru-
pole mass spectrometer (Hewlett-Packard HP5972). The
GC column was an HP-5MS fused silica column (30 m;
0.25mmi.d.; 0.25 um film thickness) and Helium was
used as a carrier gas. The mass spectrometer was oper-
ated in the electron impact mode (70 eV). The samples
were injected in the splitless mode at 250 °C. The tem-
perature program used was as follows: initial tempera-
ture 70 °C for 2 min; heated to 150 °C at 30 °C/min then
t0310°C at 4 °C/min; and held for 10 min. PAHs were
monitored in selected ion monitoring mode (SIM).The
studied parent PAHs ranged from the di-aromatics to
the hexa-aromatics: naphthalene (NA), 2-methyl-naph-
thalene (2-M-NA), acenaphthylene (ACEPH),
acenaphthene (ACE), fluorene (FL), phenanthrene
(PHE), anthracene (AN), fluoranthene (FLU), pyrene
(PY), benz[a]anthracene (BaA), chrysene (CHR),
benz[b]fluoranthene (BbF), benz[K]fluoranthene (BkF),
, benz[a]pyrene (BaP), indeno[1,2,3-cd]Pyrene (IP) ,
dibenz[ah]anthracene (DBA), benz[g,h,i]perylene
(BPE). Each individual PAH compound was confirmed
by the retention time and the abundance of quantifica-
tion ions/confirmation ions with respect to authentic
PAHSs standards.

All values reported for the sediments and mussels
are on a dry weight basis. Quality control for the PAHs
analyses was carried out by monitoring the recovery of
the internal standard (Benz-[a]-pyrene-d12) spiked just
before GC injection. Quantification of individual com-
pounds was based on comparison of peak areas with
internal standards and recoveries ranged from 75% to
105%. Method blanks were run with every batch of
eight samples. The quantification limit for individual
PAHSs species was set following IOC UNESCO N° 45
(1982), and was set in average at 10 ng.mL-1. Protocol
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was validated by the use of reference material (SRM-
NIST 1944).

Water content and particle size distribution were also
analyzed. Water Content was determined by the sedi-
ment sub-sample weight loss at 100 + 2 °C. For grain size
analysis, sediment was dried in oven and sifted in an
automatic equipment with 2 mm and 63 pm mesh sieves.
As a result, three fractions were obtained: gravel (par-
ticle sizes > 2 mm), sand (particle sizes between 0.063 and
2mm), and silt-clay (particle sizes < 0.063 mm).

Principal component analysis was carried out us-
ing a statistical package software, this allowed the sum-
marized data to be further analyzed and plotted. Data
submitted for the analysis were arranged in matrix were
each column corresponded to one PAH compound and
each row represented a sampling site case.

RESULTS & DISCUSSION

Mussel density at each sampled community was
710, 712 ind/m2and 10352 ind/m? for S1, S2 and S3 re-
spectively. The Shapiro statistical test showed no dif-
ference between S1 and S2; however, S3 mussel popu-
lation evidenced the highest density value, which was
significantly different (p<5%) from the others (Fig.
2). The size structure was also different between each
population (p < 5%) (Fig. 2). Namely, for S3, a high
proportion of small individuals was observed (87%) with
the rest of the population characterized by medium size
individuals (13%). In this case, none individual with
large size was observed. On the opposite, for S1 and S2
the size distribution was a mirror image; showing 20
and 21 % for small and large individuals and 54 and
51% for large and small individuals at S1 and S2 respec-
tively. Finally, individuals with medium sizes were not
proportionately different between S1 and S2 (26% and
29%, Fig. 2).

The growth curves symbolised by the coordina-
tion of shell width vs. shell length showed two pat-
terns: one involving S1 and S2 population and other for
S3 (Fig. 2A). This last population showed a small
individual's dominance up to 25 mm length with the
largest mussels up to 32 mm. Apart from that, S1 and S2
showed the same growth curve shape, including indi-
viduals up to 50 mm length.

