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ARTICLE INFO ABSTRACT

Keywords: High concentrations of cadmium in brown crab are an issue of food safety, and large variations between different
Cancer pagurus areas have been found. To investigate the relative importance of dietary and aqueous uptake regarding the
Cadmium overall accumulation in brown crab, we used stable isotopes to trace the uptake from both routes simultaneously
Accumulation

in the same animals. We demonstrated that the analytical challenges regarding background concentrations of
natural isotope distribution and polyatomic interferences in the different matrices can be overcome with an
appropriate analytical setup and modern mathematical corrections using a computer software. Cadmium was
accumulated via both routes and was found in all measured organs at the end of the exposure phase. The
obtained data were used to establish accumulation curves for both uptake routes and estimate accumulation
parameters for hepatopancreas, as the most important organ in crab regarding total cadmium body burden.
Using the estimated parameters in combination with naturally relevant cadmium concentrations in seawater and
diet in a model, allowed us to predict the relative importance of the aqueous and dietary uptake route to the total
hepatopancreas burden. According to the prediction, the dietary route is the main route of uptake in brown crab
with a minimum of 98% of the accumulated cadmium in hepatopancreas originating from diet. Future studies
addressing the source and accumulation of cadmium in crab should therefore focus on the uptake from feed and
factors connected to foraging.

Stable isotope
Gavage feeding
Kinetic modelling

1. Introduction therefore arouse public concern and scientific interest in finding the

reason for the high levels. In general terms, trace elements, except

The brown crab (Cancer pagurus) is an appreciated seafood species
with an increasing value and a global catch of about 50 000t (FAO,
2018) with about 5 000 tons harvested in Norway in 2016 (Sgvik et al.,
2017). However, elevated concentrations of cadmium (Cd) in the he-
patopancreas (HP) and claw meat of cooked brown crab in several
European countries (Barrento et al., 2009; Julshamn et al., 2012;
Maulvault et al., 2012) have become a food safety concern (Maulvault
et al., 2012; Noél et al., 2011). In the North-East Atlantic Ocean, an
interesting pattern was seen in crabs caught at the Norwegian Coast.
The highest Cd values were found in crab in the North and claw meat
concentrations have regularly been found to exceed the current legal
limit of 0.5mg/kg ww set by European Union (Julshamn et al., 2012;
Wiech et al., 2017). The coast of Northern Norway is regarded a rather
pristine area and the occurrence of high concentrations of Cd in crab

methyl-mercury are not expected to biomagnify along the food chain
(Fisher & Reinfelder, 1995). To elucidate the cause of the high Cd le-
vels, it is important to understand how Cd is taken up and retained in
brown crab. The uptake of metals in crab can occur via two different
routes: from water over the gills, or via the dietary route from ingested
diet. The importance of these routes regarding the overall metal con-
centration at steady-state can be determined using a kinetic model
when assimilation efficiency, ingestion rate, and unidirectional uptake
and elimination rate constants are known for the species in question
(Luoma & Rainbow, 2005; Wang et al., 1996). To produce data suffi-
cient for a reliable parameter estimation, radioisotopes have often been
used to trace the accumulation of metals. However, the use of radio-
isotopes has some drawbacks (see Croteau et al (2004)) and as a result
of the recent developments in inductively coupled plasma mass
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spectrometry instrumentation (ICP-MS), the use of stable isotopes has
become a good alternative. The use of stable isotopes has proven to be
adequate to investigate the uptake of metals from water and feed in
bivalves (Croteau et al., 2004; Strady et al., 2011). In Daphnia magna
also interaction effects of metals were successfully studied using stable
isotopes (Komjarova & Blust, 2008, 2009). Strady et al. (2011) have
further shown the potential of using stable isotopes to simultaneously
trace aqueous and dietary uptake in the same animals in the case of
oysters. A prerequisite for simultaneous tracing is that there is no in-
teraction between the uptakes from the different routes. In crab, Cd is
mainly present in HP and almost entirely bound to metallothionein
(MT) (Pedersen et al., 1994, 1998). As the binding capacity for Cd ions
in MT is limited, expression is induced at a certain exposure level
(Pedersen et al., 2014) and overload could lead to an interaction of the
different uptake routes.

One challenge when using stable isotope tracing lies within the
chemical analysis. Stable isotopes are part of the natural isotope dis-
tribution of an element and are therefore abundant wherever natural Cd
is present in the experiment. Therefore, high background concentration
is expected. Another analytical issue when using ICP-MS is polyatomic
interference on all Cd masses in the different tissues. These challenges
need to be addressed to enable the detection of Cd in tissues of animals
exposed to low naturally relevant concentrations.

