
N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Fa

cu
lty

 o
f N

at
ur

al
 S

ci
en

ce
s

D
ep

ar
tm

en
t o

f B
io

lo
gy

M
as

te
r’s

 th
es

is

Ailin Østerås

Accumulation of Gadolinium in
lumpfish (Cyclopterus lumpus)

Master’s thesis in BI3910 Ocean Resources - Ecosystems
Supervisor: Tomasz Maciej Ciesielski (NTNU)
Supervisor: Julia Farkas (SINTEF)
July 2023





Ailin Østerås

Accumulation of Gadolinium in
lumpfish (Cyclopterus lumpus)

Master’s thesis in BI3910 Ocean Resources - Ecosystems
Supervisor: Tomasz Maciej Ciesielski (NTNU)
Supervisor: Julia Farkas (SINTEF)
July 2023

Norwegian University of Science and Technology
Faculty of Natural Sciences
Department of Biology





V 

 

Abstract 

Rare earth elements (REE) are contaminants of emerging concern as anthropogenic 

enrichment in natural environments has been reported, yet the knowledge of potential effects 

is limited. Gadolinium (Gd) is one of the REEs and is mainly used in the medical field, as a 

contrast agent in magnetic resonance imaging (MRI). Elevated Gd concentrations have been 

found in waters around urban areas. However, knowledge about the potential toxicity and 

bioaccumulation of Gd in marine species is still limited. This study aimed to investigate 

bioaccumulation and organotropism of Gd in lumpfish (Cyclopterus lumpus). Organisms were 

exposed to (nominally) 1.3 µg/L (low) and 130 µg/L (high) of a chelated Gd in the form of a 

gadoliniumbased contrast agent (GBCA) and to GdCl3 as ionic/inorganic Gd. Exposures were 

performed as pulsed exposure, with a daily exposure duration of 2 hours in static conditions, 

for 10 days. Following the exposure period was a 10–day recovery period to investigate 

changes in organotropism and excretion rates of Gd. Following each period (exposure and 

recovery), sampling of gills, kidneys, livers, and brains was conducted, and Gd concentrations 

were analysed. Results showed the highest Gd accumulation in fish exposed to GdCl3 high, 

followed by GBCA high, considering all organs. Concentrations in organs were highest in 

gills, followed by kidneys, then livers, and least in brains. Results also indicated excretion of 

Gd during a period of recovery for all treatments and all organs, except for kidneys and brains 

of fish exposed to GdCl3 high, where recovered groups had higher concentrations of Gd than 

exposed groups. This indicates a change in organotropism of ionic Gd over time. Results of 

this study show that Gd is bioavailable to marine fish in both inorganic and organic forms, 

highlighting that more research is needed to understand the effects of Gd on marine species.  
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Sammendrag 

Sjeldne jordarter, også kjent som rare earth elements (REE) er grunnstoffer som vekker 

økende bekymring som forurensningskilder. Økt menneskelig bruk av REE har ført til 

rapportering av økte REE konsentrasjoner i naturen, mens kunnskapen om mulige effekter og 

toksisitet er begrenset. Gadolinium (Gd) er en REE, og benyttes hovedsakelig som 

kontrastmiddel i magnetresonansundersøkelser. Økte konsentrasjoner av Gd har blitt 

rapportert i flere urbane områder. Kunnskap om mulig toksisitet og bioakkumulering av Gd i 

marine arter er svært begrenset. Formålet med denne studien var å undersøke 

bioakkumulering, og mulige forskjeller i akkumulering, i ulike organer hos rognkjeks 

(Cyclopterus lumpus). Organismene ble eksponert for 1.3 µg/L (lav) og 130 µg/L (høy) av Gd 

i en uorganisk forbindelse (GdCl3) og som en organisk forbindelse i form av en Gadolinium–

basert kontrastvæske (GBCA). Eksponeringene ble gjennomført over en periode på 10 dager, 

med daglige eksponeringsintervaller på 2 timer under statiske forhold. Eksponeringsperioden 

ble etterfulgt av en restitusjonsperiode, for å undersøke endring av konsentrasjoner og 

utskillelse av organisk og uorganisk Gd. Prøvetaking ble gjennomført etter hver 10–dagers 

periode, hvor gjeller, lever, nyrer og hjerner ble tatt ut av organismene for å analysere Gd–

konsentrasjonene. Resultatene viste høyest grad av Gd akkumulering i fisk som ble eksponert 

for høy konsentrasjon av GdCl3, etterfulgt av høy konsentrasjon av GBCA, i alle organene. 

