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Abstract:

Environmental monitoring and risk assessment approaches which include a more holistic view on the effects
of pollutants on biota are increasingly sought by regulators and policy makers. The present study aimed to
evaluate the suitability of multiple biomarkers for applications in active biomonitoring programmes. Caged
carp juveniles (Cyprinus carpio) were transplanted along a known Cd and Zn pollution gradient. After 7
weeks of exposure, metal (Cu, Cd and Zn) accumulation in gill and liver tissue and effect biomarkers
(growth, condition factor (CF), hepatosomatic index (HSI), oxygen consumption, swimming capacity, Na*/K*-
ATPase activity (NKA) and metallothionein (MT) levels) were compared.

Up to 10- fold higher cadmium concentrations were measured in the gills of the fish at the most polluted
locations compared to the laboratory control fish. Similarly, cadmium concentrations in liver tissues of field-
exposed fish were significantly higher than those measured in laboratory control fish. Cu and Zn
concentrations in the gills were not significantly different between field-exposed and control organisms,

whereas higher levels in liver tissues were measured in carps deployed in some locations. Effects on liver
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MT levels were up to 10 times greater for organisms exposed to the field, whereas no clear effect of the
metal exposure on NKA in the qill tissue was observed. A decrease in muscle glycogen stores was
observed for all organisms deployed in the field, while liver glycogen levels decreased only in fish exposed
to two of the 5 sites compared to the laboratory control fish. Additionally, significant drops in liver protein-
and lipid stores were observed. No effect on oxygen consumption rates and swimming capacity was
observed. The CF and HSI of caged fish reflected the pollution gradient in the river and considerable loss of
weight was observed for fish transplanted in the most polluted site.

Keywords: metal accumulation, cadmium, copper, zinc, biomarkers

1. Introduction

Human activities of the past centuries have left a legacy of metal pollution in both terrestrial and aquatic
ecosystems (De Vleeschouwer et al., 2007). Due to this historical metal pollution, metal concentrations in
sediments and surface waters are still exceeding natural levels and may pose a threat to aquatic
ecosystems health (Fu et al., 2016; Golovanova, 2008; Meena et al., 2018). Currently, regulators and policy
makers attempt to mitigate pollution related issues via legislative tools such as the water framework
directive 2000/60/EC (Commission, 2000), with the objective of reaching a better ecological status of all
water bodies.

This requires monitoring programmes which evaluate the chemical and biological quality of water bodies.
Conventional monitoring approaches relying on the periodic collection of water and sediment samples
provide only a snapshot of the degree of contamination occurring in aquatic environments, neither do they
represent the bioavailable fraction of the pollutants (Kordel et al.,, 2013). Passive biomonitoring is an
alternative approach which provides an integrative measure of bioavailable pollutants in water and
sediment. However, life-history traits, seasonal factors, and the presence and mobility of species may make
it difficult to implement this type of monitoring to all sites of interest. In contrast, active biomonitoring has

shown to overcome these limitations (Bervoets et al., 2004a; Ji et al.,, 2010; Oikari, 2006). With this
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approach, a particular species can be transplanted from a reference site or a culture to the locations of
interest. Further, the biotic parameters (e.g. size, age, gender) are controlled, and the experiment can easily
be replicated in the field without the availability of the test organism being a limitation (Besse et al., 2012).
Previous research has proven the efficacy of common carps (Cyprinus carpio) as a sentinel species in
active biomonitoring campaigns (Bervoets et al.,, 2009; Reynders et al., 2008; Schoenaers et al., 2016).
Common carp is a bottom-dwelling species, and is therefore likely to be directly exposed to metals in the
sediment by ingestion of particles, or through the consumption of contaminated benthic invertebrates (Bury
et al., 2003). Additionally, fish are also exposed to dissolved metal ions in the water column which can lead
to disruptive effects on the gill tissue. A well-studied target site for metals (Cu, Cd) is the enzyme Na*/K*-
ATPase. This transmembrane pomp located in the basolateral membrane of gill epithelial cells is
responsible for the flow of sodium ions from the cell to the plasma in exchange for potassium ions. Active
binding of certain metals with Na*/K*-ATPase does decrease the cells’ potential to maintain osmotic balance
(De Boeck et al., 2001; Mcgeer et al., 2000; Vassallo et al., 2011).