Aqueous uptake of Cd in branchuryan crabs has been studied closely
in the green crab Carcinus meanas, a species partly sharing the habitat
with brown crab. Various factors such as temperature, salinity, ex-
posure concentration, calcium concentration, molting stage, ovarian
stage and feeding status influencing the uptake of Cd from water, have
been identified (see Bjerregaard et al. (2005)). The dietary uptake route
has not been studied equally well (Pedersen et al., 2014), although a
comparative study indicated that the uptake from feed contributes most
to the overall Cd accumulation in green crab (Bjerregaard et al., 2005).
A recent study has quantified the Cd concentrations in green crabs
along the Norwegian coast and found a different pattern between green
and brown crab. For green crab, there was no clear difference in Cd
concentrations between crabs from North and South (Knutsen et al.,
2018), as seen in brown crab (Julshamn et al., 2012). This indicates that
there might be differences in uptake and elimination processes in the
two species, as already known for other crab species (Rainbow & Black,
2005a, 2005b). The accumulation of Cd in brown crab, although
commercially important, has not gotten much attention. To our
knowledge, only Davies et al. (1981) investigated the uptake of Cd from
feed and water in brown crab and concluded that dietary uptake ex-
ceeds aqueous uptake. However, deep-freezing of crabs before dissec-
tion make the results uncertain, as this can have a significant influence
on the Cd concentrations in the different organs and can mask the ac-
tual distribution of Cd (Wiech et al., 2017). In general, the importance
of the different uptake routes in brown and green crab have been es-
timated based on assimilation efficiencies for dietary uptake and con-
centration factors for aqueous uptake, often only considering data from
the end of the exposure phase (Bjerregaard et al., 2005). Further,
concentrations of Cd in prey and seawater, and ingestion rates under
natural conditions were not taken into account (Davies et al., 1981)
adding uncertainty to the results and making a direct comparison of
uptake routes difficult.

In the present study, we wanted (1) to determine accumulation
parameters of Cd in brown crab from aqueous and dietary route at the
same time in the same animal, by (2) applying the method of stable
isotope tracing. To address the observation in Northern Norway, (3) the
importance of the different uptake routes was estimated using a mod-
elling approach.
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2. Material and methods
2.1. Experimental animals

Female, intermoult brown crabs (Cancer pagurus) (n = 156) with a
carapace width of 131 = 5mm (mean = SD), caught with baited
traps in September 2016 around the southern tip of Sotra, Norway,
were used in the experiment. Prior to the experimental period, crabs
were acclimated to the laboratory conditions at Austevoll Research
Station, Institute of Marine Research, Norway, for minimum five days,
before the controlled feeding regime was established. The claws of the
crabs were tied with a rubber band to avoid cannibalism and provide
safety for the personnel handling the animals. Each of the rubber bands
was carrying a number for identification of individual crabs. The animal
handling and experimental protocols were approved by the Norwegian
Food Safety Authority (FOTS ID 8845) and performed in accordance
with the Norwegian and European law for the use of animals in ex-
periments.

2.2. Experimental setup

During the experimental period of 96 days starting 04 Oct 2016, the
crabs were maintained in two 900 L tanks (control and exposure) in two
levels of plastic baskets (34 X 25 X 16 cm) at a maximum density of 32
crabs/m?. Crabs were mainly kept in darkness with only slight exposure
to the natural light regime. Seawater was taken from 160 m water
depth, sand-filtered and continuously exchanged at least ten times
daily, and the pressure regulated using valves with flow-meters. Water
temperature was measured daily and ranged from 7.2 to 9.0 °C during
the experimental period. Salinity was measured to 35 ppt and pH to 8.0
at start and end of the experiment. Aeration with air stones was used to
obtain a sufficient air saturation (> 88%) and a homogenous mixture of
the water. To minimize potential desorption of Cd from feces to the
water, the tank was flushed and cleaned two to three times a week.

2.3. Feeding

Gavage feeding was applied in order to know the exact amount of
feed ingested. Crabs from control and exposure tank (see 2.4 for ex-
posure) were taken out of the water and fed individually with 6 mL feed
per week, by feeding them two or three times with 2 or 3 mL, respec-
tively (Ingestion rate I1 2.36 MEfeeq gcrab_l day_l WwW  or
9.39 Mgeeq gup * day ~'dw) using a disposable plastic syringe with
gavage needle (15G, 1.8 x 80 mm, Jgrgen Kruuse A/S, Denmark). The
feed was a slurry prepared from codfish powder (cooked, dried and
micro milled cod fillet, Seagarden AS, Norway) sieved through 200 pm
and mixed with deionized water in a blender to a dry weight content of
22.5%. Gavage feeding is only possible when crabs are moving their
mouth parts voluntarily, which can take minutes. A few drops of
deionized water flavored with shrimp powder (Seagarden AS) was an
effective stimuli for the crabs to open their mouth parts and the feeding
time could be shortened to approximately under one minute per crab.
To impede crabs from spitting out the feed, they were kept out of the
water for minimum 30 s after feeding.

2.4. Exposure

Crabs in the exposure tank (n = 78) were exposed to Cd in seawater
(0.5 ug 1°°Cd/L) and in feed (1 mg *°°Cd/kg wet weight) (Fig. 1) for 42
days, followed by a depuration phase of 56 days. To obtain an accurate
concentration of 1°Cd in feed, a stock solution was prepared by dis-
solving metallic Cd enriched in '°®Cd (69.9%, Neonest AB/Buylsoto-
pe.com, Stockholm, Sweden) in nitric acid and dissolving it in deionised
water to the desired concentration. Stock solution was added to the feed
and the mixture homogenized by stirring. To spike the sea water with
the desired level of '°°Cd, a stock solution was prepared by dissolving
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Fig. 1. Schematic illustration of the methodological approach, where Cd accumulation from water and feed was traced simultaneously in the same animal using two

different stable Cd isotopes.

CdCl;, enriched in '°°Cd (73.1%, Neonest AB/Buylsotope.com, Stock-
holm, Sweden) in deionised water and dosed using a peristaltic pump
(Watson-Marlow). Flow rate was checked daily. In addition, during the
exposure phase, weekly water samples from the exposure tank were
measured in the exposure phase and a concentration of
0.518 * 0.010 ug °°Cd/L, corresponding to 0.708 + 0.014pg Cd/L
(mean * SD, n = 7) and a maximum of 0.002 g '°®Cd/L (n = 7) was
found. The seawater in the control group during exposure contained
0.033 = 0.016 pg total Cd/L (mean * SD, n = 7). During the de-
puration phase the highest measured concentration of '°°Cd and '°cd
in water was 0.002ug/L (n = 6). In the control tank, the highest
measured concentration of '°°Cd and '°®Cd concentration was
0.001 pg/L (n = 4). The enriched feed contained 1.01 = 0.03 mg 108¢cq
/kg ww, corresponding to 1.44 + 0.04 mg Cd /kg ww (mean *+ SD,
n =5). The control feed contained 0.010 * 0.004mg Cd /kg ww
(mean *= SD, n = 11).

