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Summary: To examine the extent to which human activities near the Ria Formosa coastal lagoon influence the accumula-
tion of trace elements (TE) in Ruditapes decussatus, individuals were transplanted from a natural bank located in the lower
lagoon to three sites located in clam growth grounds under the influence of a small city (Faro), a fish farming centre (Olhao)
and a site near the lagoon inlet (Lavajo). Concentrations were determined in substrate of the clam grounds and in the diges-
tive gland, gills, mantle plus siphons, and remaining tissues of clams in four periods of the year. These measurements were
accomplished with the monthly survey of the gametogenic stages, condition index, proteins, glycogen, total lipids, pH and
osmolarity of hemolymph. Arsenic, Cu, Mn, V, Cr and Pb were preferentially linked to the digestive gland, while Cd was
linked to the gills. TE concentrations in the digestive gland and remaining tissues were higher in winter, most likely reflecting
additional inputs associated with rain. The lack of disruptions in biological parameters and the prolonged period of spawning
and gonad recovery in clams suggest that the current TE availability in the lagoon has a minor influence on the reproductive
cycle and hence on clam production.
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Aumento de la concentracion de elementos traza en tejidos de la almeja Ruditapes decussatus trasplantada a zonas
influenciadas por actividades humanas (ria Formosa, Portugal)

Resumen: Para examinar en qué medida las actividades humanas cercanas a la laguna costera rfa Formosa influyen en la
acumulacién de elementos traza (ET) en Ruditapes decussatus, se trasplantaron individuos desde un banco natural situado
en la parte baja de la laguna a tres sitios localizados en zonas de cultivo de almejas bajo la influencia de una ciudad pequefia
(Faro), un centro piscicola (Olhdo) y cerca de la entrada de una laguna (Lavajo). Se determinaron las concentraciones de ET
en el substrato de locales y en la glandula digestiva, branquias, manto mds sifones, y en los tejidos restantes de las almejas en
cuatro periodos a lo largo de un afo. Estas mediciones fueron realizadas con el estudio mensual de las etapas gametdgenas,
indice de condicion, proteinas, glicéneo, lipidos totales, pH y osmolaridad de la hemolinfa. El As, Cu, Mn, V, Cr y Pb fueron
relacionados preferencialmente a la glandula digestiva, mientras que el Cd fue a las branquias. La concentracién de ET en la
glandula digestiva y los tejidos restantes fue mas elevada en invierno, probablemente reflejando los aportes adicionales aso-
ciados con la lluvia. La falta de alteraciones de los pardmetros biol6gicos, el periodo prolongado de desove y la recuperacion
de las génadas en las almejas sugieren que la disponibilidad actual de ET en la laguna tienen una influencia menor durante el
ciclo reproductivo y, por lo tanto, en la produccién de almejas.
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INTRODUCTION

Coastal lagoons are among the most productive
ecosystems supporting habitats for wildlife and com-
mercially explored species (Costanza et al. 1997).
These services are often at risk due to the increasing
stress caused by contaminants from activities related
to urbanization, industrialization, intensive agricul-
ture in the watershed, massive tourism, and intensive
aquaculture (e.g. Amiard et al. 2006, Cooper et al.
2013). Among numerous contaminants released to the
environment, metals and metalloids are a worldwide
concern due to their persistence and toxicity (ATSDR
2015). Organisms exposed to trace elements may ac-
cumulate them in tissues leading to various inductive
responses, such as production of metallothioneins
to sequestrate toxic metals (Bebianno and Langston
1993), and triggering antioxidant defence systems to
prevent the formation of reactive oxygen species and
their deleterious effects (Ivanina et al. 2013, Lush-
chak 2011). Trace elements may interfere with the
variation of physiological parameters related to the
organism’s wellbeing (Yatoo et al. 2013). In the case
of bivalves, several works have reported high con-
sumption of glycogen, lipids and proteins in response
to environmental contamination (Hamza-Chaffai
2014, Luna-Acosta et al. 2015), leading to changes in
the condition index (Cravo et al. 2012) and eventually
in the gametogenesis cycle (Breitwieser et al. 2016,
Gauthier-Clerc et al. 2002). According to Mantel and
Farmer (1983), metal exposure may alter the fluid ion
level in clams, causing the decrease of Na*, Cl- and
K* contents as a compensatory process in the internal
osmolarity regulation.

In biomonitoring studies, an important step is to
evaluate whether trace element distribution in key
organisms is determined by inherent processes, such
as those associated with the sexual cycle, as expected
at low impacted environments, or is highly influenced
by human activities. The objective of this work was to
examine whether human activities in Ria Formosa and
the surrounding region have a major influence on the
trace element partitioning in the clam Ruditapes decus-
satus produced on inter-tidal flats, superimposed on
changes related to metabolic processes. This hypoth-
esis was tested by transplanting clams from a natural
bank to three sites: one under the influence of urban
activities, one of fish aquaculture earthen ponds, and
one near the lagoon inlet, which was used as a refer-
ence site. Concentrations of Zn, As, Cu, Mn, Ni, V, Cr,
Pb and Cd were determined in digestive glands, gills,
mantle plus siphons and remaining tissues of the trans-
planted clams over an annual period. This was accom-
plished by the survey of gametogenic stages, condition
index, proteins, glycogen, total lipids, hemolymph pH
and hemolymph osmolarity. Concentrations of most of
these trace elements are reported in previous studies
of the area, such as Cortesdo et al. (1986), Bebianno
and Serafim (2003), and Caetano et al. (2007). Major
characteristics of clam ground subtract, including ma-
jor and trace element contents, were also determined
in his study.
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Fig. 1. — Ria Formosa: sampling sites F, O and L for sediments and
clam Ruditapes decussatus; natural banks of clams (N), and location
of cities of Faro and Olhdo.

