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• Growth rate was inversely correlated to
the net copper bioaccumulation rate.

• Large stimulatory effect on growth ob-
served during the recovery period.

• Pulsed exposure has a more adverse ef-
fect compared to increased or continu-
ous exposures.
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Metal bioaccumulation and toxicity to aquatic organisms depends on factors such as magnitude, duration and
frequency of the exposure. The type of the exposure affects the toxicokinetic processes in the organisms. In
this study,we carried out 30-day toxicity tests on juveniles of Ruditapes philippinarum exposed to increasing, con-
tinuous and pulsed exposure. Organisms were exposed to copper-spiked sediments followed by a 10-day recov-
ery period. We assessed the interaction between the kinetics of subcellular copper partitioning and the growth
response. Results showed that the growth rate of the bivalve was inversely correlated to the bioaccumulation
rate and that sublethal copper concentrations stimulated the detoxification mechanisms inside the organism re-
gardless the type of the exposure. However, a large stimulatory effect on growthwas observed during the recov-
ery period, associated with significant negative accumulation rate values and dependent on the type of
antecedent exposure. This suggested that on individual and short-term basis pulsed exposures have a more ad-
verse effect compared to increasing or continuous exposure scenarios.
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1. Introduction

Aquatic organisms are often exposed to metal contamination and
the exposure can be continuous or episodic as a consequence of several
activities, e.g. urban or domestic run-off, natural biogeochemical
pana).
processing, application of agrochemicals, periodic release of industrial
waste waters etc. The effect of the exposure will depend on its magni-
tude, duration and frequency and affect the toxicokinetic processes.
These processes regulate the intracellular concentrations of metal ions
into the organism, essential for the maintenance of life (George, 1982;
Phillips and Rainbow, 1989). Very little is known about the bioaccumu-
lation kinetics of metals and effects on the organisms during intermit-
tent compared to continuous exposures (Amachree et al., 2013).
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Essential metals, like copper, can be regulated by limiting themetal up-
take at the body concentration level, or bymetal- and organism-specific
accumulation strategies that include active elimination of themetal ex-
cess as well as its storage as an inert form (Rainbow, 2002; Rainbow
et al., 2015; Vijver et al., 2004). The complexity of the internal metal
binding supports the evidence that a tissue-residue approach based on
the total tissue concentrations can fail to predict metal toxicity because
metal compartmentalization within specific pools, such as extracellular
(metal-rich granules) or intracellular (lysosomes, metallothionein-like
proteins) structures, makes it possible to sequester metals in a detoxi-
fied form. Detoxification strategy typically varies depending on metal,
e.g. copper has affinity to nitrogen or sulphur-containing chemical
groups (Marigómez et al., 2002; Vijver et al., 2004), and organism but
also depends on the field history of the organism itself, which can be
subjected to chronic exposure (Giguère et al., 2003; Rainbow et al.,
2015).

Characterization and kinetics of the subcellular distribution of
metals have significant ecotoxicological implications because they will
determine which fraction of metal is metabolically available and con-
tributes to potential toxicity. Toxicitymay commence if themetabolical-
ly available concentration exceeds the toxic threshold concentration
that will occur when the metal influx rate exceeds the combined rate
of detoxification and elimination (Rainbow and Luoma, 2011a;
Simpson and King, 2005). This study was designed to gain more infor-
mation and understanding about the different effects of continuous
and intermittent exposures to metal contaminants and their implica-
tions on subcellular metal distribution. Thus, the aim of this work was
to investigate the links between the kinetics of subcellular copper bioac-
cumulation and the growth response of Ruditapes philippinarum ex-
posed to increasing, continuous and pulsed exposure to copper-spiked
sediments and during a recovery period. This bivalve is an infaunal sus-
pension feeder and was selected as test organism according to earlier
studies (Chong and Wang, 2000; Fan andWang, 2001) that have dem-
onstrated that sediments often constitutes an important food source for
this clam due to its resuspension.

2. Materials and methods

2.1. Test organisms

Ruditapes philippinarum (Adams and Reeve, 1850) is a native bivalve
from the Indo-Pacific region introduced in Europe in the 1970s for com-
mercial purposes and appreciated for human consumption (Delgado
and Pérez-Camacho, 2007). This bivalve is an infaunal suspension feed-
er and earlier studies (Chong and Wang, 2000; Fan and Wang, 2001)
have demonstrated that sediment often constitutes an important food
source for this clamdue to its resuspension. Juveniles of R. philippinarum
(8–10 mm shell length) were purchased from an aquaculture farm
(Amalthea, Cadiz), held in polypropylene tanks in a flow-through sys-
tem and acclimated 7 days in a temperature controlled room (dissolved
oxygen 10.1±4.1mg L−1, pHwater 7.4± 0.1, temperature 19.0±0.6 °C,
salinity 34.6 ± 0.5; means ± SD). Clams were fed twice a week ad
libitum with Sera Micron powdered fish food (Fishtamins).