Konsentrasjoner av Gd var høyest i gjeller, etterfulgt av nyrer, så lever, og til slutt hjernen. 

Resultatene indikerer også utskillelse av Gd under restitusjonsperioden for alle eksponeringer 

og organer, med unntak i nyrer og hjernen til fisk som ble eksponert for GdCl3 høy. Disse 

fiskene hadde høyere Gd– konsentrasjoner i nyrene og hjernen etter restitusjonsperioden, som 

indikerer endringer i bioakkumulering og organfordeling av uorganisk Gd over tid. Funnene i 

denne studien viser at både uorganisk og organisk form av Gd er biologisk tilgjengelig for 

marine fisker, samt understreker nødvendigheten av mer forskning for å forstå effekter av Gd 

på marine arter.  
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1 Introduction 
Gadolinium (Gd), together with the 14 other lanthanide elements (La, Ce, Pr, Nd, Pm, Sm, Eu, 

Tb, Dy, Ho, Er, Tm, Yb and Lu) and yttrium (Y) comprise the group of rare earth elements 

(REY). Despite their name, these elements are amongst the 15 most abundant elements in the 

crust of the earth (EPA, 2012). Due to the physiochemical properties of REY, these elements 

are applied in a variety of industries (Piarulli et al., 2021; Squadrone, Brizio, Stella, Mantia, et 

al., 2019a), and are considered as “technology critical elements” and raw materials of high 

strategic importance (Keersemaker, 2020; Piarulli et al., 2021; Squadrone et al., 2019). 

Industries utilizing REY include industries producing electronic products, renewable energy 

technology, the metallurgical–, automotive–, and nuclear industries (Charalampides et al., 

2015; Garcia-Solsona et al., 2014; Guimarães et al., 2016; Ramos et al., 2016). REY are further 

abundant in raw materials used in fertiliser production and animal feed (He & Rambeck, 2000; 

Henderson, 1984; Krebs Greenwood & Bracken, 1999; Tommasi et al., 2021; Wen et al., 2001). 

The application of REY has resulted in increased production and use of REY throughout the 

last decades (Zhou et al., 2017). Global demand for REY increased from approximately 75500 

tonnes (t) in 2000 to 123100 t in 2016, with estimations suggesting that the demand will increase 

with a further 40% by 2030 (Services, 2013). The increased anthropogenic release of REYs to 

the environment has resulted in concerns of contamination (Gwenzi et al., 2018; Squadrone, 

Brizio, Stella, Mantia, et al., 2019a). Recent research reported anthropogenically derived REY 

concentrations in various environmental matrices to be magnitudes higher than natural 

geochemical background levels (Bau et al., 2006; Cao et al., 2000). 

Gadolinium is one of the REYs and is used in the medical field, as Gd–based contrast agents 

(GBCA) for magnetic resonance imaging (MRI–scans) (Trapasso et al., 2021). GBCAs are used 

in relatively large quantities, with an estimated 50 metric t being administered annually 

worldwide (Brünjes & Hofmann, 2020; Wahsner et al., 2019). As GBCAs are not removed in 

wastewater treatment plants (WWTP), they enter the marine environment through rivers and 

wastewater outlets (Bau et al., 1997; Bau & Dulski, 1996; Ebrahimi & Barbieri, 2019; Farkas 

et al., 2020; Hissler et al., 2016; Klaver et al., 2014; Kulaksiz & Bau, 2013; Kulaksız & Bau, 

2011; Kümmerer & Helmers, 2000; Lawrence et al., 2009; Lerat–Hardy et al., 2019; Song et 

al., 2017), causing them to be of emerging concern as it has been suggested that these are highly 

bioavailable and stable in the environment (Kulaksiz & Bau, 2013; Liang et al., 2014; Piarulli 

et al., 2021; Tyler, 2004). A significant increase in anthropogenic Gd concentrations has already 
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been reported near densely populated areas with a highly developed healthcare system in 

industrialized countries (Hatje et al., 2016; Kulaksiz & Bau, 2007; Nozaki et al., 2000).   

Due to the toxic properties of Gd3+ (ionic Gd), Gd is chelated with ligands such as DOTA 

(1,4,7,10–tetraazacyclododecane–1,4,7,10–tetraacetic acid), when applied in MRI–scans, 

which significantly reduces the toxicity of Gd3+ as a contrast agent (GBCA). GCBAs are not 

metabolized and are secreted through urine within a short time following administration 

(Caravan et al., 1999; Rogowska et al., 2018; Trapasso et al., 2021; van der Molen & Bellin, 

2008). However, the DOTA coating might break down over time after entering marine 

ecosystems, releasing the ionic Gd (Hanana et al., 2017; Henriques et al., 2019).  