MATERIALS AND METHODS
Study area and sampling design

Ria Formosa is a shallow, meso-tidal coastal la-
goon located on the south coast of Portugal (Fig. 1).
This lagoon is a paradigmatic example of an ecosystem
with ecological and economic importance although
it is under stress from human activities and displays
alterations of its morphology reflecting its fragility to
extreme natural conditions, such as sea storms (Cunha
et al. 2005, Guimaraes et al. 2012, Vila-Concejo et al.
2002). The lagoon has several channels and a large
inter-tidal area covered by sand, muddy sand-flats,
and salt marshes (Falcdo and Vale 1990). It extends
for 55 km along the coastline and has a maximum
width of 6 km (Newton and Mudge 2003). The hy-
drodynamics is forced mainly by the semidiurnal tidal
regime exchanging water to the sea through several
inlets (Nobre et al. 2005). Except in periods of heavy
rains, the freshwater input to the lagoon is negligible,
salinity remaining approximately 36 all year long
(Aguas 1985, Falcao and Vale 1990). Spatial distribu-
tion of nutrients and chlorophyll a is highly influenced
by internal processes, such as sediment-water interac-
tions, and exchanges with the sea (Cravo et al., 2014,
Falcao and Vale 1990, Newton et al. 2003). In addition
to diffuse sources in the watershed, discharges of do-
mestic effluents and boat traffic increase drastically in
summer with tourism (Cravo et al. 2012, Mudge and
Bebianno 1997). Several studies have documented the
trace element contamination in sediments (Bebianno
1995, Caetano et al. 2002, Cortesdo et al. 1986), in
water (Caetano et al. 2007, Falcao and Vale 1990)
and in bivalves, namely clams (Bebianno and Serafim
2003, Cravo et al. 2012, Serafim and Bebianno 2001).
Ria Formosa is traditionally used for the production
of the clam R. decussatus, which represents 90% of
the national production of bivalves. The production
of R. decussatus is 47% of total aquaculture produc-
tion in Portugal (DGRM 2013). The decline of clam
production in the last two decades has been attributed
to a combination of factors, such as clam mortalities
probably related to pathologies and less favourable
environmental conditions (Matias et al. 2011).
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A field experiment was performed with the clam
R. decussatus in inter-tidal ground plots. Clams were
collected from a natural recruitment area (N) and
transplanted to sand squares of 25 m? with a clam den-
sity of 1 kg m at the three sites (Fig. 1). Site F is
located in a clam growth ground near Faro city and is
consequently influenced by urban activities. Site O is
in a clam ground that receives the wastewater of the
Aquaculture Research Station (7 ha) through a small
tributary that increases its flow in winter in response to
precipitation. In contrast to the locations of these inner
sites, site L is positioned in an inter-tidal clam ground
of the inlet channel Lavajo that connects the lagoon to
the adjacent coastal waters. Transplantation of clams
started on 23 November 2010 and sampling ended on
25 October 2011.

Sample preparation

The upper layer of the clam ground substrate (0-2
cm) was collected from sites F, O and L (Fig. 1) in
November 2010 and March, August and October 2011.
Samples were homogenized and separated into three
sub-samples kept at 4°C for the determination of loss
in ignition, grain size, and the following elements:
aluminium (Al), chromium (Cr), zinc (Zn), copper
(Cu), nickel (Ni), lead (Pb), arsenic (As), cobalt (Co)
and cadmium (Cd). Elements were quantified in sedi-
ment samples that had been previously freeze-dried.
Transplanted clams with a mean length of 2.8+0.4
cm were collected in February, May and August 2011
from the sites F, O and L and carefully dissected to re-
move digestive glands, gills, mantle plus siphons, and
remaining tissues. Three pools of composite samples
(n=10 specimens) were prepared, weighed and frozen
at —20°C. Samples were freeze-dried, ground and ho-
mogenized for determination of Al and trace elements.
Forty clams were collected monthly from each trans-
planted site and placed in filtered seawater (0.45 um)
at 20°C in the laboratory for 24 h to purge their stom-
achs. Twenty clams were stored at —20°C to determine
condition index and gross biochemical composition
(proteins, glycogen and total lipids). In another set of
20 individuals, the visceral mass was separated from
siphons and gills and fixed in the Davidson solution
for 48 h, and then transferred to 70% ethyl alcohol for
storage until histological analysis to evaluate the game-
togenic stages. Osmolarity and pH were determined in
the hemolymph collected immediately after sampling
from the foot and adductor muscle of ten clams with
a 21G needle and 1-mL syringes. Then, it was centri-
fuged for 10 min (4500 g, 4°C), snap-frozen in liquid
nitrogen and stored at —80°C until analysis (Gustafson
et al. 2005).

Analytical procedures
Histology
Each group of 20 individuals was examined his-

tologically to determine the gametogenic stages in
specimens of both sexes. Samples were dehydrated
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with serial dilutions of ethyl alcohol and embedded
in paraffin. Thick sections (6-8 wm) were cut on a mi-
crotome and stained with haematoxylin and eosin. The
slides prepared for the histology were examined using
a microscope at 40x magnification and each specimen
was assigned to a phase which represented the gonadal
state. Clam reproductive maturity was categorized into
six phases using a scale development proposed by Del-
gado and Pérez-Camacho (2005) modified by Matias
et al. (2013): phase I, sexual rest; phase II, beginning
of gametogenesis; phase III, advanced gametogenesis;
phase 1V, ripe; phase V, partially spawned; and phase
VI, spent. When more than one developmental stage
occurred simultaneously within a single individual, the
assignment of a phase criteria decision was based upon
the condition of the majority of the section.

Condition index

Condition index (CI) of each clam was calculated
by the expression CI = [dry weight of whole soft tis-
sues (g)/dry shell weight (g)] x 100 (Walne 1976).
Dry weight of whole soft tissues and of shell was de-
termined by the weight difference after oven drying at
80°C for 24 h. CI of each sample was expressed by the
mean CI calculated for ten individuals.