To counteract increasing cellular metal concentrations, organisms can rely on protective proteins such as
metallothioneins. These low-molecular weight proteins regulate the cellular concentration of essential metals
by making metal-protein bounds, and as such making the metals biologically inactive. In case of an increase
in metal influx, the production of MTs is upregulated, and the cell is protected from deleterious reactions
caused by reactive oxygen species. Hence, metallothioneins are also known to bind non-essential metals
i.e. cadmium, they play an important protective role. (De Boeck et al., 2003; De Smet et al., 2001; Roesijadi,
1996).

When general defence mechanisms fail, serious physiological implications for the fish may occur. It has
been reported that growth and the main energy stores (glycogen, lipids, protein) of fish can be affected by a
wide range of pollutants (Golovanova, 2008). Glycogen stores are the most accessible energy provision and
are generally addressed before lipids or proteins (Goertzen et al., 2011; Melvin, 2016). Consequently, fast
drops in liver- and muscle glycogen stores are often observed as a result of increased energy requirements
in (sub)acute metal exposure experiments (Cicik and Engin, 2005; Hallare et al., 2005). Implications of an

3
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altered energy budget can be observed on a higher level by evaluating endpoints including oxygen
consumption and swimming capacity, condition factor and hepatosomatic index. Swimming capacity is
considered a good proxy to assess the overall health status of fish after exposure to environmental
stressors (Kolok, 2001). The oxygen consumption of metal exposed fish can be altered in two ways. High
concentrations of some metals damage the gill epithelium to such an extent that the gas exchange capacity
is affected towards lethal levels. On the other hand, even sublethal exposures can cause an increase in
metabolic rate which will be reflected as an increased oxygen consumption of the animals. The effect size is
not always that strong, but a large body of research reports significant differences in oxygen consumption
between organisms exposed to metal contaminated and control waters (Couture and Kumar, 2003; Pistole
et al., 2008).

The goal of the present study was to evaluate the suitability of common carp (Cyprinus carpio) as a sentinel
species for active biomonitoring. A field study was conducted in a stream characterised by historical metal
contamination which originated from a decommissioned industrial site. Previous studies have shown that
Cu, Cd,Zn concentrations were significantly higher close to the polluted area, and decreased further
downstream (Bervoets et al., 2013, 2009, 2004b). After the field exposure, bioaccumulation in gill and liver
tissues was assessed. Biochemical, physiological, and organismal parameters were tested for their

robustness in discriminating the different exposure regimes to which the fish were subjected to.

2. Materials and Methods

2.1.Study area

Based on information from the Flemish Environmental Agency (www.vmm.be/geoview) and own studies, the

rivers ‘Scheppelijke Nete’ and ‘Molse Nete’ were selected as field exposure sites (Bervoets et al., 2013).
The geographical location of the 5 monitoring points selected for this study are plotted on Figure 1. One

reference location (Ref) was chosen as the field-control site, upstream of a highly polluted ditch debouching
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into the Scheppelijke Nete. The monitoring points L1-L4 are located further downstream of the channel,

following the decreasing pollution gradient (Table 1).

2.2.Test animals and exposure conditions

In total 56 juvenile common carps with an average weight of 20.6 + 6.91 gram were purchased from an
accredited breeding centre in the Netherlands (Wageningen University). The fish were acclimatised to
dechlorinated and softened tap water (Ca: 79.3 mg/L Mg: 7.4 mg/L, Na: 27.8 mg/L) for four weeks in 200 L
plastic tanks, equipped with an active biofilter and foreseen of continuous aeration (O2: 6.9-7.4 mg/L). The
fish received a diet of Hikari Staple mini pellets (proteins: 38%, fat: 5%, cellulose: 3.3%, ash:11.6% and
phosphor: 1.2%), at a regime of 2% of their body weight. Concentrations of NH3/NH4*, NO2", NOs~ and pH
were maintained at <0.1 mg/l, <0.03 mg/l, <25 mg/l and 7.4-7.6 respectively by renewing approximately 30%

of the rearing water twice per week.

For the actual field exposure study, groups of eight fish were distributed among the five selected field
locations. They were transplanted for seven weeks in submerged plastic cages (pond baskets: 60 cm x 40
cm x 40 cm) with a mesh size of 2 x 4 mm and were firmly attached to the riverbed. On a weekly basis, all
cages were checked, and cleaned if necessary. One group of eight fish was kept in the lab as and external
control group. Fin-clipping of the pelvic, pectoral, dorsal and caudal fin was applied to make the animals of
each group distinguishable from each other. General water parameters oxygen, conductivity and pH were
measured with a field meter (HQ3dflexi, HACH). After seven weeks of field exposure, the plastic cages with

fish were randomly collected and brought back to the lab in site water.

