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Abstract

Kinetic parameters (uptake from solution and elimination rate constants) of Cu, Ni and Pb
bioaccumulation were determined from two Gammarus pulex and three Gammarus fossrum wild
populations collected from reference sites throughout France in order to assess the inter-species
and the natural inter-population variability of metal bioaccumulation kinetics in that sentinel
organism. For that, each population was independently exposed for seven days to either 2.5 pg.L°
1Cu (39.3nM), 40 pug.L't Ni (681 nM) or 10 pg.L? Pb (48.3 nM) in laboratory controlled conditions,
and then placed in unexposed microcosms for a 7-day depuration period. In the same way, the
possible influence of metal exposure history on subsequent metal bioaccumulation kinetics was
addressed by collecting wild gammarids from three populations inhabiting stations contaminated
either by Cd, Pb or both Pb and Ni (named pre-exposed thereafter). In these pre-exposed
organisms, assessment of any changes in metal bioaccumulation kinetics was achieved by
comparison with the natural variability of kinetic parameters defined from reference populations.
Results showed that in all studied populations (reference and pre-exposed), no significant Cu
bioaccumulation was observed at the exposure concentration of 2.5 pg.L . Concerning the
reference populations, no significant differences in Ni and Pb bioaccumulation kinetics between
the two species (G. pulex and G. fossarum) was observed allowing us to consider all the five
reference populations to determine the inter-population natural variability, which was found to
be relatively low (kinetic parameters determined for each population remained within a factor of
2 of the minimum and maximum values). Organisms from the population exhibiting a Pb exposure
history presented reduced Ni uptake and elimination rate constants, whereas no influence on Ni
kinetic parameters was observed in organisms from the population exhibiting an exposure history
to both Ni and Pb. Furthermore Pb bioaccumulation kinetics were unaffected whatever the
condition of pre-exposure in natural environment. Finally, these results highlight the complexity
of confounding factors, such as metal exposure history, that influence metal bioaccumulation
processes and showed that pre-exposure to one metal can cause changes in the bioaccumulation
kinetics of other metals. These results also address the question of the underlying mechanisms

developed by organisms to cope with metal contamination.



1. Introduction

Trace metals are natural components of the Earth’s crust, but human activities have largely
contributed to their release in freshwaters into chemical forms that are more mobile and
eventually more available for biota (Thévenot et al., 2007). Even at low concentrations, diffuse
and chronic metallic exposure may result in metal accumulation and toxicity in aquatic species
(Couture and Kumar, 2003; Gismondi et al., 2017). Exposed populations may undergo changes for
instance in physiological mechanisms limiting metal toxicity, which may eventually lead to
tolerant populations (Luoma, 1977). Among those changes, the most commonly reported in the
literature is the induction of metal detoxification mechanisms, for example, by increasing the
synthesis of molecules designed to sequester metals either in or out of the cells and prevent them
from exerting their toxic effects such as metallothioneins (MT) or metal-rich granules (MRG)
(Rainbow and Luoma, 2011; Roesijadi, 1992; Vijver et al., 2004). Pre-exposition to metals may also
affect subsequent metal bioaccumulation kinetics as a result of reduction of metal uptake (from
the soluble phase or the diet) and/or increase of metal excretion/elimination (Mason and Jenkins,
1995; Postma et al., 1996; Wang and Rainbow, 2005). Nevertheless, changes in bioaccumulation
kinetics following metal pre-exposure is complex and most underlying mechanisms are poorly

understood (Mouneyrac et al., 2003; Rainbow et al., 1999; Rainbow and Luoma, 2011).

The amphipods from the Gammarus genus, used as test organisms in the present study, are
largely distributed in rivers and streams of Europe, where they are often present in high density
in various habitats (Barnard and Barnard, 1983). Gammarids have been studied for many years
both in laboratory and field conditions for ecotoxicological purposes, and are known to be
accumulators of various metals at environmental exposure levels (Besse et al., 2013; Fialkowski
and Rainbow, 2006; Lebrun et al., 2015, 2014, Urien et al.,, 2016, 2015). For these reasons,
gammarids constitute relevant candidates for biomonitoring metal contamination in freshwaters

(Besse et al., 2012).

Biodynamic modelling has become an established tool for describing trace metal bioaccumulation
processes in various aquatic organisms including gammarids (Cresswell et al., 2014; Hadji et al.,
2016; Lebrun et al., 2011; Ponton and Hare, 2010; Urien et al., 2015). Briefly, the biodynamic
model assumes that bioaccumulation is the result of a balance between the metal uptake rate,
from aqueous and dietary routes, and loss rate (Luoma and Rainbow, 2005). Biodynamic model

of bioaccumulation is characterized by kinetic parameters (namely the uptake (ki) and



elimination (kout) rate constants, and the assimilation efficiency (AE)) which can be determined
under laboratory conditions. By comparing kinetic parameters determined for different
populations, we assume that the biodynamic model had the potential to highlight changes in

bioaccumulation processes among populations (Rainbow et al., 2009, 2003).