Biochemical parameters

Protein, glycogen and total lipid contents were de-
termined in whole soft tissues. Protein was determined
using the modified Lowry method (Shakir et al. 1994),
glycogen using the anthrone reagent (Viles and Silver-
man 1949), and total lipids were extracted from fresh
homogenized material in chloroform/methanol (Folch
et al. 1957) and estimated spectrophotometrically after
charring with concentrated sulphuric acid (Marsh and
Weinstein 1966). All values are expressed as ug mg!
of dry weight (dw).

Osmolarity and pH

Plasma osmolarity (Gustafson et al. 2005) and pH
were analysed directly with a cryo-osmometer and a
portable pH meter, respectively.

Chemical elements

Approximately 200 mg of clam soft tissues were
mineralized according to the method described in Rai-
mundo and Vale (2008): digestion with HNOjs (sp, 65%
v/v) at 60°C for 12 hours and 100°C for 1 hour; pursu-
ing the digestion with H,O, (sp, 30% v/v) at 80°C for 1
hour; and dilution of solutions to 45 mL with ultra-pure
water. The mineralization procedure used to determine
Al and trace elements (Cr, Zn, Cu, Ni, Pb, As, Co and
Cd) in sediment samples is described in Mil-Homens
etal. (2014), and involves the following steps: approxi-
mately 0.1 g of sediment were totally dissolved with
a mixture of Aqua Regia (HCI-36%:HNO;-65%; 3:1)
and HF at 100°C for 1 h; sample solutions were evapo-
rated to near dryness and eluted with HNOj; (double-
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Table 1. — Certified (meanztuncertainty) and obtained (meanzstandard deviation) Zn, As, Cu, Ni, Cr, Pb, Cd, Co, Mn and V concentrations
(ug g) in the replicates (n=3) of certified reference materials.

MESS-3 PACS-2 DORM-3 TORT-2
Element Certified value Obtained value Certified value Obtained value Certified value Obtained value Certified value Obtained value
Zn 159+8 1513 364+23 371+5 51.3+£3.1 39.7£2.5 180+6 1617
As 21.2+1.1 19.1£1.5 26.2+1.5 24.7£2.3 6.88+0.30 6.05+0.32 21.6x1.8 19.2+0.44
Cu 33.9+1.6 30.6x2.3 310x12 302+16 15.5+0.63 13.5+0.98 10610 86.2+4.0
Ni 46.9+2.2 43.3+2.5 39.5+2.3 38.8+2.5 1.28+0.24 1.49+0.18 2.5+0.19 2.0+0.24
Cr 1054 95+8 90.7+4.6 89.1x1.9 1.89+0.17 2.16+0.23 0.77x0.15 1.1+0.15
Pb 21.1x0.7 20.2+2 183+8 184+6 0.395+0.05 0.449+0.01 0.35+0.13 0.29+0.028
Cd 0.24 £0.01 0.25 +£0.03 2.11+0.15 2.13+0.087 0.290+0.020  0.274+0.004 26.7+0.6 25.2+0.1
Co 14.4+2.0 11.6+0.85 11.5+£0.3 11.320.3 - - - -
Mn - - - - - - 13.6x1.2 10.6+0.41
\% - - - - - - 1.64+0.19 1.76x0.17

distilled) and ultra-pure water; and sample solutions
were diluted to 50 mL with ultra-pure water.

Chemical elements in sediment and clam samples
were quantified in a quadrupole ICP-MS (Thermo ElI-
emental, X-series) equipped with a Peltier Impact bead
spray chamber and a concentric Meinhard nebulizer
(Caetano et al. 2013, Raimundo et al. 2013). Three pro-
cedural blanks were prepared using the same analytical
procedure and reagents, and included within each batch
of samples. Procedural blanks accounted for less than
1% of the total element in the samples. Detection limits
were 0.20% for Al, 0.0009 ug g=!' for Cd, 0.0010 ug
¢! for Ni, 0.0015 pg g=! for Cu, 0.0016 ug g~! for Mn,
0.0019 pg g! for Cr, 0.0020 pg g=! for Co, 0.0030 ug
¢! for V, 0.0032 ug ¢! for Zn, 0.0088 ug g~' for Pb
and 0.74 ug g~' for As. Quality control of the results
was obtained through the use of the certified reference
materials CRM PACS-2 and MESS-3 (marine sedi-
ment) for sediment samples, and the CRM TORT-2
(lobster hepatopancreas) and DORM-3 (fish protein)
for biological samples. The accuracy was checked by
analysing three replicate samples of each CRM. In
general, the results indicate good agreement between
certified and obtained values (Table 1). Repeatability
values in terms of relative standard deviation for CRM
measurements (n=3) ranged from 1% to 14%.

Loss on ignition and grain size

Loss on ignition of sediments was calculated from
weight loss after ignition at 450°C for 3 hours (Fal-
cdo and Vale 1998). Sediment grain size analysis was
undertaken by the standard sieving method. Grain size
parameters were computed by the Folk and Ward (Folk
and Ward 1957) method using the Grangraf program.

Statistical analyses

Statistical analyses were performed using Sigma-
Plot13.0 (Systat Software Inc.®) for Windows with a p-
value of 0.05. Whenever the pre-requisites of normality
and homogeneity of variances were fulfilled, an ANO-
VA test was performed to determine the significance of
the differences found between sites or sampling dates
for the sediment characteristics, biological parameters
and trace elements in clam tissues. Principal compo-
nent analyses (PCAs) were performed using Statistica
8.0 (StatSoft®). Conventional descriptive multivariate
analyses were used to summarize high-dimensionality

Table 2. — Coarse fraction (>63 um, CF), loss on ignition (LOI, %)

Al content (%), and concentrations (ug g~! dw) of Cr, Zn, Cu, Ni,

Pb, As, Co and Cd in sediments collected at sites F, O and L in

November 2010, March, August and October 2011; mean values

(£SD; n=3); different letters (a, b, c¢) correspond to values signifi-
cantly (p<0.05) different among sites.