2.3.0xygen consumption and swimming speed

After 7 weeks, individual fish were pre-acclimated overnight in Blazka-type swimming respirometers
(volume: 3.9 L, outside dimensions: 50 cm (length) x 11 cm (diameter)) filled with dechlorinated and

softened tap water (15°C) for 12 hours. The current speed was set at 5 cm/s and the respirometers were
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placed in a recirculation system containing approximately 180 L of dechlorinated and softened tap water. At
the start of oxygen consumption measurements, water circulation through the respirometers was cut off, air
bubbles were removed and one oxygen electrode (WTW OxiCal-SL) was inserted in each respirometer.
Dissolved oxygen concentrations in the water were recorded until oxygen levels had dropped below 70% of
the initial value. The final oxygen consumption was calculated as umol O, consumed per gram body weight

(BW) per hour with the following formula (De Boeck et al., 2006; Sinha et al., 2012):

1

1
MO, = (05, — 0,5) XV x 1000 X X —— x T (Eq.1)

Uzprwe

with Oy = initial O,-concentration (mg/L),
Oz = final O2-concentration (mg/L),
V = chamber volume (L),
O2uw = molecular weight of O
BW = Body weight

T = Temperature (°C)

Subsequently, swimming capacity of the fish was assessed within the Blazka type swimming respirometers.
The initial speed of 5 cm/s stimulated the fish to start swimming. Gradually, the current speed was increased
with 5 cm/s every 20 minutes until the moment the fish were swept against the rear end of the respirometer.
When this occurred, the current speed was briefly reduced to allow the fish to start swimming again. The
second time the fish are swept downstream they are considered fatigued and the critical swimming speed

(Uerit) could be calculated according to equation 2 (Brett, 1964):

T§
Ui+ UUXT_{}

- T](Eq. 2)

crif
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with U;= highest velocity maintained during the whole interval,
U; = velocity increment,
T; = time elapsed at fatigue velocity
T; = time interval.

FL = Fork length (cm)

2.4.Growth and condition

The fish were then euthanized with an overdose (1g/L) of neutralised ethyl-3 aminobenzoate
methanesulfonic acid (MS222, Sigma). Fork length (L), body weight (BW) and liver weight (LW) were taken
of each fish, and used to calculate the condition factor (CF) and hepathosomatic index (HSI) according to

the following formulas:

BW

CF = = X 100 (Eq.3)

HSI (%) — - % 100 (EQ. 4)

Additionally, the weight gain (WG) was calculated based on the weight taken right before (IW) and after the

exposure period (FW):

FW—IW

WG (%) = -

x 100 (Eq. 5)

2.5.Biochemical analyses

Subsamples of approximately 100 mg liver and muscle tissue were analyzed for protein content by
Bradford’s method (Bradford, 1976), glycogen content by using the Anthrone reagent (Roe and Dailey,

1966) and lipid content was measured following Bligh and Dyer, 1959. The energetic equivalents of the
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protein, carbohydrate and lipid fraction were calculated with respect to the enthalpy of combustion of each
type of macromolecule; 24.0 kJ/g, 17.5 kJ/g and 39.5 kJ/g respectively (Gnaiger, 1983).

Approximately 190 mg of liver tissue was dissected and stored at -80°C until analysed for MT concentration.
The MT determination was executed according to the procedure of Klein et al., 1990, which allows the
quantification of total MT in the tissue. The main features of the procedure are that oxidized MT is converted
into native MT with 2-mercaptoethanol as a reducing agent and Zn?* as a metal donor. Subsequently, MT is
quantified via Cd saturation. High molecular weight Cd-binding compounds are denatured with acetonitrile,
Cu bound to MT is removed with ammonium tetrathiomolybdate and excessive tetrathiomolybdate, and its
Cu complexes are removed with DEAE-Sephacel (Sigma, St. Louis, MO, USA). Then, apothionein is
saturated with %°Cd-labeled CdCI, solution (Amersham Pharmacia Biotech, Buckinghamshire, England:
50ppm of 37MBg/mg Cd in 0.1M HCI), and excessive Cd is bound to Chelex 100 (Bio-Rad, Munich,
Germany). The precipitate was removed by centrifugation and the supernatant counted for 1 min in a
gamma counter (Minaxi g, Canberra Packard, Frankfurt, Germany). The MT concentration was calculated
assuming a molar ratio of Cd/MT of 7 (De Boeck et al., 2003).