Khan et al. (2011) explored differences in metal (Cu and Zn) uptake rates in a population of
Gammarus pulex historically impacted with Cu and Zn and in a transplanted naive population. The
authors reported a lower uptake of Cu and Zn in the historically impacted population, suggesting
adaptation likely leading to higher tolerance. In another study, Schaller et al. (2011) concluded
that G. pulex could be adapted to high levels or metals by reducing their uptake. However, studies
evaluating the influence of metal exposure history on metal bioaccumulation kinetics usually use
a single reference population. Roughly, we can count as many reference populations as existing
studies assessing metal bioaccumulation kinetics. Generally, those reference populations come
from various hydrosystems characterized by contrasting ambient physicochemical parameters
likely to affect animal physiological functions and potentially their bioaccumulation abilities.
Interference of physiological differences among reference populations may also confound
bioaccumulation interpretation. Blackmore and Wang (2003a) investigated metal (Cd, Cr, Se and
Zn) bioaccumulation kinetics in coastal green mussels (Perna viridi) collected from two sites with
contrasting salinity levels and acclimated to different levels of salinity in the laboratory. The
authors reported that mussels from the high salinity site accumulated metals faster than mussels
from the low salinity site. In another study of marine bivalves, Blackmore and Wang (2003b)
observed that Cd and Zn uptake (dissolved and particulate) and clearance rates varied little over
large geographical distances and climatic zones (subarctic and temperate). In the ragworm, Nereis
diversicolor, Kalman et al. (2010) reported limited inter-population variability in Ag, Cd and Zn
bioaccumulation parameters in two population from different climatic zones in Europe (England
and Spain). Therefore, natural variability of bioaccumulation kinetics in freshwater invertebrates

deserves to be investigated.

In the present study, two objectives were defined: (i) to confirm the lack of species differences
and quantify the natural inter-population variability of waterborne Cu, Ni and Pb bioaccumulation
kinetics in populations of gammarids (G. pulex and G. fossarum) coming from sites exempt of
metal contamination (reference populations), distributed over a large geographical distance in

France and exhibiting different ambient physicochemical parameters, and (ii) to assess the



influence of metal field-exposure history on the bioaccumulation kinetics of Cu, Ni and Pb in
gammarid populations with different metal contamination history profiles. The natural inter-

population variability of kinetic constants obtained from (i) was used to assess (ii).

For that, populations of Gammarus pulex and G. fossarum coming from five reference sites and
three sites exhibiting metallic contamination, were collected for subsequent exposure in the
laboratory. In the laboratory, kinetic parameters (uptake and elimination rate constants) of Cu, Ni
and Pb were determined for each metal/population combination. Based on the similar
accumulation pattern reported in the literature between the two species (Lebrun et al., 2015) and
the fact that those species are closely related (Pacaud, 1945; Roux, 1970), we assumed that no
substantial differences in bioaccumulation kinetic constants will be observed. Nevertheless,
before seeking inter-population differences, the lack of inter-specific differences between G.
pulex and G. fossarum among reference populations had to be confirmed. Only then could kinetic
parameters be determined for the reference populations and used to assess natural inter-
population variability of metal bioaccumulation kinetic. Finally, we investigated if kinetic
parameters determined in the three different contaminated populations fell into natural
variability or not. The choice to focus on the three elements, Cu, Ni and Pb lies in the fact that
they are representative of an anthropic-related contamination, targeted by European and
national regulations and have already been studied in our previous studies (Urien et al., 2016,

2015).

2. Materials and methods

2.1. Sampling sites

Five wild populations of gammarids considered as not contaminated with trace metals from their
environment (referred to reference populations thereafter) and three populations subjected to
metal contamination (referred as pre-exposed populations thereafter) were collected in the field.
Among the reference populations, three were collected from the Seine watershed (North of
France), named GUE, MENE and NEAU, and two were collected from the Rhéne watershed (South-
East of France), named TOUR and BACU (Figure 1, open symbols). Two pre-exposed populations
were collected from the Seine watershed, named GAL and BIE, whereas the third pre-exposed
population was collected from the Rhone watershed and named ARDI thereafter (Figure 1, full

symbols).
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Figure 1: Localization of the five sites from which reference populations of gammarids (open symbols) and the three sites from which pre-exposed

populations (full symbols) were sampled for subsequent exposure to Cu, Ni and Pb in the laboratory.



ARDI, BACU, GUE and TOUR gammarids were identified as G. fossarum, whereas BIE, GAL, MENE
and NEAU gammarids were identified as G. pulex. Note that, G. pulex and G. fossarum are the
most commonly found species in French rivers, and the choice to collect populations from those
two species was driven by the decision to be as representative as possible of the variability found

in environmental conditions.

As in the study of Vigneron et al. (2015), the “reference” or “pre-exposed” status of each selected
population was determined based on an “active biomonitoring approach” based on a caging
methodology as previously described in our studies (Besse et al., 2013; Ciliberti et al., 2017; Urien
et al., 2016). Using in situ caging methodology consists of transplanting for 7 days size-calibrated
male gammarids from a single source population (Bourbe river, France) acclimated for 3 weeks in
the laboratory, at the site under study. Bioaccumulated metal concentrations in the transplanted
gammarids are then compared to threshold values of bioavailable contamination proposed for
French rivers for Ni and Pb (Ciliberti et al., 2017) and at a regional scale (Rhéne-Alpes) for Cu
(Besse et al., 2013). For each element, concentrations above this threshold value is considered as
a sign of a significant bioavailable contamination of the study site, whereas concentrations under
the threshold value is considered as reflecting a site conforming to the background level of
concentrations. Bioaccumulated metal concentrations in the transplanted gammarids are

presented in Table 1.

Regarding the pre-exposed populations, they were characterized by different metallic pressures:
GAL is located downstream from a military shooting range and in a peri-urban area where
gammarids are contaminated with Pb; BIE is located in an urban zone and receives domestic
effluents and gammarids are contaminated with Pb and to a lesser extent with Ni ; ARDI
population of gammarids is located in a rural area and is known to be naturally contaminated with

Cd due to the geochemical background (Vigneron et al., 2015).