F o L

CF 87+3.8 a 88+4.3 ab 100+£0.07 b
LOI 1.1+0.36 ab 1.4+0.48 a 0.55+0.10 b
Al 1.8+0.34 a 1.4+0.28 a 0.88+0.18 b
Cr 19+1.8 a 13+1.6 b 30x1.5¢

Zn 13x19a 15+4.1 a 4.0+0.79 b
Cu 4.2+0.61 a 6.6+0.78 b 1.1+0.24 ¢
Ni 3.6+0.67 a 2.5+0.64 b 1.3x0.10 ¢
Pb 4.3+0.68 a 4.1+0.83 a 2.7+0.30 b
As 3.0+0.71 a 1.7+0.20 a 1.7+0.010 a
Co 1.0+0.19 a 0.8+0.24 a 0.80+0.23 a

Cd 0.035£0.0045a  0.015+0.0042b  0.0091+0.0017 b

data in a simpler two-dimensional space (Abdi and
Williams 2010). The aim was to interpret major trends
of similarities between sites, clam tissues and sampling
dates, using correlation-based element variables. Sam-
ple matrix of the whole dataset was composed of 45
tissue samples and 9 descriptors (As, Cd, Cr, Cu, Mn,
Ni, Pb, V and Zn). PCA was also applied to digestive
samples and remaining tissue samples.

RESULTS
Sediment characteristics

The major characteristics of the sediment samples
collected in the inter-tidal ground plots F, O and L are
presented in Table 2. The sediments consisted of sand
(>63 um) with a small fraction of fine particles. The
proportion of coarser particles (mean+SD) ranged from
87%=3.8% (site F) to 100%=0.07% (site L). Accord-
ingly, Al content was low in sediments from the three
sites, although it was significantly (p<0.05) higher at
sites F and O than at site L. Loss on ignition varied
from 0.50% to 2.0% and was significantly (p<0.05)
higher at site O than at site L.

Due to the narrow variation of Al content and its
low values, trace element concentrations in sediments
from the three sampling sites were compared without
normalization with Al commonly used recurrently to
minimize differences related to grain size (Windom et
al. 1989). Significant differences of trace element con-
centrations among sites are presented in Table 2. Cop-
per concentration (ug g-') was significantly (p<0.05)

SCI. MAR. 81(2), June 2017, 229-239. ISSN-L 0214-8358 doi: http://dx.doi.org/10.3989/scimar.04595.13A



Trace elements in clams from Ria Formosa, Portugal * 233

L

100%

80% -

60% -

40% -

20% 1

0% T T T T 71 T T T T T 1 T

T T T T 1 T T T T 71T T T . T1T7T T T 1

NDJFMAMJ JASO NDJFMAMJJASO NDJFMAMﬁIH:IJASO

2010 2011 2010

2011 2010

Ol

an =m miv av ov

Fig. 2. — Maturation stages (phase I, sexual rest; phase I, gametogenesis beginning; phase III, advanced gametogenesis; phase IV, ripe; phase
V, partially spawned; and phase VI, spent) of the clam Ruditapes decussatus (n=20) transplanted to sites F, O and L; data over an annual cycle.

higher at site O (6.6+0.78) than at sites F (4.2+0.61)
and L (1.1+£0.24). A different distribution was encoun-
tered for Cd and was significantly (p<0.05) higher at
site F (0.035+0.0045) than at sites O (0.015+0.0042)
and L (0.0091+0.0017). Chromium in sands from site
L (30+1.5) displayed significantly (p<0.05) higher val-
ues than in sands from sites F (19+1.8) and O (13x1.6).

Biological parameters

Maturation stages over an annual cycle of R. de-
cussatus transplanted to sites F, O and L are presented
in Figure 2. The histological phase II, indicating the
beginning of the gametogenesis, was first observed in
January at the three sites. The histological phase V,
indicating partially spawned development, started in
May (sites F and O) and June (site L), and was highly
marked in July and August at the three sites. During
the spawning season (May to August), microscopic
observation of gonads revealed simultaneous spawn-
ing (phase IV) and partial spawning (phase V). This

observation was clearer in clams from the inner sites
F and O. Most of the clams had already spawned in
October and remained inactive thereafter.

Table 3 gives the monthly mean values and SD of
the condition index, proteins, glycogen and total lipids
of clams from each transplanted site over the annual
survey cycle. From January to July (site F) or to August
(sites O and L), which corresponds to the reproductive
period, CI varied between 6 and 11, and then remained
within the interval 4-7 until October (sites F and L).
Considering all sampling dates, no significant (p<0.05)
differences were found among the three sites. Clams
transplanted to sites F, O and L in November showed
lower protein content (102+26 ug mg™') than those
transplanted in subsequent months, reaching a maxi-
mum ranging from 378+50 ug mg~! (site F) to 436+73
ug mg~!' (site L). Clams from site O showed signifi-
cantly (p<0.05) higher protein contents than those from
sites F and L. Mean glycogen varied between 9.0+5.0
and 19+7.1 ug mg™' (site F), 5.9+1.1 and 16£7.6 ug
mg~! (site O), and 6.5+1.4 and 25+11 ug mg~! (site L),

Table 3. — Mean values (SD; n=10) of condition index (CI), proteins, glycogen and total lipids (ug mg~' dw) of Ruditapes decussatus col-
lected at sites F, O and L in November, December 2010, January, March, April, May, June, July, August and October 2011; different letters
(a, b, ¢) correspond to significant (p<0.05) differences among sites, considering all sampling dates.