2.5. Sampling

Samples of HP, gills, hemolymph, claw meat and gonad were col-
lected from five individuals per treatment on day 0, 2, 7, 14, 21, 30 and
42 in the exposure phase and on day 2, 4, 7, 21, 35 and 56 in the
depuration phase. Hemolymph was drawn through the arthodial
membrane of the posterior pereiopod using a disposible syringe. Then,
crabs were humanely sacrificed (WHO/FAO, 2012) piercing the two
main nerve ganglia according to Baker (1955). Crabs were dissected
fresh. Gills were squeezed to remove the contained liquid and blotted
dry using tissue paper. All samples were kept on ice during sampling
and frozen as soon as possible after and kept at —20 °C until ICP-MS
analysis. For HP a subsample was kept at —80 °C for the measurement
of MT. Total weight and carapace width (CW) before and after the
experiment, gonad maturation stage according to Haig et al. (2016),
and gonad and HP weight was determined for each crab. Further,
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gonadosomatic index (weight of gonad/CW? -100) and hepatosomatoc
index (weight of HP/ CW?-100) were calculated. To assess if there were
statistically significant physiological differences between crabs sampled
at the different sampling days, data were analyzed using ANOVA. Data
were checked for homoscedasticity (Levene's test) and log-transformed,
if necessary. For categorical parameters (gonad maturation stage), non-
parametric statistics was applied. The significance level was p = 0.05.
The analysis was done using STATISTICA 12 (©Statsoft, Tulsa, USA).

2.6. Chemical analysis

2.6.1. ICP-MS analysis

All isotopes of Cd were measured with a tandem quadrupole Agilent
8800 ICP-MS with collision/reaction cell (CRC). The use of NH; as re-
action gas was found to be the most efficient for removing polyatomic
interferences on all Cd isotopes. '°>Rh was used as online internal
standard. A control standard was analyzed every ten samples as drift
check, both for concentration and mass bias. Masses 106, 108, 110,
112,113, 114 and 116 were corrected from isobar overlapping from Pd,
In and Sn. All isotope ratios were measured in pulse detector mode.
Samples were diluted if concentrations exceeded the pulse mode limit
(< 1.2 Mcps/s) due to nonlinear calibration between pulse and analog
mode. The instrumental setup is shown in the Supplementary material
A.

2.6.2. Sample preparation

Tissue samples were freeze-dried (Freezone, Labconco, US) before
being homogenized. Approximately 0.2 g (dry weight) of the homo-
genized sample and certified reference material (CRM) were microwave
digested (Ethos, Milestone, Italy) with 2mL HNO3; and 0.5 mL 30%
H,0,. After digestion, samples were diluted to 50 mL with deionized
water. The CRM were Lobster HP (TORT 3, National Research Council
Canada) and Oyster Tissue (1566b, National Institute of Standards and
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Technology, USA). All HP, gill and hemolymph samples were analyzed
while for claw meat and gonad only samples taken at day 42 were
analyzed.

2.6.3. Calibration

A Cd standard with a naturally abundant isotopic composition
(Inorganic Ventures, Christiansburg, USA) was used for calibration and
the Cd concentration (w/V) for each isotope was calculated from the
natural mass percent abundance. Using this calibration, mass bias
corrected isotope ratio (IR) cps;/cpss equals C;/C,, where cps denotes
counts per second on the detector and C denotes the isotope con-
centration (w/V) of isotope 1 and 2. Cadmium concentrations for all
isotopes measured in TORT-3 (n = 7) and NIST 1566b (n = 6) were
within the certified ranges.

2.6.4. Isotope corrections

The natural total Cd concentration in samples was calculated from
the natural background concentration of 114¢q (the naturally most
abundant Cd isotope) divided by its natural abundance. This con-
centration (11*Cd,) had to be corrected for the natural contribution of
other Cd isotopes, such as '°°Cd and '°8Cd. In the same way, the con-
centration of '°°Cd in the water (*°°Cd,,) and '°®Cd in the feed (*°Cd))
had to be corrected for the contribution of other Cd isotopes found in
the enriched !°°Cd (73.1 mass %) and '°Cd (69.9 mass %) isotope
standards used to spike water and feed. Therefore, the total measured
concentrations (C; in w/V) of each isotope can be defined as the sum
contribution of natural background (C,) and the isotope in water (C,)
and feed (Cp:

Ci114 = G114 + Cui14 + G114 (€H)
Ci106 = Cw,106 + Cn106 + Cri06 (3]
Ci08 = Cw108 + Cni10s + Crios 3)

The mass fraction isotopic ratios (IR, IR,, IRy) for 106¢q and °8cd
were calculated in respect to ''*Cd present in the initial background,
water and feed before exposure, as follows:

IRg108 = Cri0s / Cri14 @
IR\, 106 = Cw,106 / Cw,114 )
IRn 106 = Cn106 / Cn114 (6)
IR, 108 = Cni108/ Cr114 )
IRt 106 = Cr106 / Cri14 (€))
IRw,108 = Cw,108 / Cw,114 (€)]