Table 1: Metal concentrations in transplanted G. fossarum at each studied site for Cd, Cu, Ni and
Pb (Urien et al., 2016). All values are expressed in ug.g* dry weight and bold data means that a
metallic contamination of gammarids was highlighted using the active biomonitoring approach of
Ciliberti et al. (2017). Mean values are given with their standard deviation when the number of

replicates was equal to three (n = 3). If not, it means that only one replicate was available.

Cu Ni Pb Cd
Reference sites
BACU 52+ 1.0 <loQ + NA 064+ 02 0.30+ 0.06
GUE 68+ 1.7 0.55 + 0.06 024 + 0.1 0.15 + 0.02
MENE 67 0.63 0.28 0.20
NEAU 72 0.67 0.32 0.20
TOUR 55+ 5.0 <loQ+ NA 031+ 01 0.18+ 0.04
Contaminated sites
ARDI 59+ 2.3 1.05+ 0.25 0.65+ 0.11 143 + 0.10
BIE 56+ 1.6 1.20 + 0.29 423 + 1.12 013+ 0.02
GAL 62+ 9.7 <loQ + NA 6.65 + 1.80 0.08 + 0.03

2.2. Collection and maintenance of gammarids in the laboratory

Adult gammarids from reference populations were collected in July 2013 for subsequent
exposures to Cu, Ni and Pb in the laboratory, whereas gammarids from pre-exposed populations
were collected in January 2015. Due to logistic constraints, all populations were not collected at
the same time, but gammarids from GUE (a reference population) were collected twice in July
2013 and January 2015 so as to check for any influence of the sampling period on metal

bioaccumulation kinetics.

During the sampling procedure, gammarids were sieved (between mesh-size of 2 and 2.5 mm) to
collect only adult individuals (length of about 1 cm for a width between 2 and 2.5 mm),
transported to the laboratory, and then acclimatized for 7 days at 14°C in aerated mineral water
(Volvic® Ca?* 11.5, Na* 11.6, Mg?* 8.0, K* 6.2, CI" 13.5, SO,* 8.1 mg.L'! and pH 7) with a 10:14-h

light:dark photoperiod. Volvic® mineral water was chosen because of its low mineral content



which decreases the risk of metal precipitation during exposures. Organisms were fed ad libitum

with hornbeam leaves (Carpinus betulus) directly collected at their respective sampling site.

2.3. Physicochemical parameters of the water column at the reference sites

At each site where reference populations were collected, pH and conductivity in the water column
were measured. Raw water samples, filtered through a 0.45-mm PES (polyethersulfone) filter
(Millipore), were also collected to measure the concentrations of majors ions by chromatographic
analysis [Dionex DX120, column lonPac CS16 Dionex No 057573 (4x250 mm)]. The

physicochemical parameters are presented in Table 2.

Table 2: Physicochemical parameters measured in the water column at each reference site.

TOUR NEAU BACU MENE GUE_2013 GUE_2015

ca* 115 123 8 130 105 87

Na* 7 30 7 8 16 13
Mg 3 15 2 2 8 7

cr (mg/L) 16 58 7 29 27 30

K 2 6.6 1.3 1.5 2 1.2

HCO;’ 310 279 <30 274 229 NA
S0, 14 71 8 32 31 44

DOC 53 6 6 2.3 68 NA

Conductivity (uS/cm) 560 760 90 600 550 656
Temperature (°C) 14 11 14 10 13 5
pH 8.3 8.1 8.4 7.7 7.5 8

2.4. Laboratory experiments

2.4.1.Metal accumulation and depuration kinetics

Aquatic microcosms consisting of plastic beakers were filled with 500 mL Volvic® mineral water
and independently spiked with CuSO4.5H,0, NiSO4.6H,0 or Pb(NOs), (Sigma-Aldrich), so as to
obtain final nominal concentrations of 2.5 ug L' (39.3 nM), 10 ug L (48.3 nM) and 40 pg L™
(681 nM) of Cu, Pb and Ni, respectively. Exposure concentrations were chosen so as to be close

to either the Environmental Quality Standard (EQS) of the European Water Framework Directive



(Directive 2008/105/EC, 2008) or Predicted No Effect Concentration (PNEC) values from the
literature (Bisson et al., 2005). Each population (reference and pre-exposed) was independently
exposed to each metal and controls were also included, where gammarids from each site were
not exposed to metals. Each condition was performed in triplicate, i.e., three microcosms per

condition and per population (Figure 2).

Reference populations Pre-exposed populations
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Figure 2: Experimental design of the laboratory work. Collected gammarids from each site were
exposed to metal in the laboratory for 7 days followed by a 7-day depuration period. Each
experimental condition was performed in triplicate and for each metal/population combination a

control was added (where gammarids were not exposed to metals).

