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We investigated the suitability of an active biomonitoring approach, using the ecologically
relevant species Gammarus fossarum, to assess trends of bioavailable contamination in
continental waters. Gammarids were translocated into cages at 27 sites, in the Rhéne-
Alpes region (France) during early autumn 2009. Study sites were chosen to represent
different physico-chemical characteristics and various anthropic pressures. Biotic factors
such as sex, weight and food availability were controlled in order to provide robust and
comparable results. After one week of exposure, concentrations of 11 metals/metalloids
(Cd, Pb, Hg, Ni, Zn, Cr, Co, Cu, As, Se and Ag) and 38 hydrophobic organic substances
including polycyclic aromatic hydrocarbons (PAHs), polychlorobiphenyles (PCBs), pentab-
romodiphenylethers (PBDEs) and organochlorine pesticides, were measured in gammarids.
All metals except Ag, and 33 organic substances among 38 were quantified in G. fossarum,
showing that this species is relevant for chemical biomonitoring. The control of biotic
factors allowed a robust and direct inter-site comparison of the bioavailable contamination
levels. Overall, our results show the interest and robustness of the proposed methodo-
logical approach for assessing trends of bioavailable contamination, notably for metals and
hydrophobic organic contaminants, in continental waters.

Furthermore, we built threshold values of bioavailable contamination in gammarids,
above which measured concentrations are expected to reveal a bioavailable contamination
at the sampling site. Two ways to define such values were investigated, a statistical
approach and a model fit. Threshold values were determined for almost all the substances
investigated in this study and similar values were generally derived from the two
approaches. Then, levels of contaminants measured in G. fossarum at the 27 study sites were
compared to the threshold values obtained using the model fit. These threshold values
could serve as a basis for further implementation of quality grids to rank sites according to
the extent of the bioavailable contamination, with regard to the applied methodology.
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1. Introduction

The use of biota to monitor levels and trends of chemical
contamination in water (i.e., chemical biomonitoring) was
suggested in the mid-1970s for costal waters (Goldberg, 1975),
and has been thereafter used in several monitoring pro-
grammes in costal and continental waters (Besse et al., 2012).
As an integrative matrix, biota enables reliable measures for
trace metals and hydrophobic contaminants, as the higher
levels retained by the organisms can be more easily measured.
Moreover, biota reflects the bioaccumulative and bioavailable
fraction of contaminants in receiving waters, which are of
direct ecotoxicological relevance. Finally, biota enables time-
integrated measures over the exposure period, so it can be
used to establish spatial and temporal trends of a bioavailable
contamination (EC, 2010; Andral et al., 2004; Rainbow, 1995).

Currently, two different strategies of chemical bio-
monitoring can be adopted: passive and active biomonitoring.
Passive approaches rely on indigenous organisms
(Sudaryanto et al., 2002; Goldberg, 1975), while active ones rely
on transplanted (or caged) individuals from a reference site
(Benedicto et al., 2011; Andral et al., 2004). Even though passive
approaches have proved useful for monitoring contamination
trends for metals and several organic contaminants, they are
recognized as suffering from two major drawbacks: i) they
depend on the effective presence of the native organism at the
sampled sites; and, ii) several factors (e.g., variability in the
exposure time, age and size of sampled organisms) may
hinder accurate interpretation of the results (Besse et al,
2012). Active approaches, based on transplanted organisms,
have been developed more recently with the aim of resolving
these limitations. Indeed, active approaches can be applied
even if study sites are devoid of native organisms, they allow
limiting biological variability as organisms are collected from
the same population, and the exposure time can be controlled
(Bourgeault et al., 2010; Bervoets et al., 2005; Andral et al., 2004;
Mersch et al., 1996). If some active biomonitoring programmes
have been implemented in the marine environment
(Benedicto et al., 2011; Andral et al., 2004), no such approaches
have been undertaken at a large scale to monitor contami-
nation in continental waters.

Therefore, the first objective of this study was to investi-
gate the relevance and robustness of an active biomonitoring
strategy, using the amphipod Gammarus fossarum to monitor
trends of bioavailable contamination for trace metals and
hydrophobic contaminants in continental waters.

The amphipod species G. fossarum was selected as the test
organism as gammarids are widespread and common in
rivers and streams of Western Europe, where they are often
present at high density. They are ecologically relevant as they
represent an important reserve of food for macroinvertebrate,
fish, bird and amphibian species and also play a major part in
leaf litter breakdown processes (Macneil et al., 1997; Welton,
1979). Moreover, G. fossarum is easy to identify down to the
species level and its physiology is quite well known (Coulaud
et al,, 2011; Lacaze et al., 2011; Dedourge-Geffard et al., 2009).
Finally, a well defined caging protocol is available for this
species, allowing to control biological characteristics such as
size, sex, supply of food; and it has been widely used for

several studies in ecotoxicology (Coulaud et al., 2011; Lacaze
et al., 2011; Dedourge-Geffard et al., 2009). As organisms are
caged and as their only source of food is the one provided at
the beginning of the experiment, concentrations measured in
gammarids are to be regarded as mainly proceeding from the
dissolved phase and not from the trophic route.

The second objective of this study was to benefit from such
a caging approach to determine threshold values of bioavail-
able contamination, assuming that measured concentrations
above the threshold values could be considered as represen-
tative of a bioavailable contamination at the sampling site,
whereas values under the threshold values would only reflect
the background level of contamination.