Considering sex ratios, on the one side, the distri-
bution of males and females was significantly different
(p < 5%) between S1 and the two other stations, show-
ing a predominance of males (ratio M/F >1). On other
side, differences in the sex distribution could not be
demonstrated for S3 and S4, which showed a predomi-
nance of females (ratio M/F <1). In addition, the pro-
portion of indeterminate individuals was significantly
different between the three study stations (p < 5%, Table
1). There was an increase of indeterminate individuals
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from the inside (S1, 15% of the total population) to
the outside of the estuary (S3, 45% of the total popu-
lation).

Table 1. Sex ratio and indeterminate individuals at
each mussel community

sample S1 S2 S3
Average Sex ratio 148 079 082
Average indeterminate

individuals/m? 107 157 4658
Average total

individuals/m? 710 712 10352
% sex indetermination 15 22 45

Temperature, salinityand pH were in the same level
at the three sampled locations (Table 2). Turbidity val-
ues defined moderately turbid waters for the three sites
under study. Both inner station's turbidity is attribut-
able to the tidal currents associated transport of sedi-
ments (silty-clay) and to the sewage network outfall
proximity (Figure 1). The estuary outermost station (S3)
turbidity shall be dominated by the high energy waves
and sediment transport (sandy). The fact that suspended
particles are commonly enriched in PAHs (Pruell et al.,
1985; Budzinski et al., 1996) sets proper environmental
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conditions for mussel's PAHs uptake. Opposed to that,
anegative correlation between bioaccumulation factors
and PAHs Log Kow is commonly found for mussels
located on rocks at the air-water interface, where the
water turbidity is generally low (Baumard et al., 1998).

The highest POM content was found at S2 (5114
mg C/m3) and then at S1 (3861 mg C/m3). Consistently,
the concentrations of nitrate, nitrite, ammonium and
phosphate were higher at these stations, probably due
to the inputs of the regional "Sauce Chico" and
"Maldonado" freshwater streams. In agreement with
the above mentioned, a decrease of Chl-a concentra-
tion was observed from the inside (10,17 mg/m3) to the
outside (4,45 mg/m3) of estuary.

Sediment samples from the three sampled locations
contained detectable amount of PAHs. A narrow range
of PAHSs concentrations was measured (Table 3); Total
PAHSs (summary of the 17 PAHs analyzed), ranged from
11.7 ng/g to 125.8 ng/g. The mean Total PAHSs concen-
tration recorded at the present study (68.6 +57.1 ng/g)
indicates that the study area lies within low polluted
marine environments. It is generally accepted that con-
centrations lower than 100 ng/g indicate a low pollu-
tion level, similar to pollution levels found in several
well known unpolluted zones around the world (Table
4). The highest Total PAHSs level was recorded at S2
(125.8 ng/g), an area located over the estuarine Naviga-
tion Channel (5 to 14 mts. depth, Figure 1) with high
shipping activity, industrial complexes and a small com-
mercial fishing fleet (Fig. 2). The following area in terms
of concentration was S1 (68.3 ng/g) a shallow channels
area located at the inner extreme point of the estuary and
surrounded by agriculture lands. Finally, the lowest sedi-
ment PAHSs concentration was recorded at S3 (11.7 ng/g),
asandy beach located in the proximity of a tourist village
with a permanent motor-boat fishing fleet. On the other

side, Total PAHs levels found in indigenous mussels were
widelyabove the limit of detection (LOD) of the analytical
method for all the samples and ranged from 38.4 t0 2048.5
ng/g d.w. (? 17 PAHSs, Table 3), showing a global mean of
334.5+693.5 ng/g, d.w. This high variability was mainly
attributed to S3 mussels which reached a Total PAHs con-
centration of 2048.5 ng/g for the medium size class, show-
ing ahigh percentage contribution of low molecular weight
PAHSs such as NA and PHE (146.9 and 1707.5 ng/g, re-
spectively).