The corrected contributions of ''*Cd natural background (***Cd,),
108Cd in water (*°°Cd,,), and °®Cd in feed (*°*Cd)) were calculated by
simultaneously solving Egs. (1) to (9) using an equation solver software
(wxMaxima 16.12.0; http://andrejv.github.io/wxmaxima). This re-
sulted in the following equations, which depend on the total measured
concentrations and IRs:

Cr14(IRy,108 IR, 106 IRw, 106~ IRy, 106 IRn, 108 IRw, 106)

+ Cio6 (IRy, 108 R, 106~ IRy, 108 IR, 106)

+ Cros(IRf,106—IRn,106) IRw, 106
IRy, 106IRw, 108~ IRf 106 IRw, 108 + IRy 108 (TR, 106—IRn, 106)
—IRp,108IRw, 106 + IRy, 106 IRy, 108

1060q = —

(10)
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C114IRy 108 (IR, 108 IRy, 106—IRn, 106 IRw, 108)
_+ Ci061Ry 108 IRy, 108—IRpy,108) + Cio8 IRy 108 IRy 106—1Ruw,106)
IRy, 106 IRw, 108—IRy, 106 IRw, 108 + IRy, 108 (IRw,106—IRn,106)

108cdf —

—IRp,108 IR, 106 + IRf,106 IRy, 108
amn

C114(IRf 108 IRy, 106— IRy, 106 IRy, 108) + Cio6 (IRy, 108~ IRy, 108)
+ Cios (IRf,106—IR,106)
IRy, 106 IRw, 108— IRy, 106 IRw, 108 + IRy, 108 (TRw,106—IRp,106)

114Cdn _

—IRp,108IRw, 106 + IRt 106 IRy,108 (12)

The natural total concentration of Cd in samples are calculated from
114¢d,, multiplied by 1/natural abundance of *'*Cd. Limits of detection
(LOD) and limits of quantification (LOQ) were calculated based on
control group concentrations using Egs. (10) and (11). LOQs increased
with increasing concentration and range of natural Cd in the control
group (Supplementary material B). Concentrations of naturally abun-
dant Cd from the samples had no significant effect on the results as they
were subtracted by using the equations for the added enriched isotopes
on the treatment group.

2.7. Determination of metallothionein

The concentration of MT in HP was examined in five crabs of the
exposure group at start (t = 0d) and end (t = 42d) of the exposure
phase. Metallothionein was measured spectrophotometrically at wa-
velength 412nm after extraction and derivatization of thiols with
Ellman’s reagent DTNB as described by Viarengo et al. (1997). The
method was shown to be suitable for green crab (Pedersen et al., 1997).
A standard curve was made using glutathione. Assuming a fixed ratio of
thiol groups between glutathione and MT of 1:19 and a molecular
weight for MT of 5800 (Overnell, 1986), the concentration of MT could
be calculated.

2.8. Modelling the accumulation parameters

Crabs accumulate about 90% of the total Cd body burden in HP,
considering the whole animal including carapace (Bjerregaard &
Depledge, 2002). Therefore, the accumulation in HP was used as a
proxy for the accumulation of Cd in the whole crab. All modelling was
based on data of Cd concentrations in HP.

To estimate the parameters describing the accumulation of Cd in HP
for both uptake routes (aqueous and dietary), data were fitted to
standard bioaccumulation equations derived from OECD TG 305 (2012)
and related guidance document (OECD, 2017):

Cinput'}%'(l_exp('kz’t)) for 0<t < taep

Cdcrab(tdep)'exp('kz'(t'tdep)) fort > tdep

Cderan (£)= [
(13)

We neglected growth of the crab, since it was zero during the course
of the experiment. To apply the generic model for either exposure
route, we adapted the exposure concentration and uptake rate constant
to the respective experimental condition as follows:

Cdcran(t) (aqueous): CdJy,,, Cd concentration in HP of the crab over
time [pg 106¢cq kg crab™'],

(dietary): cdf,,, Cd concentration in HP of the crab over
time [ug 108¢cq kg crab™],

(aqueous): C,,, water exposure concentration [ug

106cd L—l] s

(dietary): Cj, feed exposure concentration [ug '°8Cd kg
feed 1],

Cinput
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k1 (aqueous): k, uptake rate constant from water [Lkg
crab™td™],
(dietary): k¢, uptake rate constant from feed [kg feed kg
crab™t d‘l],

ko (both aqueous and dietary): k., elimination rate constant
[d,

t independent variable time [d],

taep onset of the depuration phase [d].

At t = 0, the initial concentration in the crab equals zero:
Cdcrab(o) = 0;

while at the onset of the depuration phase, i.e. t = tqep, One has, in
the generic form:

Cdcran (tdcp):Cinput'%’(1_exp('k2'[dcp)) 14
which follows from Eq. (13), first part, when t approaches tgep.
Generally, when k, > 0, the accumulation curve of Cd in the crab
during the uptake phase will be concave and increasing, while the de-
puration curve of Cd in the crab over time will be convex and de-
creasing. However, because of the shape of our data in the depuration
phase (Fig. 3) and the statistical analysis of the applied models
(Supplementary material C), two versions of the model were applied:
one with k, being unconstrained, i.e. allowed to have any value, and
one with k, constrained to be zero. For the case of a constrained
elimination rate, i.e. ko — 0, elimination is assumed to be negligible.
Since, with ko very small, we have
1 —-exp(=kt)) (1 -1 — kt)) =kt , the approximate model
equations (generic form) become:

Cinput-kit for 0< t<tqep

fort > tgep

Cderap ()= {

Cinput'kl'[dep (15)
In this case, the uptake curve will essentially be linear over time,
with the level of accumulation nearly constant from the onset of the
depuration phase onwards.
For the dietary uptake route, we additionally considered the sub-
model

kf= a-l (16)

with I the ingestion rate of feed in the experiment [kg feedkg
crab' d™'], and a the assimilation efficiency, as a dimensionless con-
stant.