P . Sit 2010 2011 Differences
arameter e Nov Dec Jan Mar Apr May Jun Jul Aug Oct among sites
CI F 7.8+2.1 10+3.7 8.2+34 _ 8.3x1.3 11.7 12429 8.0x1.1 4.6x1.1 4.5+1.1 a
(0] 7.8+2.1 58 1.2 7.3x1.6 _ 6.6£22 7.6£3.8 9.6x1.4 99+52 11x6.9 4.2+9.0 a
L 7.8+2.1 _ 10£3.6 10+3.6 7.8+4.7 6.7 8.8+5.8 6.6+0.9 7.7x1.1 6.9+1.6 a
Proteins F 102+26 27562 20535 _ 18128 139+54 150+23 162+18 378+50 104+27 a
(0] 102+26 335+63 366+76 _ 269+65 20068 338+55 309+90 424+146 317+82 b
L 102+26 _ 111£25 38589 301+76 183+37 72+16 43673 168+30 125+44 a
Glycogen F 14+10 1710 9.0+5.0 _ 11240 16+4.0 12+4.8 19+7.1 12+5.6 14+11 a
(0] 14210 11x4.5 14+54 _ 16£7.6 16+x6.8 59+1.1 1192 8.1x1.6 9.3x1.3 b
L 14+10 _ 22+11  6.5+1.4 10+3.5 25«11 2196 7.8+2.6 22+8.0 13+43 C
Total lipids F 3110  17+£7.1  79+21 _ 84+20  77x18 4720 45+12  58+18  43%15 a
(0] 3110  31x10 61+22 _ 49+17  71£20 6119 72430 49+10 49«10 a
L 31x10 27+9.7  84+22 7317 78+29  90+38 6620 104+47 62+16 b
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Table 4. — Concentrations (ug g~' dw) of Zn, As, Cu, Mn, Ni, V, Cr, Pb and Cd in digestive gland (DG), gills (G), mantle plus siphons (M+S)
and remaining tissues (RT) of clams Ruditapes decussatus collected at sites F, O and L in November, February, May and August 2011; mean
+ SD (n=3); different letters (a, b, ¢) correspond to significant (p<0.05) differences among sites, considering all sampling dates.