There is still limited knowledge of Gd bioaccumulation and potential toxicological mechanisms 

in aquatic organisms, and little is known about the internal distribution of Gd in marine biota 

(Lortholarie et al., 2021; Malhotra et al., 2020). Studies have quantified Gd and other REY, and 

found levels above natural background in benthic invertebrates, crustaceans, bivalves, 

echinoderms, macroalgae, fish and birds, causing concern regarding bioaccumulation and 

potential toxic effects (Bau et al., 2010; Espejo et al., 2023; Fu et al., 2000; Li et al., 2015; 

Lortholarie et al., 2021; MacMillan et al., 2017; Mashitah et al., 2012; Ponnurangam et al., 

2016; Qiang et al., 1994; Reindl et al., 2021; Squadrone, Brizio, Stella, Favaro, et al., 2019; 

Squadrone, Brizio, Stella, Mantia, et al., 2019b, 2019a; Squadrone et al., 2017, 2020a; Wang et 

al., 2019; Yang et al., 2016). Organisms at lower trophic levels and benthic organisms seem to 

generally exhibit higher Gd concentrations, suggesting that species feeding near sediment and 

filter feeders have a higher intake of Gd and other REY (Bau et al., 2010; Piarulli et al., 2021; 

Ponnurangam et al., 2016; Squadrone, Brizio, Stella, Mantia, et al., 2019a; Squadrone et al., 

2020a). Higher trophic organisms may have more effective metabolic mechanisms facilitating 

metal regulation (Liu et al., 2019) and therefore have a higher capacity to excrete Gd at higher 

rates compared to species at lower trophic levels (Piarulli et al., 2021; Squadrone, Brizio, Stella, 

Mantia, et al., 2019a).  

Studies so far focus mainly on ionic Gd, and less is known about the effects and bioavailability 

of GBCAs in marine environments (Davies et al., 2022; Gulani et al., 2017; Parant et al., 2019; 

Pasquini et al., 2018). Impacts of ionic Gd such as decreased survival, growth rates and 

decreased reproduction have already been reported, as well as alterations of cardiac and neural 

activity and embryonic development in freshwater zooplankton, echinoderms, and fish (Blaise 

et al., 2018; Cui et al., 2012; Dubé et al., 2019; Lürling & Tolman, 2010; Zhao et al., 2021) 

(Lortholarie et al., 2021). Exposure studies (28 days) at concentrations above 120 μg/L resulted 
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in the accumulation of 2.5±0.50 μg/g in Mediterranean mussels (Mytilus galloprovincialis), as 

well as impairment of processes involved in physiological performance and reproduction 

(Freitas et al., 2020; Henriques et al., 2019). Ionic Gd has also shown to inhibit cellular 

homeostasis and interfere with ionic calcium (Ca2+) pathways in mussels (Mytilus 

galloprovincialis) (Henriques et al., 2019). A study conducted by Lortholaire et al., 2021, on 

wild European eels (Anguilla anguilla) from the Loire estuary showed Gd accumulation above 

background levels, with highest accumulation of Gd in gills (126.90±50.78 μg/kg dw) and liver  

(181.78±62.04 μg/kg dw for males; 203.79±111.86 μg/kg dw for female) (Lortholarie et al., 

2021).  

Hanana et al. (2017) conducted a comparison study between GdCl3 and Omniscan (GBCA) 

exposure on adult zebra mussels (Dreissena polymorpha) at different concentrations for 28 days 

that showed a significant increase of Gd dependent on the exposure dose and type. There was 

a significant accumulation of Gd in the soft tissue of the mussels following GdCl3 exposure, 

but only a small amount of Gd was accumulated in mussels exposed to Omniscan (Hanana et 

al., 2017). Due to a strong complexation between Gd and the diethylenetriaminepentaacetate 

ligand, the organic molecule might not dissociate significantly to liberate Gd3+, causing a lower 

degree of bioaccumulation (Ghio et al., 2011). Low detection of free Gd3+ following Omniscan 

exposure indicates some breakdown of the Gd chelate in tissues, or Gd3+ displacement from the 

ligand by other metals (Mann, 1993). Therefore, exposures to inorganic and chelated forms 

(organic) of Gd might result in different organotropisms.   

Aim of this study 

The overall aim of this work was to study Gd uptake, depletion, and organotropism in lumpfish 

(Cyclopterus lumpus). We further wanted to compare the bioavailability of Gd in the form of 

GdCl3 and Gd as medical contrast agent (GBCA) and the rates at which Gd accumulates in soft 

tissues and is subsequently eliminated.   