In terms of molecular PAHSs profiles, the data firstly
showed that mussels at all areas exhibited a marked
dominance of PAHSs up to three molecular rings, achiev-
ing an average of 73, 74 and 79% for S3, S2 and S1,
respectively. This trend was in agreement with the sedi-
ment PAHSs pattern which accounted 71% for S3 and
S1, and 90% for S2. At first instance, it can be
hiphothetized that mussels are reflecting the molecular
PAHSs pattern of sediments; however this trend is also
in agreement with the fact that higher invertebrtate are
more likely to accumulate low molecular weight PAHs
vs. high molecular weight ones. For instance, Baumard
(et al. 1998), showed a linear decrease of the PAHSs
bioaccumulation with increasing mass weight Secondly,
the mussel's body burden of PAHs was not correlated
with the sediment PAH's content; in particular, S3 sta-
tion showed the lowest sediment concentration in si-
multaneous with the highest PAH's tissue concentra-
tion in mussels. A rationale for this can be explored at
the sediment granulometry at each site: while S3 pre-
sented a groos grain size (sandy), the sediment was
silty/clay for the rest of the stations. It is well known
that in general, marine organic compounds preferen-
tially partitionate into the finest particles (Pierard et al.,
1996; Baumard et al., 1999); accordingly, it can be
hipothesized that the mussel body burden is in correla-

Table 2. Basic physicochemical parameters in water for the three studied stations

Variable Units S1 S2 S3
Turbidity N.T.U 208 539 430
Temperature °C 211 20.7 23.1
Salinity P.S.U. 32.35 3399 30.75
pH 8.1 8.1 8.0
Nitrite pmol/L 3.65 5.06 4.97
Nitrate pmol/L 1055 44.69 0.09
Ammonium pmol/L 13.89 20.68 11.37
Phosphate pmol/L 1.76 2.49 0.99
Silicate pmol/L 132.61 115.32 19.34
Particulate Organic Matter

(POM) mg C/m’ 3861 5114 1544
Chlorophyll a mg/m’ 10.17 6.48 4.45
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tion with the PAHSs content at the POM phase.(<0.45
pm). Assuming similar partitioning procesesss at each
sampling site, the low POM content at S3 in compari-
son to S1 and S2 could have guaranteed the rapid par-
tition and concentration of PAHSs to this phase. As a
consequence, a high input of PAHs at S3 would be
accumulated at the POM phase and become rapidly
available for surrounding mussels. In contrast, a PAHs
input at S1 and S2 -with high POM values- would be
diluted into the organic phase/matrix and then, become
less available to the neighboring mussels.

PAHSs ratios are traditionally used to determine
PAHSs sources classify samples by location and esti-
mate the importance of combustion and petroleum de-
rived PAHs (Lipiatou and Saliot 1991, Budzinski et al.,
1997, Yunker et al., 2002). The usual index of combustion
and/or anthropogenic input is an increase in the propor-
tion of the less stable and/or kinetically produced parent
PAH isomers relative to the thermodynamically stable
isomers (e.g. FLUrelative to PY)) or to the molecular mass
totals (Yunker et al., 2002). Although possible sources
can be inferred from PAH isomer pair ratios, the relative
frequencies of PAH isomer pair ratios found in bivalves
should be used cautiously since PAH can be altered to
some degree during their environmental transport and
bioaccumulation. Therefore, the approach of multiple
PAH isomer pair ratios as diagnostic indicators rather than
asingle ratio alone was applied to provide a more precise
estimate of the PAH contributions from different sources
(Oros and Ross, 2005). We primarily used the proportions
of FLU to FLU plus PY (FLU/202) and IP to IP plus BPE
(IP/276). FLU/202 ratios less than about 0.40 usually indi-
cate petroleum (oil, diesel, coal, etc), between 0.40 and
0.50 indicate liquid fossil fuel (vehicle and crude oil) com-
bustion, while ratios over 0.50 are attributable to grass,
wood or coal combustion. Similarly, IP/276 ratios less than
approximately0.20 imply petroleum, between 0.20 and 0.50
liquid fossil fuel (vehicle and crude oil) combustion while
ratios over 0.50 are attributable to grass, wood or coal
combustion (Yunker et al., 2002). These two parent PAHS
ratios are supplemented by AN to AN plus PHE (AN/178)
and BaAto BaA plus CHR [BaA/228]. AN/178 ratios <
0.10 usually are taken asan indication of petroleum, while
ratios > 0.10 indicate combustion (Budzinski et al., 1997;
Socloetal., 2000; Yunker etal. , 2002).