Na*/K*-ATPase (NKA) activity were measured in crude gill homogenates using previously published
methods (McCormick, 1993), as modified by Nawata et al. (2007). Tissues were homogenized in ice cooled
SEID-EGTA buffer solution (150 mM sucrose; 10 mM EGTA; 50 mM imidazole with 0.1% sodium
deoxycholate) and centrifuged (2 min at 12 000 rpm, 4°C). Duplicate homogenates of 10 uL were pipetted
into 96-well microplates in four series. A first series of homogenate was mixed with 200 pl assay solution A
(400 U lactate dehydrogenase; 500 U pyruvate kinase; 2.8mM phosphoenolpyruvate; 3.5 mM ATP; 0.22
mM NADH; 50 mM imidazole) and a second series with 200 uL assay solution B (mixture assay A with 10.5
mM ouabain). The enzyme activities were measured kinetically at 30 s intervals for 30 min at wavelength of
340 nm with a spectrophotometer (Synergy Mx, Biotek Instruments Inc., Vermont, USA). Protein
concentrations were measured with Bradford reagent and BSA standards (Sigma). Calculation was
performed with a standard curve of ADP (Adenosine diphosphate). ATPase activities were calculated by
subtracting oxidation rate in the absence and the presence of ouabain.

8
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2.6.Metal analysis

Cadmium, zinc and copper concentration was measured in the gill- and liver tissue of all fish. Therefore,
between 50 and 100 mg fresh weight of each tissue was transferred to 14 ml polypropylene tubes and
accurately weighed. Hereafter samples were dried in an oven (IP60, LTE Scientific) at 60°C for minimal 48
hours. Then, ultrapure nitric acid (67-69%, Fisher Scientific) was added, and the samples were left to digest
for 12 hours at room temperature. In a last step, microwave (Samsung) assisted tissue destruction was
performed to completely dissolve the entire tissue (Blust, 1988). The metal analysis was performed by
inductive coupled mass spectrometry (ICP-MS, Varian UltraMass 700, Australia). For quality control, blanks
and certified reference material were included and processed in the same way as the samples. As reference
material Codd muscle (BCR422; IRMM, Geel, Belgium) was used and recoveries were 90, 92 and 99 % for
respectively Cu, Cd and Zn. All metal concentration in the tissues are expressed on a dry weight basis (ug/g
dw). Besides the individual metal accumulation, a measure for total metal accumulation was calculated.
Therefore the measured metal concentrations in the tissue was corrected for the concentration of that metal
in the respective tissue of fish from the reference site. As such the toxic unit (TU:) of the respective tissues
could be calculated according to Equation 6 (Bervoets et al., 2005). In this case, the fish which remained in

the lab were taken as the control group in order to calculate the concentration ratios for each metal.

L o FaN
Izl ==
hY S

TUt ==

With Cj= tissue concentration of metal i in fish from site j,

Ci- = tissue concentration of metal i in fish from the control site

N = number of metals included to calculate the TUt

2.7.Statistics
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Data analysis was executed with the open source software R (version 3.4.0), and the graphs were made
with the package ggplot2 (Wickham, 2009). Normal distribution of the dataset was tested with the Shapiro-
Wilks test, while homogeneity of the variances was evaluated with Levene’s test. Parametric datasets were
analysed with a one-way ANOVA, followed by Tukey HSD as a post-hoc test. Non-parametric data was
further processed with a Kruskal-Wallis test and a Dunn test with Bonferroni adjusted p-values for pairwise
comparisons. The multiple linear regression analysis was performed with the package relaimpo (Grémping,

2006).

3. Results

3.1. Water parameters

The five field locations were all within the same range regarding the abiotic parameters pH and conductivity
(Table 2). The dissolved oxygen level at L4 was much higher compared to the other sites but it should be

noted that these data result only from one single measurement.

3.2.Metal accumulation

All transplanted fish survived the exposure period and could be used for analysis in the laboratory. The
median concentrations of Cu, Cd, and Zn measured in the gill tissue of the carps are shown in figure 2a. An
exposure-dependent difference in Cd accumulation was observed in the gill tissue of the fish caged at the 5
field locations (Figure 2a). The levels were up to 10 times higher in the sites close to the pollution source
(L1 and L2), compared to the samples from the laboratory and reference site, respectively; 1.20 + 0.07 pg/g
DW (L1) and 1.28 + 0.07 pg/g DW (L2) versus 0.12 + 0.01 DW (LAB) and 0.10 + 0.00 yg/g DW (Ref). The
fish at sites L3 and L4 accumulated low levels of Cd during the 7 weeks of field exposure, but the

concentrations were not statistically different from the laboratory control fish or reference site. The Cu and

10
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Zn content in the gills were within the same range for all groups and were characterized by more variation

within gill samples from the same location.