2.2. Sediment collection and spiking

Estuarine sediment was collected from a pristine site in the Bay of
Cadiz (SW Iberian Peninsula; 36°23′31.80″N, 6°12′24.01″W). At the
time of collection sediment was press-sieved through a 1.0-mm mesh
to remove large debris and indigenous macrofauna and stored at 4 °C
in the dark for up two weeks until spiking. Sediment at this location
has been previously characterized and found to have lowmetal contam-
ination (Campana et al., 2013a). After thorough homogenization, a sub-
sample was used for the geochemical characterization including the
determination of the particle size content (25% particles b63 μm), par-
ticulate organic carbon content (2% OC) and bulk sediment copper
concentration (28 μg Cu g−1). Because it has been demonstrated
(Campana et al., 2013b; Campana et al., 2012; Strom et al., 2011) that
the geochemical properties of the sediment affect copper bioavailability
for deposit feeder species, these values were taken into account to yield
OC-normalized copper spiking concentrations suitable to induce a sub-
lethal effectwithout affecting the survival rate based on anprevious, not
published (O. Campana personal communication) study with R.
philippinarum.

Sediments were spiked following the procedure described by
Simpson et al. (2004). Briefly, copper sulphate pentahydrate
(CuSO4·5H2O) was prepared as an aqueous stock solution and added
on a per dryweight basis to the sediment in order to yield three nominal
copper concentration of 10 (low), 15 (medium) and 25 (high) mg Cu
b63 μm g−1 OC taking into account spike and background. Required
amounts of stock solution were added on a sediment to water ratio
4:1 (v/v). Twenty-four hours after spiking, pH was measured (7.7 ±
0.1; mean ± SD) and pH neutralization was considered unnecessary.
Sediments were thoroughly mixed using a plastic spatula several
times during the first week and then allowed to equilibrate for
30 days, at 4 °C.

2.3. Experimental design

In order to study the effects of the different types of exposure, suble-
thal whole-sediment toxicity tests were conducted exposing clams to
spiked sediments into 8 L polycarbonate tanks in a flow-through sys-
tem, atflow rate of 130mL/min, during 40days and sampled at different
times (T0= initial time, T1= 10 days, T2= 20 days, T3= 30 days and
T4 = 40 days). Sampling periods of 10 days were selected to obtain a
sensitive measure of the juveniles' growth variation. At T0, 60 juvenile
clams were separated from the batch, weighed and put into each tank.
The average wet weight (tissue + shell) of the bivalves at T0 was re-
corded for each tank and used to calculate growth rate. Four treatments,
each one tested in triplicate, were set up simultaneously with: (1) con-
trol, a group kept in unspiked sediment; (2) increasing exposure, where
bivalves were subsequently exposed to increasing copper concentra-
tions during 10 days each; (3) continuous exposure, where bivalves
weremaintained at thehighest concentration for 30days; and (4)pulsed
exposure, where organisms were exposed to pulsed events by alternat-
ing the highest copper concentration and the control every 10 days.
All trials ended after a recovery period (T4) of 10 days during which bi-
valves were exposed to the unspiked original sediment. Each 10 days,
10 clams were sampled from each replicate, allowed to depurate 24 h
in natural clean seawater, weighed for growth analysis and soft tissues
were pooled and frozen at −80 °C until metal analysis. Throughout
the experiments subsamples of sediment, pore and overlying water
were collected to determine copper concentrations and physico-
chemical variables were recorded. Following the experimental design,
tanks were set up (including sediment, water and aeration) two days
before the shift of the bivalves for the next exposure to allow the equil-
ibration of the physico-chemical conditions into the tank. The diet of the
bivalves was supplemented with 1 mg per tank of Sera Micron pow-
dered fish food (Fishtamins) on alternate days.