So as to ensure a correct final metal exposure, each beaker was pre-equilibrated for 48h with the
final metallic solution to saturate the potential adsorption sites on beaker walls before performing
the exposure. Then, fifty 24h-starved gammarids from each population were introduced to each
beaker for metallic exposure and left without food for 7 days which were followed by a 7-day
depuration period. During the exposure phase, water was renewed every day to ensure a constant
exposure and oxygenation. During the depuration period, water was daily renewed with
uncontaminated Volvic® mineral water and hornbeam leaves from each sampling site were added
to feed the gammarids. A pool of five gammarids per beaker was sampled on days 0, 1,2,4 and 7
for the exposure phase, and on days 8 (except for the Pb experiment), 9, 11 and 14 for the
depuration phase. Each time, gammarids were rinsed in a solution of 2 and then 0.5 mM EDTA

(ethylene-diamine tetra-acetic acid, Sigma-Aldrich) right after sampling, and then rinsed twice
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with ultrapure water to remove metal potentially adsorbed on their cuticle (Lebrun et al., 2011)
and then stored at -20°C until metal analysis. At each sampling time, dead gammarids were
counted and removed, and the renewed water was sampled and acidified with HNO3 (65%

Suprapur, Merck, Darmstadt, Germany) at 1% v/v to check dissolved metal concentrations.
2.4.2.Metal analyses in water and gammarids

Exposure concentrations in beakers were checked using a graphite furnace atomic absorption
spectrophotometer (AAS; SpectrAA 2207 with Zeeman background correction, Varian, Pao Alto,
California, USA). The quality of the analysis was checked by analyzing two certified reference
materials every 20 samples (natural waters: SPS-SW1, Spectrapure standard A,S Oslo, Norway,

and EP-L-2, EnviroMAT, SCP Science, Villebon-sur-Yvette, France).

For analysis, gammarids were freeze-dried (Christ Alpha 2-4 LD plus), weighed, and digested at
95°C (Digiprep Jr, SCP Science, Villebon-sur-Yvette, France) with HNOs (65% suprapur, Merck,
Darmstadt, Germany), H,0, (suprapur, Merck), and diluted with ultrapure water. Cu, Ni and Pb
concentration analyses in gammarids were also performed by AAS. In the case of Pb, analyses
were performed by standard addition to limit matrix effects. The quality of the whole analysis
process of gammarids including digestion was checked by analyzing the two reference materials
cited above every 20 samples as well as a certified reference material of biological tissue which
had undergone the same digestion procedure as gammarids (CMR: Mussel Tissue, European
Reference Material ERM®-CE278, Sigma-Aldrich). The mean concentration of metals of each
certified reference material was consistently within the certified 95% confidence limit range for
all the studied metals. Metal concentrations measured in gammarids were expressed in pg.g™* dw

(dry weight).

2.5. Bioaccumulation modelling and kinetic parameters determination

2.5.1.Theory

According to a first-order kinetic model (Landrum et al.,, 1992), net waterborne metal

bioaccumulation can be described by a simplified biodynamic model by the following equation:

Ca(t) = Cy X ki / koue X (1 — exp(koutxﬂ) Eq. (1)
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where Ca is the net amount of metal accumulated by the organism (ug.g* dw), t is the time, Cy is
the concentration of dissolved metal in the water (ug.L?), kin is the uptake rate constant (L.g*.d?)

and kot is the elimination rate constant (d).

The net bioaccumulation is obtained by subtracting the metal concentrations measured in the
organisms at the beginning of the exposure (basal concentrations) from the total metal
concentrations measured after exposure. Basal concentrations are often close to 0 ug.g™* and can
be neglected for non-essential metals such as Pb, but can be particularly high for essential metals
such as Cu (Besse et al., 2013; Urien et al.,, 2016). Indeed, for essential metals, the basal
concentration is assumed to represent the metal incorporated in essential biochemical

components (proteins) and necessary to ensure physiological functions in the organisms.

At the end of the exposure phase, organisms were introduced into beakers containing un-spiked
Volvic® mineral water for the depuration phase; C, was, therefore, considered as null. Under

these conditions, metal elimination is described as follows:

Ca(t) = Cooy X exp (™ Kour X ) Ea. (2)

where Ca(g) is the net concentration of metal in organisms at the beginning of the depuration

phase (ug.g™).

Note that, in the present study, the elimination rate constant is more likely to reflect a real efflux
rate constant, on the assumption that any uptake during the depuration phase in un-spiked water

is negligible in comparison to the measured elimination rate.
2.5.2.Fitting to bioaccumulation data and statistical analyses

To determine the kinetic parameters, ki, and kou:, a kinetic model was fitted by nonlinear least
square regression to the net bioaccumulation data simultaneously for both the exposure and the
depuration phases together, since Eq. (1) and Eq. (2) share the parameter ko.:. Kinetic parameters
(kin and kout) were determined using the R software (R Core Team, 2015) and the ‘nistools’ package
(Baty et al., 2014). They are given with their respective 95% confidence intervals and are

considered significantly different when 95% confidence intervals do not overlap.

Nonparametric Kruskal-Wallis tests were used to compare metal concentrations in gammarids

(n = 3) during the experiment (exposed versus control gammarids).
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2.6. Natural inter-population variability of bioaccumulation kinetic parameters

To quantify natural variability range of kinetic parameters among reference populations, we
chose to use the calculation proposed by Barret et al. (2015), that enclosed 95 % of data, as a
classic confidence interval range, and taking also into account the number of populations used as

follows:

y+ t%,n—l X standard deviation X \/1+1/n

_, is the (1-a/2) fractile of a t-

where y is the mean value of the kinetic parameters, ta
>
distribution with n — 1 degrees of freedom (equal to 2.78 for a = 0.05), and n is the number of

observations.

3. Results

3.1. Reference populations of gammarids

During the exposure phase, metal concentrations measured in the water of microcosms were
constant and close to the nominal concentrations (i.e., mean concentrations (x sd):

2.3(+x0.1) pg.L* for Cu, 10.6 (+ 0.6) pug L' for Pb and 45 (+ 1.3) pg.L for Ni, n = 12).