In general, the field exposed fish did accumulate more Cd, Cu and Zn in their livers than the carp which
remained in the lab (Figure 2b). The highest average Cd, Cu and Zn concentrations were measured
respectively at L3 (1.57 + 0.2 ug/g DW), L3 (72.6 £ 3.42 ug/g DW) and L2 (519 + 43.5 ug/g DW).
Significantly higher Cd concentrations were found in the fish liver from sites L1, L2, L3, L4 compared to the
laboratory control group, but not compared to the reference group. The livers of the carp exposed to the
water at the reference location accumulated approximately twice as much Cd as the fish from the lab, and
only slightly less than the fish transplanted downstream of the pollution source. Cu levels in the liver of field
exposed fish did all increase within the same range and up to seven times higher values were measured in
these samples compared to the laboratory control group. The difference was statistically significant for all
groups, except for the samples from L4. The average Zn content in the liver of the carp in the lab was 151 %
pg/g DW. A three-fold increase in Zn content was observed in the field exposed groups at location L2 and
L3. Surprisingly the fish at L1, the closest to the pollution source, accumulated lower levels of Zn than the
fish at L2 and L3, and the levels were not significantly higher than those observed in the fish from the lab or

reference site.

The toxic units, as a measure for total metal accumulation compared to the non-exposed laboratory group,
indicated an exposure to much higher metal concentrations at site L1 and L2 compared to the three other
field locations (Figure 3). However, this was only observed for the gill samples, with significantly higher TU;
at L1 and L2 in compared to the fish transplanted at L4 and the reference site. The toxic units associated
with the liver samples did not reflect the same differences in metal exposure among the field sites and

showed a higher degree of variation within the 5 locations.
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3.3.Biochemical endpoints

3.3.1. Energy stores

The energy budget of the fish was determined in both liver- and muscle samples. The energy stores in the
liver were clearly affected by the 7 weeks of field exposure (Figure 4a). The glycogen levels were
significantly lower at site L1 (28.4 + 5.73 ug/mg) and L3 (29.8 + 3.19 ug/mg) compared to the levels found in
the fish held in the laboratory (60.4 £ 4.62 ug/mg). Among the fish exposed in the field, only a significant
lower glycogen content was observed in the livers of the fish at L3 compared to the reference site (70.3 %
8.90 ug/mg). The lipid and protein stores in the livers of also followed the pollution gradient, with significantly
lower levels found in the fish caged at the two most polluted sites L1 and L2 when compared to the
laboratory control group. Regarding the lipid content there was a respective decrease of 53.7% (L1) and
36.9 % (L2), and the protein levels decreased with 62.3 % (L1) and 42.6 % (L2) compared to levels
measured in the control fish from the lab. The effect on the overall energy budget of the livers is also clearly
visible as all the fish exposed to the highest degree of pollution were characterised by a significant lower
energetic capacity; 2.0 kd/g (L1) and 3.3 kJ/g (L2) compared to the laboratory control group: 5.5 kJ/g.

The energy stores in the muscle tissue were also different among caged groups in the field, although not to
the same extend as the livers (Figure 4b). The glycogen levels were all suppressed in all the caged fish,
with significant decreases of 79%, 77%, 80%, 73% at L1, L2, L3 and L4 respectively. However, no
significant differences were observed in the lipid stores, nor between lab and transplanted groups and
neither among the caged groups. In comparison to the lab control group, the fish caged in the field were
also not characterised by a decrease in protein content of the muscles. Between the exposed groups 27%
and 30% lower protein contents were measured in the muscles of the L3 and L4 cage compared to the fish
caged at L2. This pattern was also reflected in the total energy budget of the muscle tissue, with significant
lower values found for the fish from L3 and L4 compared to the fish of L2.

The multiple linear regression analysis of all three metals together indicated a significant correlation

between the liver Cd and the glycogen stores (Table 4). The model explains 33% of the variation in the
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dataset and cadmium has the highest relative importance (565%) of all three metals. Significant correlations
between the gill Cd levels and the glycogen and lipid stores in the liver were also observed. Individually
these Cd levels have a relative importance of 94% and 93% in the model regarding the liver glycogen and
lipid stores respectively. 61% of the variation in the muscle glycogen stores is explained by the metal
content in the liver, but only for Cu a significant correlation was found. The Cd levels in the gills were also
significantly correlated with the measured glycogen and protein content of the muscle tissue and had a

relative importance of 89 and 60% respectively.