DG G
Nov Feb May Aug Nov Feb May Aug
Zn F 81+6.4 96+5.8 - 88+5.2 a 69+1.7 79+3.6 - 88+6.1 a
O 81+6.4 89+4.3 92+0.047 90+8.1 a 69+1.7 93+10.9 106+6.9 81+3.1 ab
L 81+6.4 85+4.6 100+13 99+6.4 a 69+1.7 96+6.8 94+4.3 93+3.2 b
As F 64+5.3 49+4.7 - 47+1.6 a 37+4.2 25+1.7 - 36+0.90 a
o 64+5.3 39+5.0 54+0.94 55+1.7 a 37+4.2 25+1.6 36+0.67 39+2.2 a
L 64£5.3 44+3.6 55+3.1 56+2.4 a 3742 35+£3.4 25+2.3 34+1.0 a
Cu F 14+2.7 26+3.6 - 17+0.35 a 7.1x0.82 8.0+0.24 - 6.6+0.13 a
(0] 14+2.7 33+1.8 35+0.24 35+4.4 b 7.1+0.82 8.3+0.43 8.3+0.88 10+0.24 b
L 14+2.7 24+3.6 29+4.4 13+0.83 a 7.1+0.82 9.3+£0.79 9.6+1.3 7.0£1.1 a
Mn F 6.1+0.89 12+1.2 - 5.8+0.53 a 3.8+0.45 5.9+0.15 - 5.3+0.17 a
o 6.1+0.89 9.9+0.54 17+1.0 5.3+0.50 a 3.8+0.45 5.6+0.33 8.3+0.36 5.6+0.24 a
L 6.1+0.89 10+3.7 7.4x1.0 3.7+0.49 a 3.8+0.45 5.6+0.86 6.8+0.59 4.0+0.15 a
Ni F 2.5+0.17 4.2+0.89 - 3.3+0.50 a 3.4+0.12 2.4+0.57 - 7.2+0.19 a
o 2.5+0.17 2.5+0.53 3.2+0.54 33056 ab  3.4+0.12 2.4+0.46 5.8+0.73 3.2+0.19 a
L 2.5+0.17 2.1+0.23 2.4+0.31 1.9+0.32 b 3.4+0.12 2.9+0.74 4.3+0.61 6.0+0.72 a
\Y F 2.4+0.40 6.1+0.60 - 3.4+0.076 a 1.1+0.23 1.3+0.15 - 1.5+0.10 a
(0) 2.4+0.40 6.0+0.66 4.7+0.67 2.9+0.30 a 1.1+0.23 1.5+0.15 1.4+0.22 1.4+0.051 a
L 2.4+0.40 7.1x0.52 4.1+0.63 4.1+0.41 a 1.1x0.23 1.5+0.50 1.9+0.49 2.3+x0.25 a
Cr F 2.1+0.068 3.3+1.1 - 1.6+0.26 a 1.4+0.35 1.0+£0.26 - 1.0£0.15 a
(o) 2.1+0.073  0.88+0.12 1.0+0.84 1.2+0.05 b 1.4+0.35 0.72+0.38 1.0+0.045  0.83+0.062 a
L 2.1+0.072 1.6+0.36 1.4+0.22 1.0£0.082 a 1.4+0.35 0.82+0.32 1.0£0.21 0.96+0.12 a
Pb F  0.80+0.014  1.2+0.64 - 0.45+0.021 a  0.47+0.084 0.30+0.079 - 0.25+0.056  a
O 0.80+0.014 0.85+0.10 1.7£0.20  0.46+0.022 a  0.47+0.084 0.24+0.06  0.48+0.15  0.26+0.044 a
L  0.80+0.014 0.83x0.24  0.59+0.11 0.21+0.08 a  047+£0.084 0.30+0.05  0.47+0.15  0.43+0.03 a
Cd F  0.19+0.079 0.21+0.030 - 0.10£0.012 a  0.55+0.079  0.22+0.061 - 0.56+£0.12 a
O  0.19+0.079 0.27+0.031 0.16+0.018 0.11+0.012 a  0.55+0.079 0.26+0.072 0.40+0.021 0.39+0.063 a
L  0.19+£0.079 0.19+0.03  0.13+0.01  0.15£0.04 a  0.55+0.079 0.37£0.09  0.51+0.10  0.26+0.01 a
M+S
Nov Feb May Aug Nov Feb May Ago
Zn F 44+2.0 50+1.8 - 53+2.9 a 40+1.7 49+3.7 - 57+8.3 a
(0] 44+2.0 50+6.2 64+0.31 51+1.9 a 40+1.7 47+2.3 74+8.6 74+10.6 b
L 44+2.0 55+2.1 64+1.4 58+2.0 a 40+1.7 56+5.8 66+7.4 61+6.8 ab
As F 25+0.71 20+1.8 - 31+1.4 a 2722 25+3.4 - 26+6.4 a
o 25+0.71 17+2.3 25+1.0 32+1.6 a 27+2.2 18+1.6 35+1.6 35+2.1 a
L 25+0.71 25+1.6 22+0.21 28+2.0 a 27+2.2 29+2.7 21+3.5 26+0.91 a
Cu F 12+1.2 4.6+0.17 - 7.3+0.12 a 5.0+0.19 5.9+0.53 - 5.540.73 a
(¢} 12+1.2 5.8+1.1 4.5+0.46 4.7+0.53 b 5.0+0.19 6.2+0.52 10+0.84 10+1.0 b
L 12+1.2 11£2.6 6.5+1.1 6.4+0.37 a 5.0+0.19 9.5+2.0 4.7+0.88 4.2+0.36 a
Mn F 3.5+0.21 5.4+0.62 - 4.7+0.87 a 2.3+0.39 10+1.5 - 3.6+0.39 a
(@) 3.5+0.21 5.5+0.81 6.8+1.2 4.7+0.29 a 2.3+0.39 9.4+0.72 6.6+0.93 6.6+1.1 a
L 3.5+0.21 5.2+0.57 5.9+0.40 3.7+0.52 a 2.3+0.39 8.9+3.1 4.2+0.61 1.4+0.40 a
Ni F 2.0+0.53 2.1+0.70 - 2.5+0.42 a  091+0.15 2.1+0.16 - 1.7+0.19 a
(o) 2.0+0.53 1.1+0.081  2.8+0.051 1.7+0.16 a  091+0.15 1.4+0.15 2.3+0.39 2.1+0.35 a
L 2.0+0.53 1.3+0.20 2.1£0.15 2.7+0.32 a  091+0.15 1.4+0.27 1.4£0.15 1.4+0.33 a
\% F 0.85+0.18  0.98+0.16 - 1.1+0.19 a  0.93x0.25 3.8+0.92 - 2.3+0.10 a
O  0.85+0.18 1.0+0.20 1.1+0.44 1.3+£0.26 a  0.93x0.25  2.4+0.071 3.9+0.53 3.7+0.58 a
L 0.85+0.18  0.86+0.19 1.2+0.10 1.5£0.045 a  0.93x0.25 2.8+0.61 2.3+0.19 1.7+0.15 a
Cr F 2.0£1.1 1.1+0.39 - 0.69+£0.14 a  0.88+0.085 3.0+0.69 - 1.6+0.18 a
(0} 2.0+1.1 0.48+0.12  0.74+0.24  0.62+0.077 a  0.88+0.085  1.6+0.065 2.7+0.39 2.7+0.45 a
L 2.0£1.1 0.63£0.061 0.59+0.044 0.67+0.081 a  0.88+0.085 1.7+0.28 1.2+0.097  0.62£0.076 b
Pb F  0.31+0.059 0.24+0.061 - 0.20+0.040 a  0.45+0.018 1.4+0.28 - 0.40+0.061  ab
O  0.31+0.059 0.23+0.084 0.44+0.24 0.21+0.042 a  0.45+0.018 1.3+0.13 1.2+0.19 1.2+0.23 a
L  031£0.059 0.27+0.08  0.22+0.03  0.32+0.10 a  0.45+0.018 1.1+0.47 0.42+0.07  0.12+0.04 b
Cd F  0.10£0.052 0.21+0.053 - 0.30+0.031 a  0.13+0.048 0.15+0.044 - 0.12+0.002 a
O  0.10+0.051 0.18+0.041 0.32+0.086 0.10£0.041 a  0.13+x0.048 0.22+0.038 0.31+0.0044  0.29+0.11 b
L 0.10+0.05  0.24+0.02  0.21+0.03  0.18+0.05 a  0.13x0.048  0.29+0.10  0.14+0.03  0.24+0.05 ab

differing (p<0.05) significantly among the sites. Mean
total lipids were statistically (p<0.05) higher atsite L.
(27+9.7 to 104+47 ug mg™") than at sites F (17+7.1 to
84+20 ug mg!) and O (31+10 and 72+30 pug mg™).
Hemolymph osmolarity of clams from the three
sites varied within a narrow interval (mean values
of between 1.0 and 1.2 mOs m kg'") over the annual
surveyed period. Mean pH values of clam hemolymph
ranged from 7.6 to 8.2, and no significant (p>0.05) dif-
ferences were observed among the three sites. Clams
from sites F and L exhibited significantly (p<0.05)

lower pH from January to September and from May to
July, respectively. A less clear variation was found at
site O, and pH was only significantly higher (p<0.05)
in November.