Such threshold are expected to i) allow the identification of
problematic contaminants on the basis of the bioavailable
fraction, and ii) serve as a basis for any further implementa-
tion of quality grids that would allow to rank sites according to
the extent of the bioavailable contamination. For instance, in
continental waters, threshold values have been determined in
aquatic bryophytes (by passive monitoring) to improve the
interpretation of results and to build quality grids of metal
contamination (AE, 1998). Furthermore, with regard to the
marine environment, the OSPAR Commission has built some
statistical tools that enable testing whether the mean
measured concentrations (in sediment or biota) can be
considered to be near background concentrations or is
representative of an effective contamination of the sampling
site (ICES, 2004).

To fulfil the two objectives of this study — investigating the
relevance and robustness of the caging strategy, and deter-
mining threshold values of bioavailable contamination —
individuals of G. fossarum were caged for 7 days at 27 sites of
rivers of the Rhéne-Alpes region (France) and 49 contaminants
(11 metals and 38 hydrophobic organic substances) were
monitored. Sites were chosen for their differences in water-
shed size, physico-chemical characteristics and anthropic
pressures.

2. Materials and methods
2.1. Sampling and handling of tests organisms

Gammarids were collected at “La Tour du Pin”, a known
unpolluted upstream part of the Bourbre River (France). This
station displayed good water quality according to RNB data
records (French Watershed Biomonitoring Network), and
a high density of gammarids was found. Sexually mature G.
fossarum were collected using a hand-held net. Gammarids
were sieved (2—2.5 mm) to separate juveniles and adults, and
were stored in plastic bottles containing ambient freshwater,
then quickly brought to the laboratory. The organisms were
kept during a 15 days acclimatisation period in 30 L tanks
under constant aeration. A 10/14 h light/dark photoperiod was
maintained and the temperature was kept at 12 (+1) °C. They
were continuously supplied with groundwater mixed with
osmosis water at two different constant water hardness: 112
or 223 mg L~ of CaCOs, depending on the hardness level of the
subsequent studied site. Organisms were fed ad libitum with
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alder leaves (Alnus glutinosa) collected in a pristine site and
previously conditioned for at least 6 (+1) days in groundwater.
Twice a week freeze-dried Tubifex sp. worms were added as
a dietary supplement.

2.2. Caging procedure

The caging procedure applied here is derived from the one
formerly used for in situ toxicity assessment and for the
development of biomarkers (Coulaud et al., 2011; Lacaze et al.,
2011; Dedourge-Geffard et al., 2009).

Gammarids were caged in polypropylene cylinders (length,
10 cm; diameter, 5.5 cm) capped at their ends with pieces of
net (mesh: 1 mm) to guarantee free water flow. Twenty-four
hours before initiating the experiment, pools of 25 individual
G. fossarum were placed in the cylinders. Eight experimental
cylinders were placed into a rigid plastic container to protect
them. The containers were subsequently positioned parallel
to the direction of water flow and secured to the streambed
using natural rocks. To limit the influence of body length,
growth and sex on contaminants accumulation, only mature
and same age-ranked gammarids were exposed: male G. fos-
sarum with an average body length of 9 = 1 mm and an average
weight ranging from 4 to 6 mg (dry weight) were selected. To
avoid the influence of starvation on survival rate and
contaminants uptake, 20 alder leaf (A. glutinosa, same as in
laboratory) discs (20 mm in diameter) were supplied into each
cage.

After 7 days of exposure, gammarids were collected,
counted (for survival rate assessment), dried, weighted, frozen
in liquid nitrogen and stored at —80 °C until chemical
analyses.

Temperature probes were fixed to one cage at each site, so
that measurements could be carried out twice a day
throughout the experiment. The measure of hardness was
also carried out at the laboratory from grab samples collected
at the beginning and at the end of the exposure.

2.3. Study sites

The experiment was conducted in September 2009. Twenty-
seven sites were selected in the Rhone-Alpes region aiming
at covering a large range of geographical locations (approxi-
mately 20,000 km?), various types of hydrological systems and
a large range of physico-chemical characteristics (Fig. 1,
Tables S1 and S2).

For our study, the sites were also selected seeking to cover
diverse anthropogenic pressures (industrial, urban and agri-
cultural activities). Within these 27 sites, 12 sites (1—12) were
chosen as non-impacted sites among the national reference
network (Water Framework Directive — WFD — implementa-
tion) in collaboration with the regional public water agency
(http://sierm.eaurmec.fr/eaux-superficielles). ~According to
expert judgement based on data on land use, chemical
monitoring (macropollutants and some micropollutants), and
ecological diagnosis, these sites were considered to be devoid
of (or to showing limited) anthropic pressure. The 15 other
sites (13—27) were chosen as impacted sites among the
national control network (WFD implementation) by the
regional water agency (http://sierm.eaurmec.fr/eaux-
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Fig. 1 — Location of study sites (n = 27) along the Rhdne-
Alpes region (France).

superficielles). According to the expert classification based
on data on land use, degraded water chemical quality (mac-
ropollutants and some micropollutants) and/or poor faunistic
indices, these sites were considered impacted by anthropic
activities. Detailed physico-chemical characteristics for all
studied sites (i.e., surface water temperature, dissolved
oxygen, pH and hardness), and pressure types for the 15
anthropically impacted sites are presented in Supplementary
data, Tables S1 and S2. For data treatment, and notably for the
determination of threshold values, study sites were used
together, not taking into account their a priori contamination
level.