2.8.1. Model fitting and statistical analysis

The model Eq. (13) define Cd concentration in crab as a function of
time, with separate branches relating to the respective uptake and
elimination phases. The model is nonlinear in the unknown parameters,
ki (ky or kg, respectively) and k, (k. in both cases), hence, fitting the
models to the measured time series basically is a problem of nonlinear
regression. Initially, we allowed k. to be fitted separately for each of the
routes, before constraining it to zero.

We used the R-package bemfR_0.3-2.zip, as distributed by OECD
(Aldenberg, 2017) with additional enhancements for the negligible
elimination rate case, and supplementary routines for summarizing
regression output, as well as estimating parameter and prediction un-
certainty. The predictive limits of the model fits were calculated with
the Bayesian bootstrap (Rubin, 1981, 1987).

The fitting procedure used was the nonlinear least squares regres-
sion function nls from the base R-package stats. Both untransformed Cd
accumulation/depuration data were fitted, as well as log;o-transformed
accumulation/depuration data with the method of ‘transform-both-
sides’ (Ritz & Streibig, 2008).

The regression quality was assessed through the Shapiro-Wilk test
for normality of the regression residuals and Q-Q plots that compares
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the distribution of the standardized residuals to a standard Normal
distribution. For both assessments implementations from the R-package
nlstools were used (Baty et al., 2015).

2.9. Modelling the relative importance of the uptake routes

To compare the relative importance of the aqueous route Rl and
dietary route Rlf..q4 to the overall accumulation of Cd in crab at different
feed and water concentrations, we consider k. = 0 and defined them as:

Cdc‘;\]ab ( t )

Rlyater (t) =
er () cd

gub (t) + Cdcfrab (t) (1 7)
and
cdl
Rleed (1) = — eran (1) ——, respectively.
Cdcrab (t) + Cdcrab (t) (18)

Adapting the generic Eq. (15) to the respective uptake route and
substituting into Egs. (17) and (18) for the respective route, (t) cancels
and the relative importance of the aqueous route Rl e becomes:

kw - C,
Rlypper=—— =W
ky - Cyw+ks - Ct (19)
and the relative importance of the dietary route Rlg.q becomes
Rlfeeq :ﬂ, respectively
kv Cw+ks -C (20)

Considering Eq. (16), we got the final equations used for the cal-
culations of the relative importance of the uptake routes in percent
(Fig. 4):

R]Wmer:M .100
ky - Cy+a-I-Ct (21)
and
OC'I'C{
Rlpoy=——— L .
e e CyHaI-C (22)
with I being adapted to a more natural feeding rate of

79.4 Mgecq gup - day ' dw according to Woll et al. (2006) and ad-
justed to HP and dry weight according to the ratio of total crab weight
and HP weight and average dry weight content from crabs used in the
present study. To illustrate the relative importance of the uptake routes
of Cd for brown crab at different concentrations found in feed [ug/kg
dw] and seawater [pg/L], the concentrations were illustrated as cad-
mium concentration ratio (CCR) being C¢/C,,.

3. Results and discussion

Although low and environmentally relevant concentrations were
used in seawater (0.5 ug '°°Cd/L) and feed (1 mg '°®Cd/kg wet weight)
and the background Cd concentrations in the wild-caught crabs were
high and strongly varying, it was possible to reliably detect and quan-
tify even low contributions of Cd from both uptake routes in all mea-
sured tissues except claw meat (Fig. 2). This was made possible by using
mathematical corrections preventing the natural concentrations of Cd
to outweigh the signal from spiked and accumulated Cd isotopes. The
issue of plasma-formed polyatomic mass interferences on all Cd iso-
topes was overcome using NHj as reaction gas in the CRC.

At the end of the exposure phase, most Cd from feed was accumu-
lated in HP followed by gills, gonad and hemolymph with concentra-
tions of 2850 * 1870ug/kg dw, 15.3 * 8.0ug/kg dw,
5.47 + 4.96 ug/kg dw, and 0.14 + 0.08 pg/kg dw (2 values < LOQ)
(mean * SD, n = 5), respectively. The measured claw meat con-
centrations were all below LOQ. A similar tissue distribution was found
in green crab fed six meals of '°°Cd labelled blue mussel soft parts over
11 days (Bjerregaard et al., 2005). Considering the total body burden,
HP was by far the organ accumulating most Cd with 91 = 4% of the
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Fig. 2. Distribution of Cd taken up from feed and water in the different tissues
of brown crab after 42 days of exposure. Filled columns show mean con-
centrations of 1°®Cd taken up from feed and the clear columns concentrations of
196Cd taken up from water. Whiskers represent standard errors (n = 5).
Concentrations below LOQ (*°®Cd in hemolymph and claw meat) are illustrated
with the actual measured concentrations.

total body burden of the traced Cd in green crab (Bjerregaard et al.,
2005). Much less Cd was found in the other organs with on average
0.03 to 4.6% (Bjerregaard et al., 2005). Cadmium accumulated from
water, was mainly found in gills at the end of the exposure phase,
followed by HP, gonad, hemolymph and claw meat with concentrations
of 6235 + 3240 png/kg dw, 224 = 159 ug/kg dw, 31.6 + 23.8 ug/kg
dw, 20.8 = 9.8ug/kg dw and 125 = 6.7pg/kg dw (n=5)
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Fig. 4. Prediction of the relative importance of dietary and aqueous uptake
route to the total Cd hepatopancreas burden of brown crab using modelling.
The Cd concentration ratio (CCR) is the ratio of Cd concentration in diet [pg/kg
dw] to seawater [ug/L].