3.3.2. Metallothionein levels and Na*/K* ATPase activity

In general, lower metallothionein levels were measured in the liver samples of the control fish which
remained in the laboratory (Figure 5a). The highest liver MT levels were observed in the fish transplanted at
L1, with concentrations reaching up to 8.4 nmol per gram of tissue. The hepatic cells of the lab control group
had significantly lower MT levels (0.44 + 0.08 nmol/g), compared to the fish which were exposed to the
water at the L1, L2 and L3. Further, lower MT levels are seen at those sites far from and upstream of the
pollution source, in L4 and Ref respectively. The measured concentrations of the three metals in the liver
tissue explained 51% of the variation of the observed MT levels in a multiple regression model. However,
only the Cu content was significantly correlated with the dependent variable (Table 4).

No clear trend in Na*/K*-ATPase activity can be distinguished, neither among the field exposed groups, nor
between the lab and field groups (Figure 5b). The fish transplanted at L2 did show a higher average activity
(14.80 £ 3.92 pmol/mg*h) compared to the other groups (7.65 + 0.64 pmol/mg*h). Also, no significant
correlation was found between the accumulated metals in the gill tissue and the corresponding Na*/K*

ATPase activity (Table 4).

3.4.Physiological endpoints
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The two non-invasive fithess parameters; critical swimming speed and oxygen consumption rate (Table 3),
were not robust enough to discriminate groups according to different metal exposures in the field. The
average critical swimming speed of the carp of all groups ranged between 2.71 + 0.22 body lengths/s and
3.62 £ 0.19 body lengths/s, with a lot of variation among the individual fish within the treatment groups (up to
21%). There was a lower oxygen consumption of the fish which were caged at L2 (4.38 + 0.38 pmol
Oz/gram*h) compared to the lab-held fish (8.23 £ 1.13 umol Ox/gram*h), but not compared to the fish from
the reference site (4.71 £ 1.13 ymol Oz/gram*h). In general, this parameter also showed a lot of variation
among individual fish within groups (up to 63%). Neither the swimming speed, nor the oxygen consumption

was affected by the increased metal exposure at site L1.

3.5.0rganismal endpoints

The three parameters; condition factor, hepatosomatic index and weight loss (%) were measured as a proxy
for the overall health status of the fish after 7 weeks of exposure (Figure 6).

In general, the calculated condition factors (Figure 6a) follow a trend that corresponds to the pollution
gradient within the river, where the groups transplanted close to the pollution source are characterised by an
overall lower CF. Compared to the unexposed fish from the laboratory (2.13 + 0.03), the CF of the carp
which resided in the cages at L1 (1.74 £ 0.06) and L2 (1.78 + 0.04) was significantly lower.

The hepatosomatic index was less affected by the exposure conditions, with more similar indices among the
fish kept at different locations (Figure 6b). Nevertheless, a correlation between the HSI and the degree of
pollution can be seen when only the field exposed groups are considered. However, a significant higher HSI
was found for the fish caged at L1 compared to the fish from reference site (p = 0.01). The fish kept in the
lab were characterised by an average HSI of 2.13 + 0.1%, which was not significantly different from the fish
caged at the polluted locations, but was significantly higher than the HSI of the fish for the reference site.

The fish of the different groups were not significantly different in weight, but the fish from both L1 (0.33 +

14



337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

0.05g) and the laboratory control fish (0.34 + 0.02g) had a relatively large liver compared the small liver of
the fish at the reference site (0.24 + 0.02g).

An overall weight loss (WL) was observed for all fish which were caged in the field for 7 weeks (Figure 6c).
A negative trend in body weight evolution can be observed in function of the distance from the pollution
source. The decrease in body weight was the strongest for those fish from site L1 (-20.5 £ 16.5 %), which
was significantly lower than the fish kept at the reference site.

The three parameters CF, HSI and WL did correlate with the metal concentrations measured in the gill
tissue. Significant correlations were found for all three endpoints with the gill Cd levels and also a significant
effect of copper on the HSI was observed (Table 4). 47% of the variation in CF is explained by metal load of

all three metals together, where a relative importance of 76% can be attributed to the Cd levels in the gills.