2.4. Choice of contaminants and chemical analysis

A total of 49 contaminants were investigated in this study,
including 22 chosen with reference to the list of WFD priority
substances (EC, 2008). The list included 11 metals or metalloids:
Cd, Pb, Hg, Ni (WFD priority substances; EC, 2008) and Ag, As,
Co, Cr, Cu, Se and Zn. Also, 38 hydrophobic organic substances
(log Kow > 3) were investigated including chlorinated pesticides
(among which 8 WFD priority substances): lindane, hexa-
chlorobenzene (HCB), dichlorodiphenyltrichloroethane (DDT)
isomers and metabolites (2,4'-DDE; 4,4'-DDE + dieldrin; 2,4'-
DDD; 4,4'-DDD; 2,4'-DDT; 4,4'-DDT); heptachlor and heptachlor
epoxide; 7 indicator PCBs: CB n° 28, 52, 101, 118, 138, 153 and
180; 4 congeners of PBDEs (among which 3 WFD priority
substances): BDE n° 47, 99, 119 and 153; and 16 PAHs (among
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which 7 WFD priority substances): naphthalene, anthracene,
fluoranthene, benzo(a)pyrene (BaP), benzo(b,k,j)fluoranthenes,
indeno(1,2,3-cd)pyrene, benzo(gh,i)perylene (BP); and ace-
naphthylene, acenaphtene, fluorene, phenanthrene, pyrene,
benzo(a)anthracene, benzo(e)pyrene, triphene + chrysene,
perylene and dibenzo(a)anthracene + dibenzo(c)anthracene
(DaA + DaC).

2.4.1. Metal analysis
Individuals of G. fossarum were pooled (5 organisms per
sample) to obtain an average mass of 30 mg dry weight (about
150 mg wet weight). Three replicates of each pooled sample
were subjected to analysis. All chemical analyses were con-
ducted at the Irstea of Lyon. Metals (Cd, Pb, Hg, Ni, Ag, As, Co,
Cr, Cu, Se and Zn) were analysed by inductively coupled
plasma mass spectrometry (ICP-MS, Thermo X7 Series II),
after mineralization with nitric acid in a microwave oven. For
Hg, samples were analysed by automated atomic absorption
spectrometry (MILESTONE, Direct Mercury Analyser 80).
Blank tests were carried out systematically to detect any
possible contamination along the analytical chain. The
following certified reference materials (CRM) were used for
quality control for metals: National Research Council Canada
(NRCC) TORT-2, lobster hepatopancreas, and International
Atomic Energy Agency IAEA-407, fish. For Hg, National Institute
of Standards and Technology Standard Reference Material
(NIST) SRM-2976 and Institute for Reference Materials and
Measurements (IRMM) CRM 278 R, mussel tissue, were used. The
limits of quantification (LQ), determined according to NF XPT 90-
210 (AFNOR, 1999), are detailed in Table 1. The CRM results were
generally well within certified values. Relative standard devia-
tions of triplicate pooled sample analyses (including sampling
and analytical variability) were generally below 20%.

2.4.2. Organic substances analysis

All chemical analysis were carried out at the Centre de
Développement et de Transfert Analytique (CDTA, Bordeaux).
Individuals of G. fossarum were pooled (75 organisms per

Table 1 — Concentrations of metals (or metalloids), limits
of quantification (LQ) and frequency of quantification (%
data > LQ) in caged Gammarus fossarum after 7 days of

exposure for the 27 study sites. Concentrations and LQ
are expressed in ug g~ ' dw (dry weight). Med, Min and
Mazx are the median, minimum and maximum of the
measured concentrations, respectively.

Metals Concentration (ug g~* dw) Frequency (%)
Med Min Max Max/Min LQ
Cd 0.22 013 1.31 10.4 0.04 100
Pb 028 0.14 1.39 9.9 0.07 93
Hg 0.049 0.040 0.107 2.7 0.010 100
Ni 048 0.27 1.29 4.8 0.19 85
Ag <LQ <LQ <LQ - 0.80 0
As 162 095 272 2.9 0.20 100
Cr 048 0.20 1.06 5.3 0.20 70
Cu 721 50.7 853 1.7 0.20 100
Co 032 013 0.96 7.4 0.08 100
Se 205 128 258 2.0 0.40 100
Zn 69.7 495 819 1.6 0.80 100

sample) to obtain an average mass of 2300 mg wet weight (i.e.,
approximately 400 mg dry weight). Extraction and quantifi-
cation methods for PAHs, PCBs and organochlorine pesticides
are described elsewhere in detail (Cailleaud et al.,, 2007;
Thompson and Budzinski, 2000). Briefly, contaminants accu-
mulated in G. fossarum were extracted using dichloromethane
by microwave-assisted extraction (Maxidigest 350 VWR, Fon-
tenay sous Bois, France). The organic extracts were then
purified. Concentrations of PCBs and organochlorine pesti-
cides on the one hand and of PAHs on the other hand were
measured, respectively, using a gas chromatography (GC)/
electron capture detector (Hewlett—Packard 5890A series IIGC,
Avondale, MA, USA) equipped with a ®*Ni electron-capture
detector and GC/mass spectrometry (Hewlett—Packard
model series 6890A GC and an Agilent Networks 5973 mass
selective detector, Agilent Technologies, Santa Clara, CA,
USA). The LQ are detailed in Table 2.

Procedural blanks (glass material and solvents) were
regularly performed. The effectiveness of the different
analytical procedures was evaluated by analysing National
Institute of Standards and Technology Standard Reference
Material (NIST) SRM-2978, mussel tissue, for PCBs and PAHSs.

2.5. Determination of threshold values of contamination

To determine threshold values of bioavailable contamination,
G. fossarum concentrations for each contaminant were first
sorted by increasing value. From such a representation, we
subsequently determined the threshold value from which the
concentration measured in G. fossarum could be considered as
significant. For that, two different approaches were investi-
gated: the first one based on a statistical approach (normality
assumption), and the second one based on a model fit
(bacterial growth model).