(mean =+ SD), respectively. Gills were also found to have higher Cd
concentrations than HP in green crabs after aqueous exposure to
100 pm °°Cd/mL for 27 d (Bjerregaard & Depledge, 1994). In that
study, the concentration in muscle was much higher than in hemo-
lymph (Bjerregaard and Depledge, 1994). The difference to our studies,
might be due to the fact that we only analyzed muscle meat from claw,
which might contain lower Cd concentrations than muscle meat from
other parts of the crab like the thoracic sternum, as the proximity to the
HP might lead to higher Cd concentrations. Norway lobster, Nephrops
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Fig. 3. Accumulation curve of mean concentrations of Cd in HP (A,B) and hemolymph (C,D) of brown crab taken up from feed (A,C) and seawater (B,D) after
exposure to 0.5 pg '°°Cd/L in seawater and 1 mg '°Cd/kg ww in feed. The vertical dashed line marks the end of the exposure phase. Error bars indicate the standard

deviation of the five samples taken per sampling day.
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norvegicus, also accumulated Cd from feed mainly in HP, however when
exposed to Cd in seawater, the concentration in gills were not higher
than in HP (Canli & Furness, 1995).

The concentration factor (C,/Cyp) for the aqueous uptake of Cd in
HP was 10.6 = 7.6 (mean = SD, n = 5) at the end of the exposure
phase, which is comparable to findings in green crab using similar ex-
posure conditions with factors of 6.9 + 7.5 and 6.5 = 5.1 at con-
centrations of 173 and 800 ng/L respectively (Bjerregaard et al., 2005).

The '°°Cd concentration in hemolymph increased until day 21 and
remained stable until the end of the exposure phase, where it rapidly
drops (Fig. 3). In contrast, the °Cd concentration coming from feed is
very low during the whole experiment and 64% of the measurements
were below LOQ. This indicates that Cd from feed is directly taken up
from the mid-gut into HP through ducts arising ventrally on either side
of the mid-gut together with nutrients from feed (Warner, 1977). Cd
from water will mainly be taken up over the gills and will be present in
hemolymph before it is taken up into the HP (Bjerregaard, 1990). Due
to the ‘open’ circulatory system of crabs, Cd in hemolymph comes into
contact with all internal tissues. This explains why the concentrations of
108¢d from feed at day 42 are rather low in all tissues except HP, while
196¢d is found in higher amounts in all tissues (Fig. 2). However, the
concentrations of Cd in the different tissues taken up from water and
feed are also concentration dependent and different exposure con-
centrations might result in different patterns. Therefore, kinetic mod-
elling was applied to compare the importance of the different uptake
routes in HP.

The Cd concentration in HP increased continuously during the ex-
posure phase of 42 days and steady state was not reached. During the
depuration phase, no clear pattern of decrease in Cd concentration was
seen. A short decrease was followed by a temporary increase. However,
none of the concentrations from the sampling days of the depuration
phase were significantly different (P > 0.32), which might be due to
high inter-individual variation. High inter-individual variation in Cd
concentrations is common in brown crab sampled in the field (Wiech
et al., 2017). In contrast to the decrease in the beginning of the de-
puration phase, the latter increase was rather unexpected. However,
similar patterns with increasing concentrations of Cd during the de-
puration phase have also been observed earlier. After an exposure of
seven days to Cd in water, the concentration of Cd in HP of the fresh-
water prawn Macrobrachium australiense, was first rapidly decreasing
within two days and subsequently was increasing again until day 7,
where it was stable until day 21 (Cresswell et al., 2017). In fish, Cd
concentrations in liver and kidney increased and concentrations in the
gut and white muscle decreased simultaneously, representing a redis-
tribution of Cd within the organism (Harrison & Klaverkamp, 1989;
Wicklund Glynn et al., 1992). In the present study, an internal redis-
tribution of Cd from other organs into HP is not very likely. The only
considerable amount of Cd at the end of the exposure phase was seen in
gills and these concentrations also increased during the depuration
phase (Supplementary material D). The hemolymph concentrations
were rather low and rapidly decreased to a negligible level after ex-
posure. If a redistribution would have taken place, it should have been
visible as an increase in the hemolymph concentrations, acting as in-
termediate organ for Cd transported between for example gills and HP
(Bjerregaard, 1990; Cresswell et al., 2017). It cannot be ruled out that
Cd was accumulated in tissues not analyzed and a redistribution from
these tissues occurred. However, it is not likely, as it has been shown for
green crab that Cd does not accumulate in considerable amounts in
other tissues than those measured here (Bjerregaard et al., 2005). The
high assimilation efficiency of 98% in HP calculated from eq.16 for the
present study confirms this, as it means that most of the Cd from feed
was accumulated in HP. Reinfelder et al (1998) discussed that in ac-
cumulation experiments with long-term exposures, as the present study,
especially for metals, a substantial elimination can occur already during
the exposure phase. This can result in a lower elimination rate after
exposure ended and might partly explain the low depuration observed
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in the present experiment. In freshwater prawn Macrobrachium aus-
traliense it was recently shown, that the depuration rate of Cd from HP
was much lower after long-term compared to short-term exposure
(Cresswell et al., 2017). The transport of Cd from hemolymph to HP is
strongly dependent on the physiological condition in green crab
(Bjerregaard, 1990). We found no physiological differences in crabs at
the different sampling days. However, inter-individual differences were
present in crabs from the same sampling day, which might be connected
to the feeding stage of the animals. As all crabs had the same feeding
regime while being in the lab, and no weight change during the ex-
periment was seen, it is possible that the differences in the physiological
state of the crabs at the time of their collection persisted throughout the
course of the experiment and contributed to the inter-individual var-
iation.