The analysis of molecular ratios indicated that the
PAHs were, in most cases, of pyrolytic origin, but with
inputs of petrogenic hydrocarbons close to harbours (S1)
and industries (S2). The general predominance of FLU
over PY consistent with elevated IP/276 and BaA/228 ra-
tios implicated both liquid fossil fuel combustion and bio-
mass (coal, grass, wood) as the major PAHS source (5).
Biomass combustion could have both local and long range
atmospheric transport sources, as the estuary is sur-
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rounded by agriculture lands, in which controlled and
uncontrolled fires frequently occur. Liquid fuel fossil com-
bustion source (s) was probably a quite local source (s),
in special at S3, due to the high level of motor-boat and
shipping activity at the area. These results were in good
agreement with the dominant sources assessed for the
water column and sediments previously reported at the
area (Ariaset al., 2009; 2010).

In order to deepen the analysis, the clustering tech-
nique was performed to identify the homogeneous
groups of individual PAHs occurring in sediments and
mussels. Results are shown in the hierarchical dendro-
gram at Figure 3, which distinguished the 17 individual
PAHSs into three major groups. The first major group
included AN, FLU, CHR, BbF, BkF, IP, DBA and BPE,
which are mainly high molecular weight PAHs with 4 to
6 rings. These PAHs are usually detected in pyrogenic
sources, e.g., combustion of coal, wood, vehicle fuel
and waste tire (Levendis et al., 1998; Zakaria et al.,
2002; Wang et al., 2007). The second major group con-
tained the low molecular weight PAHs with 2-3 rings:
NA, ACE, FL, ACEPH and BaA. Although there isno
rationale to classify BaA in this group, these com-
pounds are abundant in petrogenic sources. The third
cluster was defined by the presence of PHE, a typical
marker of diesel combustion.

After this analysis, Principal Component Analysis
(PCA) was performed to identify meaningful compo-
nents, which accounted for 42.91%, 20.87%, and 17.53%
of the total variance, respectively. PCA loading scores
higher than 0.40 were considered meaningful
(Tabachnick and Fidell, 2000). First, PC1 was character-
ized by high loadings for PAHs such as NA, ACE,
ACEPH, PHE and FLU. These PAHs belong to the Low
Molecular Weight PAHs (LMW) with 2-3 rings which
are abundant in petrogenic sources mainly caused by
petroleum spills, e.g., fresh or used crankcase oil, crude
and fuel oil (Marr et al., 1999; Utvik et al., 1999; Dob-
binset al., 2006; Gonzalez et al., 2006; Ye et al., 2006).
Added to this, BaA appears to be the main tracer of
gasoline engine (Wang et al., 2009). Thus, PC1 was
suggested to be indicative of volatilization or spill of
petroleum-related products, e.g. from the waterway
transportation industry, and interpreted as the
petrogenic source of PAHs. Secondly, PC2 was charac-
terized by significant loadings of AN, FL and BPE (three
tosix rings). In general the heavier PAHSs are the result
of combustion/pyrolitic processes and are absent in
crude oil or refined products (Wang, 1999). While FL
can be grouped as typical markers of pyrogenesis, the
presence of a meaningful BPE loading added to the
absence of PHE eigenvalue significance (as would be
expected in diesel emissions) leaded to interpret this
component as gasoline/petroleum light derivatives
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Main Source Contamination Level *Health Risk

LAMW/HAMW ?

BadA/128?

ANT8?

Total PAHs (w.w.) Total PAHs (dw) FLUR02Y  IP276°

Sample\Site

Low
Moderate

Combustion
Mixed Sources

3.0
17.50

0.1
ND.
0.64
ND.
ND.
ND.

0.79

ND.
ND.
ND.
ND.
1.00
1.00
1.00
1.00
1.00
1.00

ND.
NA

ND.
ND.
ND.
ND.
0.36
0.66
1.00
ND.
ND.
1.00

ND.
NA

0.31
043

ND?

344

Sediments 51

125.3
11.7

62.9

Sediments 52

Low

Excedance
Excedance
Excedance

No Excedance

Mixed Sources

80

1.

5.3
351

Sediments 53

f=

Petrogenic
Combustion

844
211
432

ND.
ND.
ND.
ND.
ND.

384

Mussels 51 small

511

118

Mussels 51 medium
Mussels 51 hig

Combustion

83.7

16.6

Combustion

147
3.66
3.59
1.05
4840

NA

204

16.9

Mussels 52 small

No Excedance

Combustion

1.00
1.00

ND.