2.5.1. Statistical approach

The first method was based on the assumption that contam-
ination levels in organisms would be normally distributed
only at sites devoid of any bioavailable anthropogenic and/or
geochemical background contamination. For each substance
and values higher than the LQ, we tested if the overall data set
followed a Gaussian distribution (using Shapiro test). If not,
the most contaminated site was removed from the data set
and the normality tested again. Such an iterative process was
conducted until a data set normally distributed was obtained.
The threshold value for each substance was determined from
the respective Gaussian distribution obtained by the 95th
percentile, with a risk of false negative set at 5% (Fig. 2). The
iterative procedure was implemented using the R statistical
computing program (R Development Core Team, 2007).

2.5.2. Model fit

The second method was based on the observation that
contamination levels in gammarids followed the same overall
pattern as bacterial growth kinetic: with a latent period (cor-
responding here to the background level of contamination in
organisms), and an exponential phase (corresponding to the
significative phase of accumulation). Therefore, the distribu-
tion of contamination levels, sorted by increasing values, was
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Table 2 — Concentrations of organic substances, limits of
quantification (LQ) and frequency of quantification (%
data > LQ) in caged Gammarus fossarum after 7 days of

exposure for the 27 study sites. Concentrations and LQ
are expressed in ng g~ dw. Med, Min and Max are the
median, minimum and maximum of the measured
concentrations, respectively.

Organic Concentration (ng g * dw) Frequency

substances %
b Med Min Max MaxMin LQ

Hexachlorobenzene 0.5 0.4 10.0 27.5 0.3 41
Lindane 03 01 78 78.0 0.3 37
Heptachlor <LQ <LQ <LQ = 0.3 0
Heptachlor epoxide <LQ <LQ <LQ — 0.3 0
2,4'-DDE 1.0 0.3 10.6 35.3 0.3 44
4,4'-DDE + dieldrin 3.4 19 629 33.1 0.3 100
2,4/-DDD <lQ <LQ <LQ - 0.3 0
4,4'-DDD 29 14 446 31.8 0.3 100
2,4'-DDT 1.3 06 59.2 98.7 0.3 100
4,4'-DDT 1.7 10 484 48.4 0.3 52
Naphthalene 199 85 3638 43 0.3 100
Anthracene 06 03 91 91.0 0.3 41
Fluoranthene 21 0.7 337 48.1 0.3 96
Benzo(b,k,j) 1.8 04 194 48.5 0.3 96
fluoranthene
Benzo(a)pyrene 1.0 03 33 11.0 0.3 63
Indeno(1,2,3-cd) 09 04 48 12.0 0.3 59
pyrene
Benzo(g,h,i) 09 03 38 127 03 63
perylene
Acenaphthylene 07 03 27 9.37 0.3 85
Acenaphthene 1.5 0.8 5.6 6.84 0.3 100
Fluorene 20 04 83 20.9 0.3 96
Phenanthrene 41 04 399 100.5 0.3 93
Pyrene 20 04 477 124 0.3 100
Benzo(a) 1.2 03 147 48.9 0.3 100
anthracene
Benzo(e)pyrene 0.7 03 57 20.6 0.3 70
Triphene + 1.7 06 238 41.1 0.3 100
chrysene
Perylene 04 03 19 7.4 0.3 59
DaA + DaC 09 04 26 6.84 0.3 52
CB 50 + 28 1.8 03 132 44.0 0.3 100
CB 52 39 19 338 17.8 0.3 100
CB 101 39 19 245 12.9 0.3 100
CB 118 36 10 20.7 20.7 0.3 100
CB 138 6.5 33 455 13.8 0.3 100
CB 153 80 4.1 50.8 12.4 0.3 100
CB 180 23 13 16.6 12.8 0.3 100
BDE 47 24 09 5.0 5.5 0.3 100
BDE 119 <lQ <lQ <LQ - 0.3 0
BDE 99 1.2 05 3.2 6.4 0.3 100
BDE 153 <lQ <lQ <lLQ — 0.3 0

fitted using a bacterial growth model, the Baranyi's model,
following Equation (1) (Baranyi et al., 1993).

log,,(C(t)) = log,o(Crmax)

+1log,, <

—1+exp(ux*t)+ exp(ux*lag)
—1+ exp(u *t) + exp(u x lag) * 10(Cmax—Co)

(1)

where C(t) is the concentration at site t; Cmax is the maximal
concentration; u is the accumulation rate; lag is the point from
which the exponential phase of accumulation begins; and Co
is the minimal concentration.
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Fig. 2 — Example of the threshold value calculation for
cadmium and fluoranthene, using the proposed statistical
approach (see Section 2.5.1 for details). A: cadmium/
fluoranthene concentrations measured in G. fossarum at
each site, sorted by increasing values. B: Distribution of the
full circles of graph A constituting the larger data set
following a Gaussian distribution; the threshold value
derived with this method for cadmium and fluoranthene is
indicated with the dotted line (percentile 95%).

The “lag” allowed separating the background level of
contamination from the significant phase of accumulation,
and was used as the break point from which the threshold
value of contamination was estimated (Fig. 3). The calculation
was performed using the R statistical computing program. The
parameters of the Baranyi’s model fitted to the data were
estimated by nonlinear regression using the “nlstools” package
(http://cran.r-project.org/web/packages/nlstools/nlstools.

pdf).

3. Results
3.1 Quantification of contaminants in G. fossarum

After the 7 days of exposure, gammarids survival rate
remained high, with a mean survival rate higher than 75% at
all but one site (site 27, Supplementary data, Fig. S1).
Contamination levels in G. fossarum are presented in Table 1
for metals (or metalloids) and in Table 2 for organic substances.
Considering metals/metalloids, nearly all measured values
were higher than the LQ. Cd, Hg, As, Cu, Co, Se and Zn were
always quantified, while Pb, Ni, and Cr were quantified atall but
2, 4, and 8 sites, respectively. Only Ag was not quantified at all
among the 27 sites. For organic substances, most of them were
also quantified in caged G. fossarum, with only 5 substances
never detected: heptachlor, heptachlor epoxide, 2,4-DDD and
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Fig. 3 — Example of the threshold value calculation for
cadmium and fluoranthene, determined using the model
fit (Baranyi’s model). Concentrations measured at each site
are sorted by increasing values. Fit of the Baranyi’s model
is showed in plain line. The lag is the break point where
the accumulation enters an exponential phase; the
concentration corresponding to the lag is defined as the
threshold value. The full circles are the sites below the lag,
representing the background contamination in organisms.