To examine if there was an interaction between the uptake of Cd
from the two uptake routes at the concentration levels used, the con-
centration of MT in HP was measured to investigate if the standing pool
of MT was sufficient to accommodate the influx of Cd from both
sources. Cadmium in HP is mainly present in the soluble cytosolic
fraction and almost entirely bound to MT. In green crab, a dietary ex-
posure to 5.1 mg Cd/kg ww for 18 days led to an induction of MT, while
1.1 and 3.1 mg Cd/kg ww did not (Pedersen et al., 2014). This indicates
that the binding capacity of present MT for Cd was reached at the
highest concentration. Exceeding this capacity could lead to a com-
pensatory response affecting the Cd uptake and distribution of the two
uptake routes differently, as their route of uptake is different. Cadmium
from diet will enter the HP directly, while Cd from water is first taken
up into hemolymph and subsequently into MT in HP. A difference in the
uptake mechanism into HP between Cd from diet and water at high
exposure concentrations in crab was suggested earlier (Pedersen et al.,
2014). That was based on their observation in green crab that the
fraction of Cd bound in the soluble fraction in HP decreased with in-
creasing aqueous exposure, while this was not the case for Cd taken up
from diet to a comparable concentration in HP (Pedersen et al., 2014).
Consequently, the importance of the two routes could be prone to
under- or overestimation at high exposure concentrations. In our study,
there were no statistically significant difference between the MT con-
centrations in HP at start and end of the exposure phase with
20.2 + 2.1 nmnol/g ww (mean * SD, n=5) at day O and
16.1 * 3.7nmol/g ww (mean * SD, n = 5) at day 42, respectively
(P > 0.05). Levels are comparable to findings in green crab (Pedersen
et al., 2014). Therefore, there was no interaction between the uptake of
Cd from the two routes in HP and the measured Cd concentrations re-
flect the real uptake for both uptake routes, although traced simulta-
neously in the same animals.

The present study demonstrates that the use of stable isotopes when
studying trace metal uptake has several advantages compared to
radiotracers, as already discussed by Croteau et al (2004). Advantages,
such as low costs for the tracer and low handling hazard and less re-
strictions, become especially important when using large laboratory
animals such as fish or crab, with high water and space demand. Fur-
ther advantages of the method relate to the correction for background
Cd. This makes it possible to use wild-caught animals in laboratory
experiments, which might be necessary when larger animals or species
difficult to raise in captivity are studied. Wild-caught organisms or parts
of organisms enriched with a stable isotope can in this way be used as
feed. This is especially useful when using wild-caught filter feeders,
such as blue mussels enriched with stable isotopes as feed to study
trophic transfer. Although still being a benefit, is it no longer necessary
to use pure stable isotope standards for enrichment, which often are
expensive and difficult to obtain, as we can correct for the content of
the other isotopes. The correction also enables the use of natural water
with its possible background contamination and further, laboratory
equipment does not have to undergo laborious cleaning to avoid
background contamination. However, as the accumulation of metals
often is concentration dependent, the total exposure has to be
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considered when interpreting results. Also acclimation effects can
occur. Further, restrictions could also arise when total element ex-
posures are too high, as an interaction of the different uptake routes
might occur if tracing different routes simultaneously. Also toxic effects
might influence the accumulation and the LOQ increases with as-
cending background concentrations. Therefore, the introduction of
unrecognized contamination and high impurities in isotopic stock so-
lutions should be avoided wherever possible. Since there is no need for
a control group to correct the background concentrations against, ex-
perimental animals in the control group can be reduced to the number
necessary to control for other effects, as for example to study if possible
toxic effects observed in exposed animals are due to the exposure. Both
uptake routes can also be studied in the same animals simultaneously,
making two different treatment groups redundant. In conclusion, the
introduced methodology makes accumulation studies using stable iso-
topes a robust alternative to radiotracers.

The modelling based on the standard bioaccumulation equations
with additional adaptations to estimate the accumulation parameters,
delivered reasonable results for both routes. The case with constrained
k. to zero and log; transformed data resulted in a better model fit for
both uptake routes (Supplementary material C) and k,, and k; were
determined to be 6.721 + 0.567Lkg crab'd™ (mean * SE) and
0.0092 * 0.0008 kg feed kg crab™ d™' (mean + SE). Using Eq. (16),
we calculated the mean assimilation efficiency a in HP to 98% for the
dietary route. This corresponds to similarly high values reported for
green crab with 91 * 4% (Bjerregaard et al., 2005) and 81-96%
(Pedersen et al., 2014). This means that almost all Cd administered in
the feed was accumulated in HP. One factor facilitating the uptake from
feed in the present study might be the chemical form of Cd. It has been
shown earlier that trophic availability of Cd in crustaceans depends on
the chemical form (Rainbow et al., 2011) and as the Cd in our study was
spiked to the processed feed as watery solution, it was probably easier
accessible than Cd in natural prey. However, as the assimilation effi-
ciency in green crab fed with blue mussels exposed to Cd for spiking,
was equally high (Bjerregaard et al., 2005), crab seems to have a high
digestive power making it efficient in taking up Cd from diet.