Partitioning of trace elements in clam tissues

Table 4 gives the mean concentrations (+SD) of Zn,
As, Cu, Mn, Ni, V, Cr, Pb and Cd in digestive gland,
gills, mantle plus siphons, and remaining tissues of
the clams from the recruitment area (N) collected in
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November and of the transplanted clams collected in
February, May and August 2011 from sites F, O and L.
Significant differences among sites in trace elements
of each clam tissue are marked in Table 4. Remaining
tissues displayed differences in more elements (Zn, Cu,
Cr, Pb and Cd) than digestive glands (Cu, Ni, Cr). Gills
and mantle plus siphons showed differences only for
Zn and Cu, respectively. In those ten statistical differ-
ences, eight enhanced concentrations were observed at
site O, while only five were observed at sites F and L.

In order to have a better integration of trace element
partitioning among the four clam parts/tissues, a PCA
was applied to the whole dataset (Fig. 3, PC1=43.7%
and PC2=23.1%). Samples of the four analysed tissues
were generally projected in different quadrants of the
plan PC1-PC2; the digestive gland was projected closer
to the trace elements and the mantle plus siphons far
from these descriptors. Arsenic, Cu, Mn, V, Cr and Pb
were significantly (p<0.05) higher in digestive gland
than in gills. Cadmium was the exception, being more
abundant in gills. Zinc, As, Cu, Mn, Ni and V were
significantly (p<0.05) higher in the digestive gland than
in the remaining tissues. Another two PCAs were ap-
plied separately to digestive gland (Fig. 4A, PC1=34.5%
and PC2=20.0%) and to remaining tissues (Fig. 4B,
PC1=48.0% and PC2=26.5%). The analysis of gills and
mantle plus siphon data are not presented due to the
lower variance obtained (PC1+PC2 <50%). The diges-
tive gland plot shows a clear difference between Febru-
ary and May/August, because all February samples are
closer to the trace element projections, while May and
August samples are represented in quadrants II and III.
This dichotomy between winter and late spring/summer
was not observed at site O, because May samples are
represented near the winter samples. The remaining tis-
sues plot also shows a similar separation between winter
and late spring/summer. In addition to this temporal
variation, samples collected in May and August at site
O are projected separated from samples of the other sites
and associated with Ni, Cu, As and Zn.

DISCUSSION

Trace element inputs as recorded by sediment
composition

The elemental composition of estuarine and coastal
sediments has long been used to identify possible sourc-
es of contamination because of the high affinity of trace
elements to particles, namely those with a large specific
area and covered by organic matter films (Libes 1992).
Despite the sandy nature of the substrates (87-100%
sand) the almost negligible proportion of fine particles
at site L appears to explain the lower concentrations of
Zn, Cu, Ni, Pb and Cd in comparison with sites F and
O. Conversely, the enhancement of Cr in sands of site
L was most likely due to natural variation related to the
lithology, as observed in sandy beach nourishment in
other areas of Portugal (Vale, unpublished data). Other
factors might account for the slight differences observed
at sites O and F (Table 2). The significantly (p<0.05)
higher Cu concentrations in the substrate of site O in

comparison with sites F and L may be interpreted as the
influence of localized sources of contamination. Most
likely, wastes of food artificially enriched with Cu that
is supplied daily to fish produced in the Aquaculture Sta-
tion located near site O is partially retained in the lagoon
sediments localized nearby. In addition to the regular
supply of food, copper sulphate is added occasionally
to the aquaculture tanks to eliminate fish parasites that
develop mainly in spring, which involves a pulse re-
lease of Cu to the ecosystem. The possible influence of
a small tributary draining agriculture fields that ends in
the area should also be considered. Due to the torrential
precipitation regime, discharges may occur during short
periods in winter (Falcdo and Vale 1990). However,
freshwater discharge into the lagoon should not have
been dramatic in the year studied because osmolarity
in clams, which is a parameter sensitive to salinity, did
not differ among individuals from the three transplanted
sites. The enhanced Cu values found in the present study
is in agreement with previous studies in Ria Formosa
showing higher Cu/Al ratios in sediments near the site
O (Caetano et al. 2002, Cortesao et al. 1986). Enhanced
concentrations of Cd and Ni at site F in comparison with
sites O and L probably result from human activities re-
lated to Faro city, whose population increases pronounc-
edly in summer due to tourism (Cravo et al. 2012).

Comparison of trace element concentrations in
clams with past studies

Copper, Zn and Cd concentrations measured in
gills and digestive gland of R. decussates in the present
work were lower than the values reported by Serafim
and Bebianno (2001) and Bebianno and Serafim (2003)
Cu, and Zn was followed in different tissues (gills,
digestive gland, and remaining tissues for the same
species from Ria Formosa. Cadmium concentrations in
this current work (0.10-0.56 ug g-') were one order of
magnitude lower than the values reported by Serafim
and Bebianno (2001) (1.4+0.19 ug g') and far below
the limit recommended for human consumption, 5 ug
¢! dry weight (obtained by the conversion of 1 ug g-!
wet weight, assuming 80% as the mean percentage of
water in clam flesh) (EC 2001). This decrease suggests
a lower availability of this element in food or water
over a period that exceeds one decade. Most likely,
the reduction of anthropogenic inputs to Ria Formosa
contributed to that difference (Cravo et al. 2012). Cop-
per concentrations showed a less marked decrease in
comparison with previous studies, and large variations
were encountered among the sampling periods and
sites (Table 4). Values of Zn observed in the present
work (81-99 ug g!) are comparable to those reported
by Serafim and Bebianno (2001) (98+8.6 ug g!), pos-
sibly reflecting the metabolic regulation of Zn concen-
trations in bivalves (e.g. Bryan et al. 1979).