4. Discussion

The observed Cd levels in the gill tissue did comply with the pre-existing knowledge of the environmental
contamination; higher levels close to the pollution source (L1 and L2) and decreasing levels further
downstream (L3 and L4) and upstream of the pollution source (Ref) (Bervoets et al., 2013). The liver Cd
levels did differ less between high- and low polluted locations. This suggests that the main route of uptake
was via the water. Additionally, it is possible that Cd reaching the liver is more efficiently being removed
from the body and/or redistributed to other tissues e.g. kidneys (Reynders et al., 2006).

A caging study conducted in 2006 in the same river reported accumulated Zn levels of up to 500 ug/g DW
and 2000 ug/g DW in the liver and gill tissue respectively (Reynders et al., 2008). The highest average Zn
level measured after this study was 519 + 43 pg/g DW and 1273 + 130 pg/g DW (L2) in the liver and gill
tissue respectively. Whether there is a significant decrease in bioavailable Zn levels in the river cannot be
confirmed. It should be noted that the former caging experiment was only conducted for 5 instead of 7

weeks, which suggest that our fish accumulated less zinc per day, at least in the qgills.
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In a lab experiment where adult common carps were exposed to 50 ug Cu/L, all copper levels in the gill
tissue increased up to 30 ug/g after 1 month of exposure. Moreover, unexposed fish had slightly higher gill
Cu concentrations (5 ug/g) compared to what we measured in our field exposed fish (2.49-2.93 ug/qg)
(Eyckmans et al., 2012). However, the latter experiment reports lower liver Cu levels following an exposure
period of 1 month (till 100 ug/g DW), whereas in the present study the average gill Cu reached much higher
concentrations (126-205 ug/g DW). These findings suggest that the diet was the main route of Cu exposure
rather than the river water.

The mode of internal handling of metals depends on the type of metal, but also interspecies differences
have been identified (CelechOvska and SvObOdOva, 2007; De Boeck et al., 2004). Literature data
suggests that accumulation of Cd in the liver tissue tends to reach much higher levels than in the gill tissue
(De Smet et al., 2001). A similar trend was clearly visible at the locations L3, L4 and Ref, with a respective
3.5, 4.0 and 10.6-fold higher Cd concentration in the liver samples than gill samples. Surprisingly, this
pattern was not reflected in the fish transplanted at the 2 most polluted sites, L1 and L2. The gill Cd levels
were also much higher at those sites, which led to smaller differences in Cd content between liver and gill.
Regarding the accumulation of Zn as a consequence of waterborne exposure Hattink et al., 2006 observed
higher levels of Zn in the gills compared to the liver tissue. The same was seen in this field exposure
scenario, with 2-3 fold higher levels of Zn measured in the gills compared to the livers.

High basal Cu concentrations in the liver tissue are to be expected due to the important metabolic role of in
this organ. The data from the lab control group (4 times more copper in the liver vs gills), and other
laboratory studies confirm this statement (De Boeck et al., 2003). The Cuive/Cugi ratio in the caged fish,
however, reached values of 22-27 and is a clear effect of the field exposure.

The strong decrease in muscle glycogen observed here corresponds to a study where carps were exposed
to sublethal concentrations of cadmium (Cicik and Engin, 2005). However, the muscle glycogen stores at
the polluted sites (L1-L4) decreased up to 80% and 65% of the values measured in the laboratory control
fish and fish at reference site respectively, whereas Cicik and Engin (2015) reported decreases of 29% only.
The overall decrease in liver lipid stores of the fish transplanted at the most polluted sites (L1 and L2) can
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be explained by an increased utilisation of triglycerides as a direct consequence of the Cd exposure
(Bervoets et al., 2009; Pierron et al., 2007). The absence of clear effects on the muscle lipid content
suggests that there was still enough food available and only the glycogen stores needed to be addressed to
accommodate with the energy requirement (Liew et al., 2012). Lastly, the protein stores of the fish caged at
L1 and L2 was slightly supressed in the liver tissue in comparison with the laboratory animals. Protein
catabolism would be very harmful for overall health of fish and is therefore only to be expected in case of
emergency e.g. long-term starvation (Baumgarner and Cooper, 2012; Shrivastava et al., 2017).

Apart from the effect of the metal exposure on the energy budget, food availability is another important
factor that could have affected the observed responses on the energy budget. The macroinvertebrate
community at the locations was studied concurrently for a master thesis and overall invertebrate
abundances were rather low within this river, but no obvious differences among the locations were found
(Epede et al., 2014). Although this suggests that the fish from different cages have been subjected to similar
circumstances in terms of food availability, we cannot rule out that limited food supply had an effect on the
energy stores of the fish at all locations.