1423

284

Mussels 52 medium
Mussels 52 hig

No Excedance

Combustion

101.6

Excedance
No Excedance

Combustion

ND.

1298
20485

250
4007

Mussels 53 small

Combustion

1.00

NA

1.00

NA

Mussels 53 medium
Mussels 53 big

NA

NA

NA

NAT

! Budzinki et al., 1997, 2Yunker et al., 2002, ®Yuan et al., 2001; Tam et al., 2001,
4 Baumard et. al approach (1998), STEQ BaP screening value for fish human consumption (USEPA, 2000), * Not detected, # Not analyzed
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combustion. Finally, PC3 showed significance for PY,
BbF, AN and NA. BbF and BKF are components of
fossil fuels and a portion of them is associated with
their combustion (Rogge et al., 1993; Kavouras et al.,
2001). AN and PY are general tracers of combustion
and traffic emission (Fraser et al., 1997). Consequently
PC3 was defined as a general traffic emission/fossil
fuel combustion component. To summarize, according
to HCA results, the PAHs could be subdivided into
three groups with different molecular weight composi-
tion which represented three kinds of sources. Consis-
tently and further, the results of PCA could also differ-
entiate the three subsets sources. ~ 81% of the total
variance of PAHs concentrations in mussels and sedi-
ments was explained by source contributions in PCA
results, showing an equilibrium of sources: while
42.91% of the variance was explained by the contribu-
tion of petroleum/petrogenic sources, 39% (PC2, 20.87%
+ PC3, 17.53% of variance) was explained by the con-
tribution of different combustion sources.

From the distribution of sampling locations and
matrix, the PCA results also showed that two popula-
tion of mussels at different locations were highly char-
acterized by petrogenic inputs (S3 and S2) while the
remaining community at S1 was signed by diverse py-
rogenic /combustion inputs. The petrogenic input at
such stations correlated with the intense shipping ac-
tivity continuously developed at those sites; as a con-
sequence of that, motor boats residues, crankcase oil
or accidental petroleum derivatives spills frequently
occur. On the other side, in regards to sediments and
consistently with the PAHs source prevalence of the
mussels at each site, the sediment bed from S2 and S3
showed concomitant inputs from petrogenic/crude oil/
diesel and combustion/traffic emission PAHs (Figure
3B). Finally and probably due to the low Total PAHs
amount at the station (68.2 ng/g, d.w.) S1 sediments
were unable to coordinate with positive scores at any
of the three principal components.

Upon the scarcity of data explaining the physi-
ological mechanisms underlying the diverse sexuality
patterns of mussels, it has been reported an increase in
birth rate and recruitment at polluted environments,
probably due to the requirement of a larger density of
females in order to guarantee the viability of the popu-
lation. As a result, often <1 sex ratios are shown at
those mussels. In this context, it can be firstly hypoth-
esized that the higher proportion of females showed at
the PAHSs polluted sites S2 and S3 are a consequence
of an increased birth rate triggered as a survival strat-
egy under pollution stress. In contrast, the population
located at the lowest polluted environment (S1) showed
>1 sex ratios, indicating a probable natural density-
dependent factor limiting mechanism.

Results also showed an increasing trend of inde-
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Fig.3. (A) Tree diagram for 15 PAHSs as variables (single linkage, Euclidean distances). (B) Tridimensional
scatterplot of factor scores coordinating with each Principal Component

terminate organisms from the inside to the outside of
the estuary. Asis it is well known, in normal conditions
mussels gradually shift from somatic growth into re-
production, leading to the gametogenesis process, a
high energy demanding step of the life cycle (Saucedo
et al., 2008). Despite this, the physiological processes
can often be altered in polluted environments
(Monserrat etal., 2007) and mussels have to reallocate
energy for survival and defence (in e.g.; less filtration
rate, higher incidence of infections and diseases, etc.).
At the light of the results, we propose that the recorded
chemical stress might be indirectly inducing an elevated
number of indeterminate individuals at the higher pol-
luted communities (increasing from S1 to S3) due to the
energy demands for survival and defence.