BDE congeners n° 119 and 153 (Table 2). Some DDT isomers
(namely 4,4-DDE + dieldrin; 4,4-DDT and 2,4-DDT), BDE
congeners (47 and 153), some PAHs (naphthalene, acenaphtene,
pyrene, benzo(a)anthracene, and triphene + chrysene), and all
PCB congeners were always quantified.

To estimate the capacity of accumulation of G. fossarum
with regard to the investigated contaminants, empirical
factors (ratio maximal concentration/minimal) were assessed.
Except for Zn and Cu, all ratio were higher than 2, with values
up to 100 for organic contaminants (phenanthrene, 2,4'-DDT).

3.2.  Threshold values of contamination

Threshold values determined for contaminants investigated
here are displayed in Table 3. The statistical approach
provided a threshold value for all studied substances with
concentrations higher than the LQ (i.e.,, 43 substances),
whereas the model fit could not provide threshold values for 8
contaminants: 5 metals (As, Cr, Cu, As, Se and Zn), and 3
organic substances (naphthalene, DaA—DaC, and BDE 47).

For a single substance, threshold values calculated using
the two approaches were very close to each other (Table 3): the
maximum interval observed between two values was of
0.1 ng g * for metals (observed for Ni) and 3.1 ng g~ for
organics (observed for phenanthrene).

4, Discussion

4.1. Suitability G. fossarum as a biomonitor of chemical
contamination in continental waters

Contrary to other freshwater invertebrates, such as the inva-
sive bivalve Dreissena polymorpha, gammarids have not been
much used to monitor chemical contamination in continental
waters. For metals, very few data from passive (Schaller et al.,
2011; Amyot et al,, 1996) and active biomonitoring (Lacaze
et al., 2011; Dedourge-Geffard et al., 2009; Khan et al., 2011)
are available. Mean and median values reported in these latter
studies (for Cd, Ni, Pb, As, Co, Cr, and Zn) for rivers are in the
same range as values observed here. For organic substances
investigated here, and for continental waters, no data from
active biomonitoring were found in the scientific literature
and only very few data from passive biomonitoring are
available (Blais et al., 2003). Heptachlor was measured in
Gammarus lacustris, at around 0.1 ng g~! wet weight (about
0.5 ng g~ * dry weight, assuming 80% moisture). These results
suggest that, even if uptake rates may differ between the two
species, the absence of quantification of this substance in our
study was not linked to a low accumulation in G. fossarum, but
rather to an absence of contamination of the study sites by
this contaminant. Our results show that almost all investi-
gated substances accumulated well and could be quantified in
G. fossarum, on a relatively short exposure period (Tables 1 and
2). Moreover, the high Max/Min ratios measured for most of
the organic contaminants studied suggest that G. fossarum is
a good accumulator and a suitable species for monitoring
chemical contamination in continental waters. Indeed, as
stated by Rainbow (2002), the fact that the sampled organism
is a strong accumulator increases the power of resolution
between sites. Nonetheless, the suitability of G. fossarum for
chemical monitoring is limited in the specific case of Cu:
indeed, gammarids are known to be poor indicators for this
metal, as Cu is involved in haemocyanin synthesis, and is
therefore highly regulated in all gammarid species (Dedourge-
Geffard et al., 2009; Taylor and Anstiss, 1999).

Finally, considering the analytical methodologies used in
this study, only a limited amount of tissue matrix was neces-
sary to quantify the contaminants investigated here: about 5
organisms (approximately 150 mg wet weight) for all metals
but Hg, 5 organisms for Hg, and 75 organisms (approximately
2300 mg wet weight) for all organic substances.

4.2. Robustness of the active methodology for chemical
monitoring

During this study, we focussed on showing the robustness of
the methodology and the comparability of the results. The
methodology proposed here (organisms of same sex, same
weight and supplemented with food) allowed obviating any
influence of biotic factors on tissue levels of contaminants. At
the end of the exposure, only minor variations of weight were
observed (mean of 5.8 mg dry weight per organism, with
a standard deviation of 0.7 mg). Selecting mature organisms
with the same weight allowed avoiding any confounding
effect of this parameter, which is considered by several
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Table 3 — Galculated threshold values of bioavailable contamination determined by two different approaches, a statistical

approach and a model fit (see Section 2.5); and threshold validity (see Section 4.3). Threshold values are expressed in
pg g~ dw for metals and in ng g~* dw for organic substances.