3.1.1.Bioaccumulation kinetics
Cu concentrations measured in gammarids from the reference populations ranged from 60 to 100
pg.g ! dw and did not vary over time. Moreover, no changes in Cu contents in exposed gammarids
were observed compared to the control group, as well as no differences between species (MENE
and NEAU versus TOUR, BACU and GUE) (p > 0.05, Figure 3). As a consequence, no model could
be fitted to the data and bioaccumulation kinetic constants could not be estimated. Interestingly,
note that although there is no increase in Cu body burden in Cu-exposed gammarids relative to
the controls, it appears to be a common trend in all groups to slightly increase from days 1 to 3,
and to decrease thereafter. Although no clear explanation can be drawn, it could be suggested
that the introduction of gammarids from the acclimation tank to the beakers for metallic exposure
inducted a stress leading to hyperventilation and a short increase of Cu incorporation in order to

transport more oxygen, afterwards regulated.
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Ni was significantly accumulated by gammarids during the 7-day exposure phase, and similar
uptake and elimination patterns were observed among all the reference populations,
independently of the species: Ni body concentrations sharply increased the first 48 hours of
exposure, followed by a progressive slow down to finally tend towards steady-state
concentrations (mean concentration (+ sd) measured at day 7 (pg.g* dw) for TOUR: 13. (+ 0.9);
NEAU: 10.9 (+ 2.4), BACU: 17.2 (£ 4.1), MENE: 13.3 (£ 6.1) and GUE: 10.4 (£ 1.3)). During the
depuration phase, accumulated metal concentrations fell exponentially and, after 7 days,
gammarids recovered their basal Ni concentrations (Figure 3). In the control group, Ni

concentrations remained stable and very low (< 0.5 pg.g* dw, data not shown).

As observed for Ni, Pb was significantly accumulated by gammarids during the 7-day exposure
phase, and followed a similar accumulation and elimination pattern among populations i.e. a
sharp increase during the first 48 hours of exposure, followed by a progressive slow down to
finally tend towards steady-state concentrations (mean concentration (+ sd) measured at day 7
(ug.g* dw) for TOUR: 16.8 ( 2.9); NEAU: 13.9 (+ 6.7), BACU: 22.4 (+ 1.7), MENE: 22.8 (+ 1.9) and
GUE: 23.7 (% 5.0)). During the depuration phase, accumulated metal concentrations decreased
exponentially, and, unlike what was observed for Ni, basal Pb concentrations in gammarids were
not fully recovered after 7 days (Figure 3). In the control group, Pb concentrations remained stable
and very low (< 0.5 pg.g* dw, data not shown). As for Ni, no marked difference in the pattern of

accumulation or elimination of Pb was observed between G. pulex and G. fossurum.

Regarding the results for Ni and Pb, a first-order kinetic model was fitted to the bioaccumulation
data for each population so as to estimate for these two metals and for each reference population

the kinetic parameters, ki, and kout.

14
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Figure 3: Bioaccumulation kinetics of Cu, Ni and Pb in the five reference populations of gammarids (TOUR, NEAU, BACU, MENE and GUE). For Ni
and Pb, full points represent the net accumulation of metals in gammarids (without basal concentrations). For Cu, full points represent the total Cu
concentrations measured in exposed gammarids, whereas the empty points account for Cu concentrations measured in the control group of
gammarids (unexposed gammarids) (for visual convenience, basal Cu concentration measured in the control group of gammarids was not
subtracted to total Cu concentrations as the results would be too close to zero). Each point represents a pool of 5 gammarids. The dotted lines

represent the best model fit on the bioaccumulation data.
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3.1.2.Natural inter-population variability of bioaccumulation kinetics

Among the G. pulex populations, MENE and NEAU, no significant differences in the kj, values of
Ni nor in the k..t values were observed (Figure 4). The same conclusion was drawn concerning Pb
(Figure 4). Concerning the G. fossarum populations (TOUR, BACU and GUE), results from the
estimated bioaccumulation kinetic parameters, ki and ko., showed no differences among
populations for Ni as well as for Pb (Figure 4). Comparison of the bioaccumulation kinetic
constants of Ni and Pb between the two species showed overall no substantial difference,

confirming the assumption of a lack of interspecies differences.

The kin values of Ni estimated in the five reference populations of gammarids ranged from 0.09 L.g
1dlto 0.18 L.gt.d™. The ki, value estimated for NEAU was significantly lower than the ki, values
estimated for TOUR and BACU (0.09 [0.06-0.11] versus 0.15 [0.12-0.19] and 0.18 [0.14-023],
respectively (mean [95% confidence interval]), but was not different from the values estimated
for MENE and GUE. The ko values ranged from 0.41 to 0.57 d! and no significant difference

among populations was observed (Figure 4).

The ki, values of Pb ranged from 0.41 to 0.56 L.gl.d® and no significant difference among
reference populations was observed. Regarding k.., the values ranged from 0.15 to 0.27 d*! and

no significant difference among populations was observed (Figure 4).

Again, as assumed earlier, these results confirmed that there is no difference in Ni and Pb

bioaccumulation kinetics between the two species G. pulex and G. fossarum.

Thus, for Ni and Pb, a range of kinetic parameters (ki» and ko) that we assume to enclose the
natural inter-population variability of bioaccumulation kinetics in the studied G. pulex and G.
fossarum populations was proposed (see Materials and Methods 2.6 for calculation). All the

values are presented in Table 3.
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Figure 4: Uptake rate constants (ki) and elimination rate constants (ko.t) determined in gammarids from TOUR, NEAU, BACU, MENE and GUE, and

their 95% confidence intervals for Ni and Pb. In each box, points sharing a common letter are not significantly different.
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Table 3: Lower and upper limits of natural inter-population variability of Ni and Pb uptake and
elimination rate constants (enclosed 95 % of data and taking into account the number of
populations used). Uptake rate constant, ki, is expressed in L.g.d? whereas the elimination

constant, kout, is expressed in d.