2.4. Sediment and water analyses

All plastic and glassware were pre-cleaned by soaking in 10% HNO3

(AR grade, Merk, Germany) for 24 h and rinsed with higher grade de-
ionized water (Milli-Q, 18 MΩ cm, Millipore). Sediment particle size
was determined by wet-sieving through a 63-μm sieve using a mini-
mum amount of deionized water followed by gravimetry. Particulate
organic carbon (OC) contentwas determined bywet oxidation followed
by titration using 888 Titrando analyzer (Metrohm, USA). Copper con-
centrations were analyzed in bulk sediment, in the b63 μm fraction
and pore and overlying water. Sediment samples were oven dried at
60 °C for 24 h anddigested according to the following procedure. Briefly,
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approximately 0.4 g of dried sediment and reference material MESS-3
(National Research Council Canada, NRCC) were digested using 9.0 mL
HNO3 (Suprapur®, Merck, Germany), 5.0 mL HCl (Suprapur®, Merck,
Germany) and 2.5mL HF (PlasmaPure Plus, SCP Science) in a MARSmi-
crowave oven (CEM, UK) andmade up to 50mLwithHBO3 (Suprapur®,
Merck, Germany) 5.6% (w/v). The pore water (PW) was extracted by
centrifugation at ∼1,700 ×g (3500 rpm) for 10 min. Both PW and over-
lying water (OLW) were membrane filtered through 0.45 μm cellulose
acetate (Sartorius Minisart, Sartorius, Goettingen, Germany) immedi-
ately after collection, acidified with concentrated HNO3 (Suprapur®,
Merck, Germany) 2% (v/v) and stored at−20 °C until analysis. Overly-
ing water copper concentrations (dCuOLW) were measured every
10 days. Pore water (dCuPW) and particulate sediment copper concen-
trations (pCused) were assessed at T0 and at the end of the exposure
for each sediment concentration, i.e. at T4 in the control experiment;
at T1, T2, T3 and T4 in the increasing and pulsed exposure experiments;
at T3 and T4 in the continuous experiment. Particulate and dissolved
copper concentrations were determined by inductively coupled plasma
optical emission spectrometry (ICP-OES Optima 2000 DV PE). For qual-
ity assurance, replicates were analyzed for all samples. Acid-digest
blanks and certified reference material MESS-3 were run with each
batch of samples. Copper concentration measured in referencematerial
was 33.5± 0.7 μg g−1 (mean± SD; n=4) drymass and in good agree-
ment with certified value 33.9 ± 1.6 μg g−1 dry mass.

2.5. Copper bioaccumulation and subcellular distribution analysis

Tissue samples, each one composed by the pooled visceral mass of
10 bivalves of one replicate, collected at different sampling times (T0,
T1, T2, T3 and T4), were partially thawed on ice and manually minced
with a blade. Subsamples of approximately 0.1 g (wet weight) were
separated and frozen at −20 °C to be analyzed for the total tissue resi-
due copper concentration and to calculate the dry/wet weight ratio. The
rest of the tissue (approximately 0.2 g wet weight) was homogenized
on ice using a Pellet Pestle (Kontes) in Ca2+/Mg2+ Free Saline Buffer
(20 mM HEPES, 360 mM NaCl, 12.5 mM KCl, 5 mM tetrasodium
EDTA) adjusted at pH 7.4 at 4 °C; tissue-to-buffer ratios was adjusted
at 1:6 (w/v). Tissue homogenate was subjected to differential centrifu-
gation following a procedure adapted from Taylor and Maher (2012)
that involved directly centrifuging the supernatant obtained from the
first spin (10min, 1000 ×g, 4 °C) at 100,000 ×g for 60min at 4 °C to ob-
tain a pellet fraction that included mitochondria, lysosomes and micro-
somes. Eventually, the entire procedure (Fig. S1 of Supporting
Information (SI)) yielded three pellet fractions composed of heavy or-
ganelles (mitochondria, lysosomes and microsomes) (ORG), heat-
denaturate proteins (HDP) which consist mostly of enzymes, metal-
rich granules (MRG) and two supernatant fractions composed of heat-
stable or metallothioneins-like proteins (MTLP) and nuclei and cellular
debris (NCD). The subcellular partitioning was operationally classified
and represented combining these fractions in two categories: the Bio-
logically AvailableMetal (BAM) poolwhich includedORG andHDP frac-
tions and the Biologically Detoxified Metal (BDM) pool that grouped
MRG and MTLP fractions. As in other studies (Campana et al., 2015;
Cooper et al., 2010; Liu et al., 2013), because the toxicological role of nu-
clei and cellular debris is still not clearly understood, NCD fraction was
not included in either of these categories.

All fractions, including subsamples stored for total residue copper
determination, were dried at 60 °C to a constant weight and digested
in 1 mL conc. HNO3 (Suprapur®, Merck, Germany). Fish protein Certi-
fied Reference Material (DORM-2, National Research Council, Canada)
and acid blanks were routinely digested simultaneously. Extracts were
allowed to stand overnight and digested in a digester block (Analog
Heatblock, VWR) at 90 °C for 2 h. After addition of 0.2 mL H2O2

(Merck, 30%) digests were made up to 5 mL with Milli-Q and stored at
4 °C until metal analysis. Copper concentration measured in reference
material was 2.40 ± 0.32 μg g−1 (mean ± SD; n = 8) in agreement
with certified value 2.34 ± 0.16 μg g−1. Percentage recovery between
the sum of the copper concentrations measured in the five fractions
and the total copper tissue-residue concentration was 89 ± 12%
(mean ± SD; n = 62).