Investigated substances Threshold values Threshold validity
Statistical Model Reliability Validity
approach fit ratio
Metals (ug g~ dw) cd 0.3 0.3 0.00 Valid
Pb 0.4 0.3 0.07 Valid
Hg 0.06 0.09 0.30 Valid
Ni 0.7 0.7 0.00 Valid
As 2.5 nd nd Not valid
Co 0.5 0.5 0.00 Valid
Cr 0.9 nd nd Not valid
Cu 73.9 nd nd Not valid
Se 2.5 nd nd Not valid
Zn 84.7 nd nd Not valid
Pesticides (ng g * dw) Hexachlorobenzene 0.6 1.0 0.04 Valid
Lindane 0.4 0.7 0.04 Valid
DDTs (ng g * dw) 2,4/-DDE 1.9 1.6 0.03 Valid
4,4'-DDE + dieldrin 4.8 6.0 0.02 Valid
4,4'-DDD 3.9 5.0 0.02 Valid
2,4-DDT 1.6 3.1 0.03 Valid
4,4-DDT 2.8 3.2 0.01 Valid
HAPs (ng g ' dw) Naphthalene 32.7 nd nd Not valid
Anthracene 15 1.3 0.02 Valid
Fluoranthene 3.5 33 0.01 Valid
Benzo(b,k,j)fluoranthéne 3.8 3.1 0.04 Valid
Benzo(a)pyreéne 13 0.9 0.12 Valid
Indeno(1,2,3-cd)pyrene 1.7 1.6 0.02 Valid
Benzo(g,h,i)perylene 1.3 1.1 0.05 Valid
Acenaphtene 2.6 2.7 0.02 Valid
Acenaphthylene 1.3 0.9 0.15 Valid
Fluorene 2.9 1.6 0.16 Valid
Phenanthrene 6.8 3.7 0.08 Valid
Pyrene 33 3.1 0.00 Valid
Benzo(a)anthracene 2.2 1.8 0.03 Valid
Benzo(e)pyrene 1.3 11 0.04 Valid
Triphene + chrysene 2.6 2.9 0.01 Valid
DaA—DaC 1.6 nd nd Not valid
Perylene 0.3 0.6 0.16 Valid
PCBs (ng g * dw) 50 + 28 3.5 2.9 0.05 Valid
52 4.9 7.9 0.01 Valid
101 5.8 6.6 0.03 Valid
118 5.5 4.3 0.06 Valid
138 83 10.9 0.06 Valid
153 11.5 13.3 0.04 Valid
180 33 3.8 0.03 Valid
PBDEs (ng g * dw) 47 43 nd nd Not valid
99 21 1.1 0.30 Valid

nd, not determined.

authors as one of the main factor that can influence tissue
levels of contaminants (Geffard et al., 2007; Mubiana et al,,
2006; Andral et al., 2004; Boyden, 1974).

Supplementing gammarids with food ensures an optimal
survival rates and prevents from any growth variation linked
with food availability, which is a clear advantage over
bivalves. In fact, the accumulation of contaminants depends
on the organism growth (Andral et al., 2004). Hence, as shown
for bivalves, caged organisms exposed in sites of different
trophic potential may exhibit different growth rates, which
prevent a direct comparison of tissue concentrations. In such
cases, there is a need to correct raw data to account for various

growth rates (Bourgeault et al., 2010; Andral et al., 2004;
Mersch et al., 1996).

Contrary to biotic factors, the influence of abiotic factors
cannot be controlled in our methodology. Such factors can be
suspected to perturb the physiology of organisms and there-
fore to influence levels of contamination in G. fossarum. As an
example, the role of temperature on bivalves’ physiology and
on bioaccumulation is commonly emphasized (Minier et al.,
2006; Gossiaux et al., 1996). Considering the conditions of
this study, no influence of temperature was observed. This
could be linked to the fact that the observed temperatures
during the exposure (minimum of 8.6 °C, maximum of 19.7 °C;
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Supplementary data, Table S3) were all within the tolerance
range for G. fossarum, which is estimated to be from 0 °C to
25 °C, with an optimum temperature of 12 °C (Wijnhoven
et al., 2003). Furthermore, for gammarids, results of a labora-
tory experiment indicated that temperature has only a weak
effect on metals accumulation (Pellet et al., 2009). Moreover,
results of a field study on the accumulation of organic pesti-
cides and PCBs in gammarids suggested that temperature has
a negligible influence on tissue levels of contaminants when
compared to the growth rate of organisms (Blais et al., 2003).
Although the impact of hardness on metal speciation and
bioavailability is well known (Lebrun et al., 2011; Peters et al,,
2011; Heijerick et al., 2003; Wright and Frain, 1981), its influ-
ence on the physiology of organisms, in particular on the
density of sites of action of metal transporters, and subse-
quently on the accumulation of metals in organisms, has been
poorly studied to date. Ma et al. (1999) showed that Cu uptake in
Ceriodaphnia dubia did not change when organisms were grown
in water with high or low Ca®* concentration levels. In contrast,
Pellet et al. (2009) showed that Cd influx in Gammarus pulex
decreased as Ca®" concentrations increased due to the decrease
of Cd bioavailability resulting from the competition between
Ca®" and Cd. In the study sites, hardness ranged from 15 to
290 mg L~ of CaCOs (Supplementary data, Tables S1and S2); no
influence of hardness on contamination levels of organisms
was observed. To suppress the effect of hardness, G. fossarum
was acclimated to appropriate level of hardness (see Section 2.1)
prior to the biomonitoring. Thus, the effects of hardness on the
physiology of gammarids are expected to be negligible.

4.3.  Threshold values of bioavailable contamination

4.3.1. Validity of calculated threshold values

This is the first study dealing with the determination of
threshold values of bioavailable contamination in biota for
metals and hydrophobic substances. Consequently, it is only
possible to propose preliminary statements on the validity of
the calculated threshold values.

As a first approach, threshold values were considered to be
valid for a given substance when i) a threshold value could be
calculated via the two different approaches and ii) the values
given by the two approaches were close to each other. To verify
the second statement, we compared the difference between
the two values to the maximum concentration measured in
gammarids, using Equation (2) (“reliability ratio”). We consider
that the lower the ratio, the more reliable the threshold value.

Thresholdg,: — Thresholdg,
Maximum measured concentration

100
2)

Results are displayed in Table 3. For the 35 contaminants for
which the two methodologies provided a threshold value,
reliability ratios were very low (<0.1) for all but 5 contaminants,
and the highest ratio (0.3) was observed for Hg and BDE 99.
Therefore, we consider these threshold values as valid.