Since the liver stores energy as glycogen, fat and protein molecules, it is expected that healthier fish
possess larger livers, and are therefore characterized by a higher hepatosomatic index. The HSI however
did not follow the trend in any of the storage molecules or the total energetic capacity of the liver. In other
studies researchers state that higher HSIs are a proxy for metal pollution, since exposure to increased metal
concentrations requires a higher detoxification capacity of the liver (Ozmen et al., 2006; Sanchez et al.,
2007). The latter argumentation might be more valid for the present study since the HSI follows the metal
pollution gradient in the river with the lowest value for the fish at the reference site. As mentioned above, the
low HSI of the latter group is mainly a consequence of the smaller livers of the fish caged at the reference
site.

The measured MT levels in this study were lower compared to the concentrations measured in in resident
roach, perch and gudgeon populations along the same pollution gradient (Bervoets et al., 2013).
Additionally, the latter study reported only a significant correlation of MT levels with the accumulated zinc in
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the liver tissue for all three species, whereas in the present study only liver Cu levels did significantly
correlate with the increased MT concentrations. In an experiment where common carp was exposed to 1 uM
of Cu?*, the accumulated copper in the liver was approximately 37 pg/g DW and corresponding MT
concentrations reached 30 nmol/g. Our carp, however, had nearly the double amount of copper in their
livers (72 ug/g), but MT levels remained below 4 nmol/g) (De Boeck et al., 2003).

Oxygen consumption as a proxy for metabolic activity in fish is, though contested, widely applied in
experimental research (Nelson, 2016). De Boeck et al. (1995) observed a decreased oxygen consumption
immediately after the waterborne copper exposure but noticed a recovery further onwards in the experiment.
Likewise, the transplanted carp might have had the time to acclimatise to the high metal load in the water
which could explain why no differences in oxygen consumption among the field exposed groups were
observed.

In a study where brown trout (Salmo trutta) and lake whitefish (Coregonus clupeaformis) were exposed to
waterborne cadmium, a 31% and 38% reduction in swimming performances was seen respectively
(Beaumont et al., 1995; Cunningham and Mcgeer, 2016) while another study found an initial 48%, 31% and
13% reduction in swimming capacity for rainbow trout (Oncorhynchus mykiss), common carp (Cyprinus
carpio), and gibel carp (Carassius auratus gibelio) exposed to copper respectively (De Boeck et al., 2006).
However, the critical swimming speed of the fish in the present study was not affected by an increase in
metal exposure. Although the glycogen in the muscles was depleted after 7 weeks of exposure, it seems
that the muscle still contained enough energy to minimise the effect on the Ui Additionally, it is also
possible that the high natural variation in swimming performance among individual fish did mask the effect
of the metal exposure (Kolok, 2001).

A decrease of the condition factor is often observed in field studies on fish populations inhabiting metal
polluted environments (Cazenave et al., 2014; Levesque et al., 2003). In contrast to the study of Reynders
et al. (2007), the condition factor was now significantly correlated with the accumulated Cd, Cu and Zn in
both the liver and gill tissue but was the strongest for the cadmium in the gills (R> = 0.44, p < 0.001). The
observed weight loss of 15-20% corresponds to a previous study with caged common carp in the same river
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(Bervoets et al., 2009). However, as mentioned before the aspect of food availability can also be partially

responsible for this observation.

5. Conclusion

The historical pollution gradient present in the Scheppelijke- and Molse Nete was clearly reflected by the
accumulated Cd in the qill tissue of the caged common carp but no exposure effect on gill Cu and Zn levels
was observed. However, the livers of the field exposed fish did accumulate higher levels of all three metals
compared to the laboratory control group. The liver MT levels were also clearly affected by metal exposure
in the field, with higher concentrations measured in the fish exposed to the most polluted sites. Likewise, the
glycogen content in liver and muscle tissue was found to be a robust biochemical biomarker of exposure.
The lipid and protein stores were also affected, but only in the liver tissue of the fish. At the physiological
level, neither the oxygen consumption nor the critical swimming speed was influenced by the field exposure.
Further, a clear effect of pollution was observed on the overall condition factor of the fishes that were caged
in the field. We conclude that active biomonitoring using caged organisms can provide biologically relevant
information on environmental pollution and can be applied for a wide range of purposes i.e. regular

monitoring campaigns, risk assessment, remediation projects etc.
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