2.6. Derivation of net accumulation and growth rates

Different equations were applied to calculate rates considering that
in the control, and partially, in the continuous exposure experiment
(during the first 30 days) clams were exposed to steady conditions,
whereas for other experiments these conditions changed each 10 days
subjected to varied exposure. Net copper accumulation rate for total
bioaccumulated, BDM and BAM copper pools was expressed as
μg Cu g−1 dry weight day−1 and was calculated by using the following
equations. For the continuous exposure experiment (to calculate T1, T2
and T3) and for the control experiment:

Net accumulation ratei; t ¼ Cu pooli½ �t− Cu pooli½ �T0
� �

=t ð1Þ

For increasing and pulsed exposure experiments and for the contin-
uous exposure experiment (to calculate T4):

Net accumulation ratei t ¼ Cu pooli½ �t− Cu pooli½ �t−10

� �
=10 ð2Þ

where, i is either the total net bioaccumulated copper, BDMor BAMcop-
per pool; t is the time in days (10, 20, 30 or 40 corresponding to the sam-
pling times); [Cu pooli]t, [Cu pooli]T0, and [Cu pooli]t − 10 are the copper
concentrations of the specific pool measured at time t, at time 0 and
10 days before the time t, respectively (μg g−1).

Growth rate for R. phillipinarum was expressed as mg wet weight
day−1 andwas calculated by using the following equations. For the con-
tinuous exposure experiment (to calculate T1, T2 and T3) and for the
control experiment:

growth rateT ¼ GT−GT0ð Þ=t ð3Þ

For increasing and pulsed exposure experiments and for the contin-
uous exposure experiment (to calculate T4):

growth rateT ¼ GT−Gt−10ð Þ=10 ð4Þ

where, t is the time in days (10, 20, 30 or 40 corresponding to the sam-
pling times); GT, GT0, and GT-10 are the average weights of the bivalves
measured at time t, at time 0 and 10 days before the time t, respectively,
expressed as mg wet weight.

2.7. Statistical analyses

Data were tested for normality of distribution and homogeneity of
variance (Bartlett's test) prior to null hypothesis testing. Means within
and between treatments were compared using One Way Analysis of
Variance (F-ratio) or Kruskall-Wallis tests (H-test) when statistical as-
sumptions (normality and homoscedasticity) to run the parametric
test failed. A post hoc Pairwise Multiple Comparison test based on Fish-
er's least significant (LSD) procedure was performed to compare be-
tween groups when the main test revealed statistical significant
difference. Spearman rank order correlations (ρ) were determined be-
tween the total bioaccumulated copper variable (Cubio) and particulate
(pCused) and dissolved copper (dCuPW, dCuOLW) concentrations; they
were also applied to check the strength of the correlation between
growth rate and total bioaccumulated copper, BDM and BAM rates. Sta-
tistical significance was set at p ≤ 0.05. Statistical tests were carried out
using Statgraphics Centurion XVII (Statpoint Technologies, Inc.) com-
puter software.
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3. Results and discussion

3.1. Physicochemical test conditions and copper partitioning

Table S1 of SI summarized values of the physicochemical variables
and copper partitioning in the particulate and dissolved phases for
each toxicity test.

Copper concentrations, after sediment spiking and equilibration,
were measured before starting the experiments and were found 12.1,
19.2 and 24.7 mg Cu b63 μm g−1 OC, for low, medium and high expo-
sure respectively, representing environmentally relevant concentra-
tions for relatively low contaminated sediments. Copper concentration
in the unspiked sediment was 2.1 mg Cu b63 μm g−1 OC, in agreement
with the value of 3.5 mg Cu b63 μm g−1 OC proposed by Simpson et al.
(2011) that is proposed to provide suitable protection against the
chronic effects of copper to benthic invertebrates in marine
environments.

Measured dCuPW at T0 and during the experiments were all below
8.0 μg Cu L−1. This value was close to that typically measured for natu-
rally contaminated sediment (i.e. b5 μg Cu L−1) (Bat and Raffaelli, 1998;
Simpson et al., 2011) indicating that equilibration procedure was ade-
quate, allowing the binding of most of the spiked copper to the particu-
late phase. In the experiments, dCuPW were found mostly lower than
dCuOLW in all toxicity tests. Most of the dCuOLW values were lower
than the chronic EC50 of 9.2 μg Cu L−1 calculated by Simpson et al.
(2011) using a Species SensitivityDistribution approach, and did not ex-
ceed 20 μg Cu L−1. This value was also below the LC50s 45 ± 10 and 33
± 2 μg Cu L−1 calculated for other bivalves, Spisula trigonella and Tellina
deltoidalis, respectively, in 10-d whole-sediment toxicity tests (Strom
et al., 2011). Partition coefficients, Kd, which describe sediment-water
partitioning distribution at steady-state conditions (Kd [L kg−1] = Cu
sediment [mg kg−1] / Cu water [mg L−1]), ranged from 2.8 × 103 to
3.6 × 104 L kg−1 for OLW and from 7.1 × 103 to 2.6 × 104 L kg−1 for
PW. These Kd values are comparable to those commonly measured for
copper in marine and estuarine sediments, which typically range from
1 × 103 to 5 × 105 L kg−1 (Hutchins et al., 2008), and indicate low dis-
solved copper concentrations for naturally contaminated environments.
Metals in the dissolved phase are usually more bioavailable than partic-
ulate metals, thus partition coefficient is an important factor to predict
the bioaccumulation within aquatic biota (Ahlf et al., 2009; Fukunaga
and Anderson, 2011).