Reliability ratio =

4.3.2. Unvalid threshold values
Threshold value for Cu, obtained using the statistical
approach only, was expected to be unvalid. In fact, as

discussed in Section 4.1, gammarids are poor indicators for
this metal as they are able to regulate it. Thus, contrary to
other contaminants, distribution of the measured concentra-
tions of Cu showed a specific profile (i.e., not Gaussian, or
without an exponential phase; Supplementary data, Fig. S2).

For 7 other contaminants (As, Cr, Se, Zn, naphthalene,
DaA—-DaC and BDE 47), only the statistical approach provided
a threshold value (Table 3, Fig. S2 of Supplementary data) so
their validity is questionable. Unvalidity may stem from the
overall absence of contamination, or conversely, from the
presence of a significant bioavailable contamination at all
study sites. In fact, for these 7 contaminants, the whole data-
sets followed a normal distribution. Hence, if we assume that
contamination levels in organisms are normally distributed
only at sites devoid of any anthropogenic pressure, such results
suggest that measured concentrations at the 27 sites were only
representative of the “background” impregnation. This is also
in agreement with the fact that no threshold value could be
determined using the model fit (i.e., measured concentrations
only representative of the latent phase of bioaccumulation).

Such a hypothesis could be verified in the case of Zn. We
included additional bioaccumulation data obtained from
a previous study on metal impacted sites, based on the same
Gammarus species and a similar exposure protocol, and
showing concentrations in gammarids up to 237 ug g~ dw
(Lacaze et al., 2011). We obtained threshold values using both
calculation methods, slightly above maximum concentrations
measured in the present study. Such results underline the
need to obtain bioaccumulation data representative of
contaminated areas to determine valid thresholds.

Overall, our results support the relevance of the two
methodologies (i.e., statistical approach or model fit) to
determine threshold values of bioavailable contamination in
caged G. fossarum.

4.3.3. Application of the threshold values

As a preliminary application of our defined threshold values,
we classified the study sites according to valid thresholds
obtained with the model fit (Table 4).

For organic contaminants, this classification showed that
15 sites (#1 to 11, 13, 16, 18 and 26) displayed less than 5
substances exceeding thresholds. For these 15 sites, except
sites 16, 18 and 26, these results support the expertise of
water agency (Supplementary data, Table S1 and S2) as these
sites did not show a bioavailable contamination for most of
the investigated substances. For sites 16, 18 and 26, observed
discrepancies with the expertise of water agency may stem
from one of the following reasons : i) conclusions obtained
from experts did not take into account the physico-chemical
parameters of study sites, whereas they play a key role in the
bioavailability of pollutants, ii) contamination levels were
determined in caged organisms for a duration exposure of 1
week, and therefore, do not integrate contamination vari-
ability that may exist in aquatic systems, and iii) sites may be
contaminated by other organic substances than the ones
investigated here.

Conversely, 7 other sites (#12, 14, 19, 22, 23, 24 and 27) had
concentrations in gammarids higher than the threshold
values for several organic substances and displayed distin-
guishable profiles of contamination. For instance, sites 12, 23,


http://dx.doi.org/10.1016/j.watres.2012.10.024
http://dx.doi.org/10.1016/j.watres.2012.10.024

Table 4 — Classification of study sites using the threshold values defined with the model fit approach. Grey squares indicate concentrations in gammarids higher than the
threshold value (values are given in ug g~ dw for metals and in ng g~ * dw for organics). Sites numbered from 1 to 12 are those considered as non subjected to anthropic

pressure with reference to the expert classification made by the Water Agency. Sites numbered from 13 to 27 are those considered as subjected to anthropic pressure with
reference to the expert classification made by Water Agency (see Section 2.3).

Study sites

Investigated 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
substances

Ccd ﬂms 0.15 0.15 0.17 0.23 MO.Zl 0.19 0.12 0.15 0.28 0.14 0.2 -
Pb <LQ 0.17 022 0.16 0.14 0.14 0.19 <LQ 027 0.2 024 0.17 0.29 0.18

Hg 0.05 0.05 0.04 0.04 0.04 004 0.05 0.06 0.05 0.05 0.04 0.06 0.05 0.05 0.04 0.05 0.05 0.05 0.05 0.05
Ni 0.53 0.43 0.6 0.68 0.33 0.26 <LQ <LQ 0.5 0.35 0.45 048 0.37 0.37 0.34 0.59 045 <LQ <LQ“ 0.58 0.4 0.36
Co 033 023 0.27 033 013 014 0.14 047 0.27 031 033 039 046 032 028 0.27 0.29 0.26 024 043 044 05 0.39 0.36 0.23 0.34
Hexachlorobenzene 0.4 <LQ <LQ <LQ 04 05 <LQ <LQ <LQ 0.4 <LQ 09 <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ 0.6 <LQ 0.6 0.5
Lindane 03 <LQ <LQ <LQ <LQ <LQ <LQ <LQ 04 <LQ <LQ 03 04 04 <LQ 04 <LQ 04 <LQ 04 <lQ 06 <LQ <LQ
2,4-DDE <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ 0.3 1.1 1.5 <LQ 0.6 03 <LQ <LQ 0.9 1.0
4,4'-DDE + dieldrin 2.4 2.9 2.6 2.5 3.2 2.3 2.4 1.9 2.3 2.3 3.9 3.4 4.2 4.2 3.3 3.1 3.6 3.5 3.9 3.9 3.4 ﬁ
4,4'-DDD 20 19 19 19 19 20 23 16 24 21 36 37 14 35 23 30 18 33 34 29 33