Finally, the consideration of the size structure com-
position at the light of the PAHs burden allowed a finer
approach of the PAHs environmental contamination.
An increase in the amount of large individuals was
observed at the lowest polluted community (S1) and
the opposite was observed at the most polluted com-
munity (S3). Similarly, a low proportion of small indi-
viduals was found at S1 in comparison to S3. As it is
well stated, chemical disturbing can cause a high mor-
tality of big individuals, which bioaccumulate PAHs
from the surrounding media due to their low detoxifica-
tion ability. Moreover, as stated in the above para-
graphs, an increase in mortality leads to an increase of
the growth rate in order to compensate, a common den-
sity-dependent factor which controls population. Den-
sity dependence occurs when the population growth
rate, or constituent gain rates (e.g. birth and immigra-
tion) or loss rates (death and emigration), vary causally
with population size or density (Hixon and Johnson,
2009). Then, as a result, the size structure distribution
at the communities could be explained by a density
dependence factor triggered by the chemical pollution
at each site.
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As reviewed by Barra et al. (2007), PAHs infor-
mation on mussels and biota samples is scarce for
South American environments. In order to place the
studied PAHs concentrations in a global context, ob-
served concentrations of sediments and marine
bivalves around the world are shown in Table 4. Even
though similar surveys were selected for this Table,
to get better comparison parameters, the number of
PAHSs analysed in each study was included.

For comparative purposes, contamination level in
estuarine sediments can be categorized as low (< 100
ng/g), moderate (100-1000 ng/g), high (1000-10000 ng/
g) and extremelyhigh (>10000 ng/g). Considering this,
PAHSs levels in the study area could be included be-
tween low to moderate polluted sediments, comparable
to several coastal areas around the world, namely
Gironde Estuary (France), Istanbul strait (Turkey) and
Todos los Santos Bay (Mexico). According to Baumard
etal. 1998 pollution in bivalves can be stated as low (0-
100 ng/g d.w.), moderate (>100-1000 ng/g d.w.), high
(>1000-5000 ng/g d.w.) and very high (>5000 ng/g d.w.)
Then, mussels belonging at the three first levels were
assessed at the area of study ( from low to high) lead-
ing to a general pollution level comparable to Abu Qir
Bay (Egipt), Saronikos Gulf (Greece), Galician Coasts
(Spain) and San Francisco Estuary (USA). In spite of
the fact that episodic PAH spikes can be measured in
bivalves frequently due to oil spills and tanker acci-
dents (Colombo et al., 2005; Soriano et al., 2006) it is
generally considered that the mean Total PAHSs in
bivalves is highly indicative of the average contamina-
tion level of the estuary (Oros and Ross, 1995). Consid-
ering that the BBE wide mean of Total PAHs in mussels
was 334.5 ng/g d.w. (17 PAHS), the average pollution
level at the area was classifies as "moderate” along the
studied period. These results bring a solid scientific
basis contributing to the BBE candidature to be in-
cluded in the RAMSAR list proposed by the World
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Table 4. PAHs burden at worldwide coastal and estuarine samples