Average physicochemical variables during the experiments were as
follows: pHwater 8.3 ± 0.1, pHsediment 7.4 ± 0.1, dissolved oxygen 8.9
± 2.9 mg L−1, salinity 35.0 ± 0.8 and temperature 17.8 ± 2.0 °C
(mean ± SD; n = 60). In control treatment survival rate was 100%
and remained N80% for all exposures meeting testing acceptability
criteria.
Fig. 1. Particulate sediment (pCused) and bioaccumulated (Cubio) copper concentrations. Values
10-day recovery, respectively.
3.2. Influence of dissolved and particulate phase on copper bioaccumulation

It is becoming increasingly accepted that metal uptake from dis-
solved phase is not the only significant source of bioaccumulation for
aquatic organisms (Croteau and Luoma, 2009; DeForest and Meyer,
2015). Bioaccumulation kinetics depend on the contribution of both
particulate and dissolved exposure pathways and are strongly influ-
enced by the feeding habit of the species. Thus, correlations between
bioaccumulated copper and particulate and dissolved copper concen-
trations were assessed to establish the relative importance of the expo-
sure pathway on copper bioaccumulation for R. philippinarum.
Particulate (sediment) and dissolved copper concentrations during the
experiments as well as total bioaccumulated copper (Cubio) concentra-
tions are presented in Figs. 1 and 2.

As expected bioaccumulated copper concentrations were relatively
steady in the control experiment with an average value of 11.4 ± 1.5
μg g−1 (mean ± SD) and varied over time in the different treatments
reaching amaximum of 43.8 μg g−1 in the pulsed exposure experiment.
A significant strong correlation was observed between Cubio and
dCuOLW (ρ = 0.73, p b 0.001, n = 42) while the correlation between
Cubio and dCuPW was not significant (ρ = 0.34, p N 0.05, n = 29). The
low contribution of dCuPW to copper bioaccumulation was not surpris-
ing because, according to other studies with different species, it was ob-
served that the exposure to dissolved copper occurs almost entirely
from the overlying water and that the feeding behaviour of the species
plays an important role (Campana et al., 2013b; Campana et al., 2012).
As other bivalves, R. philippinarum are large organisms that burrow
and forage for food on suspended particles with their siphons extruded
far beyond the sediment-water interface (Campana et al., 2013a). As a
consequence, the relative contribution of dCuPW to bioaccumulation
through the incurrent siphon could be considered negligible.

On the other hand, the contribution of pCused to copper bioaccumu-
lationwas strong and significant (ρ=0.61, p b 0.001, n=39). These re-
sults indicate that both dissolved (only dCuOLW) and particulate
exposure pathways represent major contributors to copper uptake for
this suspension feeder. Similar results were also obtained in other stud-
ieswith the bivalves Scrobicularia plana (Kalman et al., 2014) and Tellina
deltoidalis (Campana et al., 2013b) highlighting the importance of both
uptake routes for the bioaccumulation kinetics.

3.3. Relating growth rate and total net accumulation rate

Growth rates are presented in Fig. 3. Growth rates in the control ex-
periment did not vary significantly throughout the exposure (H-test =
0.71; p = 0.87) and organisms grew at an average rate of 0.5 ±
0.3mg day−1 (mean± SD). Likewise, in the increasing exposure exper-
iment, where the organisms were exposed to increasing copper
aremeans±SE; n=3. T1, T2, T3 and T4 represent time exposures after 10, 20, 30 days and



Fig. 2.Dissolved porewater (dCuPW) and overlyingwater (dCuOLW) copper concentrations. Values aremeans± SE; n=3. T1, T2, T3 and T4 represent time exposures after 10, 20, 30 days
and 10-day recovery, respectively.
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concentrations growth rates did not change significantly. However,
when they were allowed to recover, growth rate boosted significantly
to 4.9mg day−1 (F-ratio= 20.25; p b 0.001; df= 10). The same pattern
was observed in the continuous and pulse exposure experimentswhere
again, growth rates did not show any significant variation but were sig-
nificantly greater during the recovery period, 3.5 mg day−1 (F-ratio =
39.16; p b 0.001; df = 11) and 1.8 mg day−1 (F-ratio = 6.52; p b

0.05; df = 11), respectively.
These data show that different exposure scenarios had no significant

effect on growth, considering the time frame and the concentrations
chosen, but when the exposure was removed the organisms began to
recover as indicated by their growth rates being up to one order of mag-
nitude greater compared to the control. Nevertheless, the degree of this
recovery is affected by the type of exposure applied during the first
30 days. Post hoc LSD analyses indicated that growth rates during the
recovery period were significantly different among experiments (F-
ratio = 37.84; p b 0.001; df = 10). The organisms exposed to a pulsed
impact recovered at much lower rate, while, those exposed to increas-
ing copper concentrations show the highest stimulation of the growth
rate. It is worthwhile to highlight that, without considering the recovery
data, the results did not show any particular adverse effect on growth
caused by the different exposures but it is the extent of the effect on
the resilience capacity that revealed how the organisms were affected
by the different type of exposure.