Lower value Upper value
Ni ki, 0.04 0.24
K out 0.33 0.72
Pb ki, 0.20 0.67
k 0.05 0.35

3.2. Gammarids pre-exposed to metals in their environment

As for the reference populations, for pre-exposed gammarids, exposure concentrations were
checked in each microcosm during the exposure phase and were in compliance with the nominal
concentrations (mean concentrations (* sd):2.5 (+ 0.1) pg.L* for Cu, 9.8 (+ 0.1) pg.L* for Pb and
43.9 (+ 0.4) pg.L'* for Ni, n=12).

3.2.1.Bioaccumulation kinetics
As observed for the reference populations, pre-exposed gammarids subsequently exposed to Cu
for 7 days in the laboratory did not significantly accumulate Cu over time and Cu body
concentrations remained similar to the concentration observed in the control group (ARDI: 55.6
(+12) pg.g* dw (control) versus 57.4 (+ 12) pg.g* dw (exposed), BIE: 100 (+ 13) pg.g* dw (control)
versus 91.1 (+ 9) pg.g* dw (exposed) and GAL: 84.8 (+ 13) pg.g* dw (control) versus 78.8 (+ 10)

ug.gt dw (exposed), p > 0.05, mean concentrations (+ sd)).

Uptake and elimination pattern of Ni observed in pre-exposed gammarids were relatively similar
to what was observed in reference populations (Ni concentrations increased linearly for the first
2 days of exposure, before a progressive slow down to finally tend towards a steady-state at day
7. During the depuration periods, Ni concentrations fell exponentially over time). Note however
that net accumulation of Ni at the peak was approximatively twice lower for BIE and ARDI as for
the reference populations (about 6-8 pg.g* dw for BIE and ARDI, and about 10-15 pg.g dw for

the reference populations), and even lower for GAL (about 3 pg.g* dw) (Figure 5).
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Concerning Pb, bioaccumulation kinetics in pre-exposed gammarids followed the pattern
observed for the reference populations, and Pb body concentrations at the peak were slightly
higher than those observed for the reference populations but remained in the same order of

magnitude (roughly around 20 to 30 pg.g* dw) (Figure 5).
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Figure 5: Bioaccumulation kinetics of Ni and Pb in the three pre-exposed populations of gammarids (GAL, BIE and ARDI). Full points represent the
net accumulation of metals in gammarids (without basal concentrations). Each point represent a pool of 5 gammarids. The dotted lines represent

the best model fit on the bioaccumulation data.
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3.2.2. Comparison of kinetic parameters from pre-exposed and reference populations
using the estimated natural inter-population variability
As mentioned above, gammarids pre-exposed to metals in their environment and gammarids
from reference populations were sampled at two different periods for subsequent exposure in
the laboratory. To ensure comparable results, the influence of the sampling period on kinetic
parameters was tested by collecting gammarids from GUE at the two sampling periods. Results
showed that for both metals, kinetic parameters were not significantly different between the two
sampling periods and were within the natural variability range (ki» Pb: 0.56 [0.45-0.70] and 0.70
[0.57-0.85]; kout Pb: 0.25 [0.19-0.33] and 0.22 [0.17-0.29]. ki» Ni: 0.13 [0.10-0.15] and 0.07 [0.05-
0.10]; kout Ni: 0.57 [0.49-0.66] and 0.39 [0.26-0.56], for GUE collected in July 2013 and January
2015, respectively. Kinetic parameters are given with their 95% confidence intervals). Thus, in the
following, we assume that kinetic parameters determined for the three pre-exposed populations

are directly comparable to natural inter-population variability.

Figure 6 represents the kinetic parameters, ki and kou:, calculated for Ni and Pb for each pre-
exposed population by fitting a first-order kinetic model to the bioaccumulation data. We
examined if ki, and kou: for GAL, BIE and ARDI were within the natural variability range of kinetic
parameters proposed earlier (for reference populations) or not (dotted lines in Figure 6).
Regarding Pb, we observed that both kinetic parameters, ki» and kou:, estimated in the three pre-
exposed populations fell into the natural variability range and moreover, were not significantly
different among pre-exposed populations (no overlapping of 95% confidence intervals). Note,
however, that the ki, values were close to the upper limit of the natural inter-population variability
range. By contrast, for Ni, both ki, and k..: estimated for GAL were significantly below the lower
bound of natural variability range. Note that for GAL, the accumulation peak of Ni after 7 days of
exposure was substantially lower than for BIE and ARDI (Figure 5). Concerning BIE and ARDI
populations, although their ki, and ko.: fell into the natural variability range proposed in the
present study, both kinetic parameters were found to be in the lower limit of the natural inter-

population variability range (Figure 6).
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Figure 6: Uptake rate constants (kin) and elimination rate constants (ko.:) determined in pre-exposed gammarids from GAL, BIE and ARDI and their
95% confidence intervals for Ni and Pb. Dotted line represents the lower and upper limit values of natural inter-population variability of kinetic

parameters for reference populations.
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4. Discussion