Sample Locations N of PAHs Range (ppb, dw.) References
Sediments KaohsiungHarbor, Taiwan 17 34-16700 Chenetal.2013
Sediments Yangtze River Estuary, China 16 90-502 Lietal. 2012
Sediments Hugli estuary, India 19 25-1081 Guzzellaet al. 2005
Sediments Thai Coast T hailand 17 6-228 Boonyatumanond et al. 2006
Sediments Estuaryof the Chao PhrayaRiver, Thailand 17 30-724 Boonyatumanond et al. 2006
Sediments Abu Qir Bay, Egipt 16 <MDL*-2660 Khairy et al. 2009
Sediments Istanbul strait, Turkey 16 2.1- 3152 Karaciket al. 2009
Sediments AdriaticSea, ltaly 16 24-501 Magi et al. 2002
Sediments Gironde Estuaryand Arcachon Bay, France 14 3- 853 Soclo at al. 2000
Sediments Bilbao Estuary, Spain not data 1493-47480 Prietoetal. 2008
Sediments Todos los Santos Bay, Mexim 16 7.6-813 Macias-Zamora etal. 2002
Sediments Cienfuegos bay, Cuba not data 450-10600 Tdosaetal. 2009
Sediments Riode la Plata Estuary, Argentina not data 3-2010 Colombo et al. 2006
Sediments Bahia Ushuaia, Patagonia, Argentina 16 nd - 360 Comendatore etal. 2012
Sediments Bahia BlancaEstuary, Argentina 17 15- 10260 Ariasetal. 2010
Sediments Bahia BlancaEstuary, Argentina 17 11-125 Thisstudy
Mytilus galloprovincialis Saronikos Gulf, Greece 17 1300- 1800  Valavanidis et al. 2008
Mytilus galloprovincialis Galician Coasts, Spain 13 17- 7780 Soriano et al. 2006
Mytilus galloprovincialis Rade Pontevedra and Riade Vigo, Spain 16 80-517 Vidal-Lifian et al. 2010
Mytilus galloprovincialis Bayof Biscay 14 21- 64 Orbeaetal. 2002
Mytilus galloprovincialis Istanbul strait, Turkey 16 43-601 Karadket al. 2009
Mytilus edulis Northem Irish Sea-loughs 12 9% -184 Guinan etal. 2001
Mytilus edulis Lynaes Harbour, De nmark 19 473 -4160 Ranket al. 2009
Mactracoralina and Tapes decussata Abu Qir Bay, Egipt 16 242-2830 Khairy et al. 2009
Mytilus calif ornianus San Francisco Estuary, USA 25 21-1093 Oros and Ross 2005
Pema pema Guanabara Bay, Brasil 16 69 -239 Yaoshimine et al. 2012
Mytella charruana Mundau Lagoon, Brazil 16 41- 52 Maioli et al. 2010
Brachidontes sp and tagelus s Estuary ofBahiablanca, Argentina 17 349 -1597 Ariasetal. 2009
Brachidontes rodriguezii Estuary ofBahiablanca, Argentina 17 38-2048 Thisstudy

* < MDL = below the method detection limit

Conservation Congress (2012).

BaPis classified by the U.S. EPA as B2: a probable
human carcinogen based on numerous adult studies in
several animal species (primates, rats, mice)
(WHO,1996). In terms of human health, the PAHSs carci-
nogenic potential may be expressed by means of the
toxic equivalent of benz[a]pyrene (TEQ BaP). TEQ BaP
are generated by comparing the carcinogenic effects of
the measured concentrations of various representatives
of polyaromatic hydrocarbons to that of BaP. Follow-
ing Nisbet and Lagoy (1992) plus Larsen and Larsen
equations (1998) (1), the TEQ BaP for the 17 analized
compounds were calculated for mussels samples for
comparison with the screening values of TEQ BaP of
total PAHSs (0.67ng/g w.w.) suggested by USEPA(2000)
for human fish consumption.

TEQBaP==TEFixCi (1)

In equation (1), TEQ BaP is the total equivalent
concentration of BaP for the 17 PAHs measured at this
study; TEF is the toxic equivalent factor for individual
PAHs compounds; C is the concentration of each PAH
observed in target samples. The averege TEQ BaP were
4.43,0.31and 2.17 ng TEQ BaP/g w.w. for S3, S2 and S1
mussels respectively. Consequently, two of the three
sampled mussel communities were exceeding the cited
USEPA acceptable guideline of fish products for hu-
man comsumption. These results highlight the urgent
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need of periodical monitoring surveys and government
marine food advisory programs.

CONCLUSIONS

Mussels (B. Rodriguezii) emerged as a better aver-
age pollution indicator than sediments at the BBE and
could be successfully used to classify the average pol-
lution level at the area as "moderate™ along the studied
period.Source apportionment procedures could suc-
cessfully discern between PAHs petrogenic and com-
bustion inputs at each mussel community, leading to
tag each site with the major contributing PAHs sources.
An emerging hypothesis by which the proportion of
females showed at the highest PAHs polluted sites
could be a consequence of an increased birth rate trig-
gered asa survival strategy under PAHSs pollution stress
was raised. The size structure distribution at each mus-
sel communities could be explained by a density de-
pendence factor triggered by the PAHs chemical pollu-
tion at each site. Potential mussels consumers could be
in health risk; thus, highlighting the urgent need of of a
systematic monitoring program for the area in study, in
order to provide accurately assessment and manage-
ment of risks for the regional population.
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