Fig. 3 also shows the total copper net accumulation rates. In the con-
trol experiment organisms maintained a net accumulation rate close to
zero (−0.07± 0.08 μg g−1 day−1; mean± SD)without any significant
variation (H-test = 6.0; p N 0.05). Likewise, in the increasing exposure
Fig. 3. Growth and total copper net accumulation rate of R. philippinarum. Values are means ±
recovery, respectively. Statistical differences are indicated separately in black and red color
letter are not statistically different; * and @ represent statistical difference from the control and
experiment the accumulation rate showed positive values, without
any significant variation, during the first 30 days of the exposure but
switched to a significant negative value during the recovery period
(H-test =8.74; p b 0.05). Similarly, in the continuous exposure experi-
ment the organisms accumulated copper at the same rate during the ex-
posure but significantly eliminated the metal during the recovery
period (F-ratio = 5.15; p b 0.05; df = 11). The same pattern was ob-
served for the pulsed exposure experiment where the bivalves accumu-
lated copper when exposed to spiked sediment and they released it
when the exposure was removed (F-ratio = 7.75; p b 0.01; df = 11).
In this experiment the accumulation rate corresponding to the second
pulse (T3) represented the highest net accumulation rate (2.6 μg g−1-

day−1) observed among all treatments.
The significant negative correlation found between growth and total

copper accumulation rates (ρ = −0.73, p b 0.01, n = 16) indicated a
clear negative relationship between these two variables, which most
likely depended on the duration of the recovery period. The decrease
of the absolute copper content in the organisms (Fig. S2 of the
Supporting Information) during the recovery period for each exposure
showed that the dilution factor associated to the increased growth
was not the main cause of the negative correlation observed and that
copper elimination and growth were strongly related.

There are not many studies that attempt to analyse the relationship
between metal accumulation rates and sublethal effects on aquatic or-
ganisms. Campana et al. (2013b) and Campana et al. (2015) studied
the effect on growth and the accumulation kinetics of copper in the
deposit-feeder bivalve Tellina deltoidalis exposed to spiked sediments
during 41 days. They calculated an EC50 value for growth of 10.5 mg
SE, n = 3. T1, T2, T3 and T4 represent time exposures after 10, 20, 30 days and 10-day
for growth and copper net accumulation rate, respectively. Rates that exhibit the same
between treatments, respectively, at the same exposure time.
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Cu b63 μmg−1 OC. Yet, according to our results, we did not observe any
effect on growth when individuals of R. philippinarumwere exposed to
more than twice this concentration. Comparing the net accumulation
rates of both species exposed to similar copper concentrations, R.
philippinarum accumulated copper at a rate approximately 20 times
lower than T. deltoidalis. Accumulation rates of R. philippinarum were
more comparable to those calculated by Kalman et al. (2015) for the bi-
valve Scrobicularia plana that, exposed to a metal mixture of field col-
lected sediments (with copper concentrations between 15 and 2310
μg g−1), showed accumulation rates that ranged between 1.01 and
1.86 μg Cu g−1 day−1. These data indicated that R. philippinarum and
potentially, S. plana, can be considered weak net copper
bioaccumulators compared to T. deltoidalis.

3.4. Characterization of the total net accumulation rate

Metal toxicokinetics is a dynamic process that depends on both the
magnitude and the duration of the exposure; however, as recently con-
sidered by other authors (Casado-Martinez et al., 2010; Kalman et al.,
2015; Rainbow and Luoma, 2011b), the significance of the critical
body threshold hypothesizes that a metabolically available fraction, in-
stead of the total body residue, is responsible for the toxic effect and the
detoxification/elimination capability of the organisms strongly affects
the amount of metal bioaccumulated in this fraction. The percentages
of the NCD subcellular fraction and BDM and BAM pools are shown in
Fig. 4. Each percentage is represented as positive or negative depending
on its specific net rate indicating a copper accumulation or elimination
from the specific pool, respectively. The algebraic sum of the rates
makes up for the total net accumulation rate. As in other studies
(Cooper et al., 2010; Liu et al., 2013; Wallace et al., 2003), NCD fraction
was not included in either of the BDM or BAM pool because the toxico-
logical role of this fraction is not clearly understood.