Unlike Ni and Pb, Cu was not significantly accumulated by gammarids over time at the exposure
concentration used and consequently no kinetic parameters could be determined. By comparison,
in another gammarid study assessing bioaccumulation kinetics in similar controlled conditions
using G. pulex, the authors reported that organisms significantly accumulated waterborne Cu at
the concentration 1 pg.L? and beyond (Lebrun et al., 2012). Our results rather suggest that
gammarids were able to regulate their internal Cu concentrations at the exposure concentration
tested in the present study (about 2.3 pg/L), which is in agreement with the essential character
of Cu for biota since it is involved in many biological functions. The internal regulation of Cu by
other aquatic organisms is also well documented (Atli and Canli, 2011; Rainbow, 2007). In the
laboratory and with another amphipod, Hyalella azteca, Borgmann and Norwood (1995) reported
that organisms could control body Cu concentrations during exposure to elevated Cu exposure
(50 pg.L1). In field conditions, the regulation abilities of gammarids regarding Cu contamination
was previously observed with indigenous G. pulex from the Seine watershed (France) (Lebrun et
al., 2014), and with G. fossarum caged over 140 sites all around France (Besse et al., 2013; Urien
etal., 2016). Finally, our results suggest that amphipods from the G. pulex and G. fossarum species
are not appropriate to monitor Cu contamination because bioaccumulated Cu levels do not reflect

Cu exposure.

Regarding Ni and Pb, both metals were significantly accumulated over time in gammarids
collected from reference sites, showing their ability to effectively accumulate Ni and Pb at levels
that can be encountered in the environment. These results are in accordance with some previous
studies assessing metal bioaccumulation in G. pulex and G. fossarum at environmental
concentrations in the laboratory and in situ (Dedourge-Geffard et al., 2009; Geffard et al., 2010;
Lebrun et al., 2011; Urien et al., 2016, 2015). Ni and Pb bioaccumulation capacities were also
reported in other invertebrate taxa, such as Hyalella azteca, Chaoborus or Lymnaea stagnalis
(Besser et al., 2005; Borgmann et al., 2001; Niyogi et al., 2014; Ponton and Hare, 2010). For both
Ni and Pb, the uptake and elimination rate constants among the reference populations in our
study varied within a factor of two, suggesting a reasonably low natural variability of Ni and Pb
bioaccumulation abilities among different reference populations found over a large geographical
distance (about 500 km) and relatively contrasted ambient physicochemical parameters. In

addition, the kinetic parameters were not significantly different between the two species meaning
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that metal bioaccumulation kinetics were independent from the gammarid species selected in
this study (G. pulex versus G. fossarum). This result is in accordance with Lebrun et al. (2015), who
observed no significant difference in metal concentrations measured in two populations of
G. pulex and G. fossarum transplanted for seven days along a poly-metallic contamination

gradient in the same river (Seine River).

After seven days of depuration, gammarids tended to depurate Ni faster than Pb. This result also
appears through the elimination constant rates determined for Ni and Pb (about 0.5 d* for Ni
versus 0.2 d for Pb). The higher elimination capacities of Ni observed in gammarids compared to
other metals (Zn, Cd) were previously reported in other studies (Lebrun et al., 2011; Pellet et al.,
2009; Xu and Pascoe, 1993). It could be hypothesized that this difference could be partly due to
the different subcellular metal partitioning observed in gammarids for Ni and Pb; Ni has been
shown to be distributed both in cytosolic and insoluble fractions whereas Pb is mainly found to

be sequestered in insoluble granules with low turnover (Geffard et al., 2010).

Recently, studies have shown that an active biomonitoring approach, based on encaged
gammarids, could offer promising lines of inquiry to monitor bioavailable contamination in
freshwaters (Besse et al., 2013; Lebrun et al., 2015; Urien et al., 2016). More precisely, such an
approach consists in transplanting size-calibrated gammarids from a single source population,
considered as a reference population (Besse et al., 2013), at the sites of interest. This approach
has the advantage to allow the assessment of the bioavailable contamination levels of the
transplantation sites at large scale. Transplantation sites can thus be compared between them
with accuracy. Moreover rivers devoid of indigenous gammarids can be monitored. Thus, from a
biomonitoring point of view, the relatively constant bioaccumulation parameters of Ni and Pb
observed among the five reference populations studied stress the relevance of this active
approach and suggest that different reference gammarid populations could be used as a source
organisms for active biomonitoring. Similarly, a recent study of Prygiel et al. (2016), assessing the
effects of metal-polluted sediment re-suspension on G. fossarum using an active approach,
showed that the two reference G. fossarum populations used for caging did not exhibit strong

differences in metal bioaccumulation.

The comparison of kinetic parameters determined in three populations that were differently pre-
exposed to metals in their environment to the natural variability range of Ni and Pb

bioaccumulation parameters for reference populations (see 3.1.2 and Table 3) showed that metal
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exposure history encountered in the present study did not influence subsequent Pb
bioaccumulation kinetics. In the isopod Asellus meridianus, Brown et al. (1977) observed a low
decrease of the Pb uptake rates from solution in Pb-tolerant organisms for an exposure to 500
ug/L of Pb, which is not environmentally realistic. In the present study, field exposure to Pb was
potentially not marked enough to induce such observable changes in organism’s uptake
behaviour. On the contrary to Brown et al. (1977), Pb uptake rate constants rather tended to be
close to the upper limit of natural variability which means that Pb uptake could be rather

increased.

Pre-exposure to Cd (ARDI) did not influence Pb bioaccumulation kinetic in gammarids. It is now
thought that both Pb and Cd preferentially enter the cells via Ca?* channels, but also that Cd can
probably enter via facilitated transport such as Zn carrier proteins (Macdonald et al., 2002; Qiu et
al., 2005; Wang and Fisher, 1999). However, these results also shed light on the fact that
gammarids could internally cope with these two metals in different ways involving different
mechanisms. Indeed, Pb is known to be sequestered in the insoluble fraction, incorporated in
metal-rich insoluble granules, whereas Cd tends to be sequestered by metallothioneins (MT) or
metallothionein-like protein (MTLP) found in the soluble fraction (Geffard et al., 2010). Therefore,
differences in binding and storage likely resulted in the relative independent bioaccumulation of

Cd and Pb in gammarids.