2,4-DDT 1.0 1.0 1.0 1.0 1.1 0.8 0.9 0.6 0.8 0.7 0.9 1.3 2.2 1.3 3.1 29 2.3 2.6 2.3 2.3 2.4 2.3 1.9 1.5 1.2
4,4-DDT <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ 1.2 1.3 1.7 1.9 1.7 1.7 1.0
Anthracene <LQ <LQ 0.7 <LQ 04 <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ 1.0 0.3 <LQ

Fluoranthene 09 07 14 17 16 10 08 12 <LQ 1.0 17 0.7 2.0 2.3 2.9

Benzo(b,k,j) 0.4 0.6 1.0 1.2 1.7 <LQ 0.6 1.4 0.6 1.6 1.5 0.8 1.7

fluoranthene

Benzo(a)pyrene <LQ <LQ <LQ 0.5 <LQ <LQ <LQ 0.5 <LQ <LQ 0.3 0.6 <LQ

Indeno(1,2,3-cd) <lQ <LQ <LQ 05 04 <LQ <LQ <LQ <LQ <LQ <LQ 14 <LQ 05 09

pyrene

Benzo(g,h,i) <LQ <LQ <LQ 03 04 <LQ <LQ 06 <LQ <LQ <LQ. <LQ 05 09

perylene

Acenaphthylene 04 05 03 <lLQ 07 04 03 <LQ <LQ 03 03 0.6

Acenaphthene 1.5 15 0.8 14 13 10 09 13 09

Fluorene 1.2 1.2 h 0.7 i 14 07 0.7 <LQ 0.5 0.6

Phenanthrene 22 20 2.1 35 06 21 <lQ 16 0.7

Pyrene 0.7 0.5 2.1 1.1 1.3 0.5 0.8 1.1 0.4 1.2 1.5

Benzo(a)anthracene 06 03 06 09 08 05 06 10 03 06 038

Benzo(e)pyrene <lQ <LQ <LQ 03 04 <LQ <LQ 03 <lLQ 04 04

Triphene + 0.6 0.6 1.1 1.5 1.5 0.7 0.6 1.2 0.6 1.5 1.6

chrysene

Perylene <LQ <LQ <LQ 03 ili <LQ <LQ 0.3 <LQ 04 0.4 b 0.3 -

PCB 50 + 28 2.0 1.6 1.6 1.5 1.8 0.6 0.3 1.0 1.6 0.6

PCB 52 3.9 2.6 3.5 3.5 4.2 2.7 2.5 2.7 2.7 3.9 2.4

PCB 101 3.9 4.7 3.6 3.8 3.9 2.3 29 1.9 2.6 3.6 3.3

PCB 118 2.9 3.4 2.7 3.5 2.7 1.4 1.2 <LQ 1.0 2.7 2.8

PCB 138 5.3 6.1 6.6 7.4 6.6 3.4 4.1 3.3 3.4 4.9 5.8

PCB 153 6.8 8.4 8.2 8.9 8.0 4.6 5.4 4.1 4.9 6.9 7.5

1.6
0.8

PCB 180 “ 23 26 20 19 17 20 22 “
BDE 99 1.0 11 09 10 05 10 0.7

LQ, limit of quantification.
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24 and 27 showed a clear contamination of PAHs and PCBs,
and site 19 displayed a specific contamination of pesticides
and PCBs. Hence, these results show that threshold values are
valuable tools to identify sites showing a bioavailable
contamination, to identify problematic contaminants and to
draw typologies of contamination. This is of value for river
basin authorities for establishing strategic framework for the
management of water bodies.

For metals, the threshold classification showed that only
10 sites among the 27 did not display any concentration higher
than the threshold values, while most of the sites showed
a contamination by Cd and Pb, and site 18 had a specific
contamination profile with Hg, Ni and Co. With regard to the
expert classification of the Water Agency, numerous
discrepancies were observed. Indeed, sites 1-12 were ex-
pected to be devoid of any anthropic pressure (Section 2.3).
Such discrepancies may stem from the presence of i) an
anthropogenic source of contamination not pre-identified, or
ii) a local geochemical background. Currently, available
information is too scarce to draw any definitive conclusion,
but we note that these sites are localized in the Western part
of the Rhone-Alpes region, near the “Massif Central” moun-
tain range, known to present elevated geochemical back-
grounds for As, Cd and Pb (cf. FOREGS Geochemical Baseline
Mapping Programme; http://www.gsf.fi/publ/foregsatlas).

5. Conclusion

Results of this study showed that caged G. fossarum is a robust
and useful tool to monitor bioavailable contamination trends
of metals and hydrophobic organic substances in continental
waters. The two most important advantages of this method-
ology are i) that it can be applied even is the study site is
devoid from native organisms and ii) that it provides results
that enable a direct comparison of bioavailable contamination
trends among different sites.

Moreover, using two simple calculation approaches, we
were able to determine valid threshold values of bioavailable
contamination in G. fossarum. These threshold values allowed
discriminating background levels of contamination from any
significant bioaccumulation in gammarids, thus indicating
a bioavailable contamination at the sampling site. Such
threshold values could further serve as a basis for the imple-
mentation of a quality grid that would allow ranking sites
according to the extent of the bioavailable contamination, and
with regard to the applied methodology. To our knowledge,
this was the first study to investigate the implementation of
such threshold values in the context of active biomonitoring.

Next step in our work will focus on the following objec-
tives: investigating the bioaccumulation of other organic
substances — notably WFD priority substances — and further
validating the threshold values by conducting additional
studies at national scale in France, taking into account various
river systems and different anthropic pressures. Such an
effort is necessary to clearly establish if the defined threshold
values are dependent or not of hydrogeochemical character-
istics and if they need some adjustment. Finally, investigating
longer duration of exposure will allow assessing whether
threshold values also depend on the exposure time.
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