To predict the relative importance of the uptake routes to the total
accumulation of Cd in brown crab at different concentrations in diet
and water in the field, we used a modelling approach based on esti-
mated accumulation parameters for the two uptake routes. To be able
to make a prediction for brown crab along the Norwegian coast, the
respective CCR was estimated. Knowledge on the feeding habits of
brown crab is limited and stomach analysis difficult due to the fact that
prey items are masticated and ground in the gastric mill when entering
the stomach. Therefore, analysis is prone to overestimation of animals
holding parts difficult to grind and digest (Woll, 1995). Nevertheless,
the two most frequently found feed items in the stomachs were blue
mussel (Mytilus edulis) and horse mussel (Modiolus modiolus) (Woll,
1995), with mean Cd values along the Norwegian coast of 0.12 mg Cd/
kg ww and 2.3 mg Cd/kg ww (Duinker et al., 2016) corresponding to
about 0.75 and 11.4 mg/kg dw, respectively. In a recent investigation
on Cd in seawater in the North of the Norwegian coastline, con-
centrations were measured to 0.05 * 0.07ug/L (mean = SD,
n = 18)) (Falk, 2015). Considering these data, an average CCR of 15
000 for blue mussels 228 000 for horse mussel can be expected, cor-
responding to an importance of diet to more than 99% for both cases
according to the modelling (Fig. 4). An attempt to map the total range
of Cd concentrations in the potential feed organisms for crabs in
Northern Norway, found concentrations between 0.4 and 11 mg/kg dw
(Ness, 2014) resulting in CCRs between 8000 and 220 000. This cor-
responds to a relative importance of the dietary route of at least 98% for
all the considered CCRs. Therefore, we suggest, based on the output of
our model, that the large difference in Cd between crabs from the South
and North of the Norwegian coast, can rather be explained by differ-
ences in foraging than differences in water concentrations. The CCR for
Cd between a crab’s diet and seawater can be considered to be equally
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high in other regions of the brown crab’s distribution. It is therefore
reasonable to assume that the dietary route contributes most to the
overall Cd uptake in brown crab in general. When investigating dif-
ferences in Cd between different locations in decapods, it should
therefore be focused on factors connected to foraging and feed pre-
ference, potentially connected to migratory patterns. Our findings
suggest that dietary uptake of Cd in decapods should be investigated
further and that knowledge on dietary exposure is crucial to understand
Cd accumulation in crab.

Most studies comparing the relative importance of dietary and
aqueous uptake assume steady state conditions (Lee & Fisher, 2016;
Thomann, 1981). However, our modelling approach showed that the
prediction of relative importance (Eq. (20)) is the same regardless of
whether it is derived considering steady state conditions or not (k.
being zero). The assumption being that k. is the same for both uptake
routes, which is reasonable in crab, as Cd accumulated in HP will be
tightly bound to MT regardless of origin (Pedersen et al., 2014;
Pedersen et al., 1994).

When interpreting model outputs, uncertainty connected to the used
input parameters and underlying assumptions has to be taken into ac-
count. The used ingestion rate was determined for crabs in captivity and
feeding ad libitum on constantly present feed, not necessarily being
representative in situ and also other factors like physiological state and
temperature can influence I (Woll et al., 2006). For fish, there is evi-
dence that dietary Cd uptake is regulated and the increase in uptake
non-proportional to feed concentrations with a saturation at high con-
centrations (Douben, 1989; Reinfelder et al., 1998). The importance of
the dietary route will then be over-estimated with increasing con-
centrations (Reinfelder et al., 1998). However, in green crab no sign of
saturation in uptake was seen at Cd concentrations up to 5.1 mg/kg ww
at a high feeding rate (Pedersen et al., 2014) and the aqueous uptake
was increasing proportional over a wide range of exposure concentra-
tions (Bjerregaard et al., 2005). The ingestion rate in itself might as well
influence the a, although this seems not to be important in crab, as a
similarly high a was found in crab exposed to Cd at a low I in this study,
in comparison to crab feed at a much higher I (Bjerregaard et al., 2005;
Pedersen et al., 2014). Also developmental stage and organism size
were suggested to influence metal accumulation (Reinfelder et al.,
1998). In the present study, the size of the experimental animals was
determined by practical issues such as availability, demand of space
and large enough size for gavage feeding. However, no clear relation-
ship between size and Cd concentration was found in crabs of com-
mercial size (Julshamn et al., 2012). Further accumulation might be
influenced by other environmental and also physiological conditions of
the crab.

4. Conclusion

Tracing stable isotopes is a suitable method to investigate the ac-
cumulation of trace metals in the same organism at the same time.
Analytical challenges with background concentrations of natural iso-
tope distribution and polyatomic interferences in the different matrices
can be overcome with the right analytical setup and modern mathe-
matical corrections using a computer software helping to solve equa-
tions. For the brown crab, we have shown that the dietary route is more
important for the uptake of Cd in HP than aquatic route. The accu-
mulation parameters, uptake rate constant from feed k¢ and water k,,
and assimilation efficiency o from feed were determined from the data
of the conducted laboratory study using non-linear regression model-
ling. We applied the estimated parameters in a further modelling ap-
proach combined with naturally relevant concentrations in diet and
seawater to determine the importance of the uptake routes. Considering
naturally relevant concentrations, it is clear that the dietary pathway is
far more important for the uptake of Cd into HP and thereby the whole
body burden of brown crab.
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