Interestingly, our results showed lower Ni uptake and elimination rate constants for the
population pre-exposed to Pb (lower ki, and kou: in GAL population compared to the natural
variability range proposed in the present study). Our results, thus, showed that a pre-exposure to
one metal (here, Pb) may affect the bioaccumulation kinetics of another metal (Ni in this case).
Earlier, McGeer et al. (2007) observed that rainbow trout (Oncorhynchus mykiss) pre-exposed to
a chronic sublethal Cu concentration in the laboratory showed cross-acclimation to Cd by
modifying Cd uptake and tissue distribution. Previous studies on marine invertebrates have also
reported the effect of pre-exposure to Cd, Cu or Zn on the uptake rate of other metals such as Ag
(see review of Wang and Rainbow, 2005). Our results suggest that physiological changes in
gammarids pre-exposed to Pb may have occurred, conferring therefore an ability to limit Ni
uptake rate and also its elimination rate. A reduced number of binding sites on the cell
membranes was previously suggested by Brown et al. (1977) to explain reduced Pb

bioaccumulation in a metal-tolerant isopod, Asellus meridianus, but to date the cause of this
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reduced Ni uptake rate in gammarids remains unknown. Previous studies have investigated the
mechanisms of toxicity and uptake of Ni and Pb in other freshwater invertebrates such as the
Cladoceran, Daphnia magna or pulmonate snail, Lymnaea stagnalis (Brix et al., 2012; Niyogi et al.,
2014; Pane et al., 2003), but to date, very scare information on Gammarus is available and more
investigations are needed as metal uptake can be species-specific. In addition and counter
intuitively, no difference on subsequent Ni bioaccumulation has been observed with BIE
population, even though this population was pre-exposed to both Niand Pb in their environment.
This result underlines the fact that metal bioaccumulation kinetics is complex and that underlying

mechanisms of bioaccumulation in Gammarus deserve to be more deeply investigated.

Recently, two studies have determined kinetic parameters (ki, and k..:) of Ni and Pb in a reference
G. pulex population exposed to dissolved Ni and Pb in similar laboratory conditions as in the
present study (Lebrun et al., 2011; Urien et al., 2015). By comparison with the natural inter-
population variability proposed in our study, we observed that the kinetic parameters for both Ni
and Pb were out of the natural variability (ki above the upper limit for Ni, and ki, and k.. under
the lower limit for Pb). To date, we can only speculate on the causes leading to this difference and
further investigations are needed, but these results may indicate two different points: first, the
exposure life history of the G. pulex population in those two previous studies may have not been
well identified and resulted in changes in physiological mechanisms in gammarids leading to
changes in metal bioaccumulation kinetics. This highlights the importance to well characterize the
population of interest, especially because inter-population differences may have critical
implication for bioaccumulation interpretation. Second, we are aware that the proposed range of
natural inter-population variability of Ni and Pb kinetic parameters is based on five populations
and it is plausible that other populations not impacted by metals may be out of the range because
of other environmental factors. Nevertheless, our study has the merit to be a first step towards
considering the natural variability of metal bioaccumulation in freshwater invertebrates and these

results could be seen as a first database to be completed in the future.

The biodynamic model is nowadays increasingly used to describe, predict and understand metal
bioaccumulation in aquatic organisms, among which Gammarus, as this genus has gained
important interest as a biomonitor of freshwater quality in Europe (Besse et al., 2012; Urien et al.,
2016, 2015). Most of the time, calibration of such models is based on one reference population

leading to the determination of a single set of kinetic parameters linked to the studied population.
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As a perspective of the present work, we propose a set of kinetic parameters of Ni and Pb (ki, and
kout) combining all the parameters determined for each of the five reference population as
generalized parameters. For that, a single model was fitted on the whole dataset (of reference

populations) for Ni and Pb, as showed in Figure 7.
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Figure 7: Best model fits (dotted lines) on the whole bioaccumulation dataset for Ni and Pb in the
reference populations (TOUR, NEAU, BACU, MENE and GUE). Each point represents the

concentration of metal measured in 5 gammarids.

Kinetic parameters and 95% confidence intervals determined for Ni were k;, =0.13 L.g*.d? [0.12 -
0.15] and kout = 0.52 d* [0.45 — 0.60] and parameters established for Pb were ki, = 0.52 L.gt.d?
[0.47 —0.57] and kou: = 0.21 d? [0.18 — 0.24]. In this way, we think that for further studies, those
parameters could be applied in a generic biodynamic model of metal bioaccumulation more

representative of the populations encountered across large geographical distances in France.
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5. Conclusion

In conclusion, the present study shed light on the relatively low inter-population variability of Ni
and Pb bioaccumulation kinetic parameters among wild gammarids from various reference sites
located over a large geographical area in France. The determination of a natural inter-population
variability range of bioaccumulation kinetic parameters to detect changes in bioaccumulation in
gammarids pre-exposed to metal was encouraging. These results also highlight that pre-exposure
to one metal can affect bioaccumulation kinetic of another metal. Finally this work raises
qguestions about the underlying mechanisms leading to such changes in bioaccumulation

processes in gammarids a response to chronic metal exposure in their environment.
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