Overall, in the control experiment the organisms eliminated copper
mostly from the BDMpool that represented themajor contributor to the
total accumulation rate (40 to 61%), followed by theNCD fraction, (31%)
which was the only compartment where copper was accumulated
starting at T2 (up to 58%), and the BAMpool (2 to 32%). In the increasing
exposure experiment, most of copper that the organisms
bioaccumulated when exposed to spiked sediments was detoxified in
the BDM pool. The degree of detoxification ranged from between 50
and 68% and only 7 to 4% was metabolically available associated with
the BAM pool. The NCD fraction accounted for 28 to 42% of the total ac-
cumulation rate. During the recovery period 68% of copperwas released
from the BDM pool, 27% from NCD fraction and 5% from BAM pool. The
same pattern was observed in the continuous and pulsed exposure ex-
periments with very low variability in the proportional partitioning of
copper among each compartment. During the continuous exposure
Fig. 4. Bars represent the percentage of the subcellular pools (BDM and BAM) and the NCD fr
represent time exposures after 10, 20, 30 days and 10-day recovery, respectively. BDM = Bio
and cellular debris fraction.
experiment copper was principally associated with the BDM pool (62
to 65%) and 73% released during the recovery period. NCD fraction
accounted for 28 to 34% of copper that was bioaccumulated during con-
tinuous exposure while copper associated with the BAM pool ranged
between 4 and 7%. During the recovery period, 26% was released from
the NCD fraction but 1% was still metabolically available in the BAM
pool.

In the pulsed exposure experiment percentages of copper associated
with the BDMpool, NCD fraction and BAM pool ranged between 62 and
63%, 32 to 36% and 2 to 5%, respectively. During recoveries (following
two pulsed exposures) copper eliminated from these same compart-
ments accounted for 67 to 68%, 27 to 29% and 2 to 6% of the total accu-
mulation rate, respectively.

Because copper is an essential metal many organisms have evolved
specific mechanisms to regulate its uptake coupled with detoxification
storage and elimination strategies (Phillips and Rainbow, 1989). For ex-
ample, a slow copper uptake and a fast efflux rate, as demonstrated for
the amphipodMelita plumulosa (Campana et al., 2015; King et al., 2005),
result in a low net accumulation rate. The net accumulation rates of this
amphipod, exposed to sediment copper concentrationswithin the same
range of those applied in this study, were of the same order of magni-
tude as for the net accumulation rate values observed for R.
philippinarum. However, the comparison between the distribution of
copper within BDM and BAM pools indicated that the organisms have
developed different bioaccumulation strategies to deal with increasing
external concentrations. In the amphipod, bioaccumulated copper was
mainly associated with the BAM pool and increased along the pCused
gradient. The bivalve R. philippinarum detoxified most of
bioaccumulated copper in the BDM pool while just a small amount of
metal was allocated to the BAM pool. This appeared to be the same
strategy adopted by the bivalve T. deltoidalis exposed to copper spiked
sediments (Campana et al., 2015). In both bivalves total net accumula-
tion rates increased linearly with pCused, however, in R. philippinarum
the rate increased seven times more slowly (m = 0.11 ± 0.02; r2 =
0.74; p b 0.001) compared to T. deltoidalis (m = 0.79 ± 0.08; r2 =
0.93; p b 0.001), where the slope (m) represented the estimated net ac-
cumulation rate constant (mean ± SE) and was expressed in g OC
g−1 day−1. Also, as reported for T. deltoidalis, R. philippinarum showed
a significant linear relationship between the rate of copper accumulated
in the BDM pool and pCused (r2 = 0.75; p b 0.001).

3.5. Contribution of the subcellular fractions to BDM and BAM pools

When the uptake rate of an essential metal such as copper is beyond
the metabolic requirements of the organism, the metal might bind to
sites where it can cause toxic effects andmust be detoxified, in a tempo-
rary or permanent form. Many metals induce the synthesis of
action that account for the corresponding total net accumulation rate. T1, T2, T3 and T4
logically detoxified metal pool; BAM = Biologically available metal pool; NCD = Nuclei
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metallothioneins, lowmolecularweight cytosolic proteins that bind and
detoxify metals intracellularly (Amiard et al., 2006; Geret et al., 2002)
and also play and important role in the homeostasis of essential metals
providing a reservoir (Viarengo and Nott, 1993). Following in the text,
the rate of copper accumulated in the BDM and BAMpool was indicated
as BDM rate and BAM rate, respectively. In R. philippinarummost of cop-
per bioaccumulated in the BDM pool was detoxified by the metal-
binding to metallothionein like proteins (Fig. 5a). In the control experi-
ment copper was mainly eliminated from the MTLP fraction (percent-
ages varied between 74 and 97%). In all treatments the percentage of
copper detoxified in theMTLP fraction during exposure ranged between
76 and 93%, 81–90% and 59–91% for the increasing, continuous and
pulsed exposure experiments, respectively. Consistently, as observed
for the control, copperwas largely released from theMTLP fraction dur-
ing the recovery period. The rate of copper accumulation in the BDM
pool was found inversely and significantly correlated to growth rate
(ρ = −0.74, p b 0.01, n = 16).