Temporal and spatial variations of trace elements
in clam tissues

The similar size and condition index of clams at
the three transplanted sites are in favour of comparable
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filtration rates and hence trace element concentrations
(Reinfelder et al. 1998). Nevertheless, trace elements in
clam tissues, particularly Cu and Cr, displayed statisti-
cal differences (p<0.05) among the three sites (Table
4). Spatial differences were observed more recurrently
in remaining tissues and digestive gland. Spatial avail-
ability of trace elements in water and food is a plausi-
ble cause for the observed variation in digestive gland
concentrations. For example, enhanced values of Cu in
site O may result from aquaculture practices, which is
in line with the sediment composition. Concordance
between substrate and clam was less clear for other
elements, such as Cr and Cd.

Filtration rate may also have changed in clams of
the three sites due to its sensitivity to contaminant
exposure. Bioturbation in clam production grounds
contributes to the release of trace elements and nutri-
ents from sediments (Falcdo et al. 2006). However,
bioturbation is not expected to differ considerably
among the transplanted sites because clam density and
mortality along the experiments were similar. Despite
the renewal of large water volume during spring tides,
which promotes a vigorous mixing of water and parti-
cles inside the lagoon (Falcao et al. 2006), the PCA of
the digestive gland data suggests higher concentrations
of most elements in February, particularly at site F. En-
hanced values were also observed for remaining tissues
in February, which emphasizes the importance of dif-
fusive sources in winter for the accumulation of trace
elements by clams. Indeed, the precipitation regime in
the region was marked by episodic periods of heavy
precipitation (Lima et al. 2013, Soares et al. 2015) and
consequent runoff from the city and agriculture fields.
The increase inhuman population and leisure activities
in summer may have led to higher availability of trace
elements in Ria Formosa (Cravo et al. 2012). It may
also be hypothesized that internal fluxes of trace ele-
ments contribute to the increase in their availability in
warmer periods. However, the results obtained suggest
the predominance of the rain effect in winter. Previous
works have shown that nutrient fluxes from sediments
increase with temperature, as well as phytoplankton
biomass (Falcdo and Vale 1998). In confined areas
of the lagoon, dissolved oxygen in the water column
tends to be consumed during the night, decreasing to
under saturated values. The seasonal decrease of pH
in clam hemolymph, which may be attributed to less
oxygenation of the water (McFarland et al. 2011), is
in line with the reduction of dissolved oxygen during
the night (Falcao and Vale 1998) and consequently the
internal input of trace metals to the water column.

Despite the presence of trace elements in the in-
gested food, the affinity of most determined elements
with the digestive gland may be followed by mecha-
nisms that facilitate their retention in this tissue. The
sequestration of the elements may be enhanced by the
induction of metallothioneins if they are present above
a threshold value (Bebianno and Serafim 2003). Cad-
mium appears to be linked with gills and at a lower
level with digestive gland (Fig. 3), which may be influ-
enced by the higher stability of Cd chloro-complexes
in seawater (Simoes et al. 1981). In addition to the pas-
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sage of dissolved Cd through gills during filtration, the
presence of metallothioneins in that organ (Bebianno
et al. 1994) may also contribute to the retention of Cd.

Reproductive cycle of R. decussatus

The reproductive cycle of R. decussatus observed
in the present work is in agreement with previous stud-
ies on this species at Ria Formosa (Matias et al. 2013,
Pacheco et al. 1989). The cycle was characterized by
the onset of gametogenesis in January followed by the
rapid development of gametes (Fig. 2). Clams reached
the highest sexual maturity in May-June (sites F and
0O) and in June-July (site L). In late spring/summer,
condition index and total lipid content remained high,
decreasing sharply as rest stage was observed. This
change was better observed in clams transplanted to
sites F and O. The spawning was expanded throughout
summer until early autumn, clams ensuring a consist-
ent supply of gametes. Indeed, histological analyses
showed simultaneously gonias, maturing gametocytes
and variable proportions of fully matured gametes in
some individuals. The co-occurrence of spawning and
gonad recovery (phase V) during a long period of the
year, concomitantly with nutrient storage and consump-
tion, pointed to high reproductive effort of clams with a
high capacity for gonadal regeneration. The continuous
supply of gametes mirrors an advantageous strategy of
this bivalve species (Matias et al. 2013).

Interaction of accumulated trace elements with the
reproductive cycle

Variations in reproductive output of bivalve mol-
luscs are highly sensitive to environmental perturba-
tions (Weinberg et al. 1997). In particular, accumulated
contaminants in bivalves could deplete energy reserves
that were initially intended for growth and reproduction
(Capuzzo et al. 1988). Under stressful circumstances,
energy reserves are allocated to defence mechanisms,
so animals living in contaminated areas often show
poor tissue condition and retarded growth (Nicholson
and Lam 2005). The period of spawning and gonad re-
covery found in clams transplanted to the inner sites F
and O (May-October) was longer than in clams of site
L (July-October) located in the inlet channel. Probably,
the accumulated trace elements have negligible effects
on the gametogenesis of R. decussatus, even in inner
areas of the lagoon that may be affected by localized
or diffuse sources of contamination. The successive
production of gametes and spawning seems to obscure
a trace element pattern during the sexual maturity pe-
riod. In fact, the PCA indicate dissimilarities between
samples of May and August and trace element projec-
tions (Figs 3 and 4). However, condition index and
total lipids of clams after spawning were better at site
L than at sites F and O.

These results indicate that trace element partition-
ing in R. decussatus produced in extended inter-tidal
flats of Ria Formosa are influenced by environmental
changes in winter, most likely associated with rain and
diffuse sources. Despite the massive tourism in spring
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and summer, and the consequent increase of domestic
effluent discharges, trace element concentrations in
clam tissues are low, presumably influenced by the
long period of production of gametes and spawning.
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