Another way for aquatic organisms to detoxify metals is to store
them in form of insoluble granules or deposits of several types
(Brown, 1982; Hopkin, 1989; Marigómez et al., 2002; Phillips and
Rainbow, 1989). Type Bmetal-rich granules have beendescribed as het-
erogeneous granules containing sulphur in associationwithmetals such
as copper and zinc. In R. philippinarum a very limited amount of copper
was associated with MRG fraction (Fig. 5a) and the higher percentages
were observed at T1 for all experiments reaching 24, 19 and 41% for in-
creasing, continuous and pulsed exposure, respectively. As was the case
for the juvenile R. philippinarum tested in this study, Wallace et al.
(2003) found thatMacoma baltica clams smaller than 0.3 g wet weight
did not have cadmium associated with the MRG fraction. On the other
hand, Campana et al. (2015) reported that in adult individuals of T.
deltoidalis 85% of copper was detoxified in the MRG fraction and only
15% in the MTLP fraction; the partitioning eventually reached 50–50%
at the highest copper bioaccumulation concentrations. According to
these results, it can be hypothesized that maturity can affect detoxifica-
tion strategy of bivalves.

The BAM pool represents the toxic target of metals because it con-
tains the most important and dynamic subcellular fractions in the
Fig. 5. BDM a) and BAM b) net accumulation rates per unitmass (black lines) of R. philippinarum
that account for the corresponding net accumulation rate. Percentage of each fraction is repres
exposures after 10, 20, 30 days and 10-day recovery, respectively. Rates that exhibit the same l
same exposure time. BDM = Biologically detoxified metal pool; BAM = Biologically available
fraction; ORG = heavy organelles fraction; HDP = heat-denaturate proteins fraction.
organisms, including ORG andHDP fraction. The rate of copper accumu-
lation in the BAMpool ratewas inversely correlated to growth rate (ρ=
−0.65, p b 0.05, n = 16). Significant increase in this pool was only ob-
served in the pulsed exposure experiment (Fig. 5b). In the control ex-
periment the ORG fraction accounted for the most of the copper
accumulated in the BAM pool but its percentage varied inconsistently
in the other experiments as the HDP fraction. Overall, the contribution
of each fraction to the BAM rate did not show any clear pattern.

3.6. Implications for growth

The results of this study led to two evident conclusions. First, inde-
pendently of the exposure scenario sublethal concentrations of copper
induced a large stimulatory effect on growthduring the recovery period,
as associated with significant negative net accumulation rate values.
The magnitude of this effect exceeded by tenfold that reported for the
control group. It might be possible that this large stimulatory effect is
caused by an age-factor, juveniles being more capable of an overcom-
pensation compared to adult individuals (e.g. Hoare et al. (1995)).

When organisms are exposed to toxicants an alteration in their allo-
cation energy pattern is expected. This implies that if additional energy
is invested in one physiological process (e.g. growth, reproduction, me-
tabolism) less energy will be available for others, assuming a stable en-
ergy intake (Calow and Sibly, 1990). In this study growth rate was
inversely (significantly) correlated to net copper accumulation rate
and to BDM and BAM rates as well. This suggested a change in the allo-
cation energy pattern determined by an increase of the energy expendi-
ture on detoxification and homeostasis processes to maintain fitness at
a constant level and deal with the external impact, at the same time re-
ducing the energy available for growth. Once the stress due to copper
was removed this energy could have been again devoted to enhance
growth in an effort to anticipate sexualmaturity and ensure a successful
reproduction in the event of a new stress.

Hoare et al. (1995) observed a similar behaviour in M. edulis where
juveniles' growth rate increased after the individuals were exposed to
copper treatments during the embryo stage. However, despite the faster
growth rate, the survival was greatly reduced through metamorphosis
are presented on the left Y-axis. Bars represent the percentage of the subcellular fractions
ented on the right Y-axis. Values are means ± SE, n= 3. T1, T2, T3 and T4 represent time
etter are not statistically different, * represent statistical difference from the control at the
metal pool; MTLP = metallothioneins-like proteins fraction; MRG= metal-rich granules
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to juvenile stage. At the end, the stimulation of the growth had adverse
long-reaching consequences on the fitness of the individuals and even-
tually at the population level.

The same issue arises when considering the second conclusion of
this study. The stimulation of the growth rate seemed to be exposure-
related. The pulsed impact led to a significantly lower compensation re-
sponse in the organisms compared to other exposures; on an individual
and short-term basis this result suggested that pulsed exposures have a
more adverse effect compared to increased or continuous exposure im-
pacts. Nonetheless, could this lower stimulation be considered a posi-
tive outcome on a long-term scenario?
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