In this study, we hypothesized that inorganic Gd (GdCl3) would exhibit higher bioavailability 

compared to GBCA, primarily due to the dissociation of GdCl3 and further transport of Gd3+ 

across ion channels. GBCA also contains DOTA coating, potentially impairing the release of 

Gd3+, and thus reducing bioavailability and accumulation. As a result, we anticipated a higher 

rate of GdCl3 accumulation, while expecting significantly lower accumulation of GBCA, 

regardless of concentration. Based on existing literature, concentrations were expected to be 

highest in gills, followed by livers, kidneys, and with brains exhibiting the lowest accumulation.  
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Additionally, we hypothesized that there would be differences between exposed and recovered 

groups, with Gd excretion in all organs expected to occur during the recovery period. 
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2 Materials and methods 

2.1 Experimental design: a short overview 

Lumpfish (Cyclopterus lumpus) was chosen as the test organism in this study, a commercial 

and ecologically important species in Norway. All individuals used in the experiment were 

first–year juveniles obtained from a hatchery, weighing between 190–400 grams (g) (average 

weight of 250 g) at the start of the experiment. To reach the target weight and acclimatize fish, 

the fish were kept in house for several weeks (see section 2.2). A visual representation of the 

experiment is shown in Figure 1. The experiment can be divided into two main periods; the 

exposure period (explained further in section 2.3.2) and the recovery period (explained further 

in section 2.3.3)  Sampling was conducted twice, after the exposure period and the recovery 

period, followed by elemental analysis of Gd in the brain, liver, kidneys, and gills. These 

analyses are further explained in sections 2.4 and 2.5.  
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Figure 1. Visual representation of the experimental setup for this study, where lumpfish (Cyclopterus lumpus) was exposed to Gd.
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2.2 Rearing period 

In order to obtain fish with a large enough organ size (weight) for the determination of Gd in 

the target tissues, the fish were kept for a growth period of 82 days, in which the fish increased 

from an average of 54.6 g to an average of 250 g body weight. The fish were held in a room in 

2 (later 3) tanks with a volume of 400 L and a water flow of approximately 350 L/min. The fish 

were kept in natural seawater from Trondheimsfjorden, pumped up from 40–90 m depth.  

Feeding of the fish was conducted automatically 6 times a day, with fed amounts of 

approximately 1.25% of biomass per day, which were adjusted over time based on estimated 

and measured biomass growth in the tanks. Cleaning was conducted daily, during which feed 

and fecal matter accumulated at the tank outlet was flushed out, and larger particles and faces 

were removed using a fish hand net and a manual vacuum siphon tube. During the cleaning, the 

fish was also checked for development of cataract, and fish with signs of this disease were 

removed as test subjects.  

Tagging of fish was conducted on day 68 to have control over the growth of each fish during 

the experiment. Tagging on day 68 was combined with measurements of the length and weight 

of each fish. Ethyl–3–aminobenzoate (MS222, 100 mg/L, CAS nr. 886–86–2) purchased from 

Sigma–Aldrich, was used as an anaesthetic for the fish during tagging to reduce stress. The fish 

were left in the MS222 solution for approximately 30 seconds–1 minute. Thereafter, the 

response of the fish was checked to see if they were fully sedated. When the fish did not respond 

to touch, the fish were tagged with an identification number, and then weighed and their length 

was measured. After tagging, the feeding was turned off for 2 days to the reduce risk of infection 

in the wound.  

2.3 Experimental procedure  

2.3.1 Experimental preparation 

A total of 118 fish were assigned to size classes and then randomly assigned to tanks (n=18 per 

treatment, n=9 per group) and tanks (n=6 fish per tank), so the average biomass in each tank 

was 1103.5±8.4 g.   

Water supply during the experiment was from Trondheimsfjorden, the water was filtered 

through sand filters before entering the fish tanks. Water parameters were continuously 

measured, and no anomalies were detected. Prior to the exposure period, 6 fish were moved 

into a tank in the exposure room as a test to monitor their reaction and reduce stressors when 

moving the other fish, no behavioural abnormalities and signs of distress was observed. A test 
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of water flow stop in the tanks with the 6 fish was also conducted, to determine the length of 

the water stop during the exposure period. The water was stopped for a total of 2 hours, and 

measurements of salinity, dissolved oxygen (DO%), water temperature and dissolved 

ammonium (NH4, mg/L) were conducted at the start and every 30 minutes throughout the water 

pumping pause. No change in salinity and water temperature was measured, but minor changes 

in dissolved oxygen and NH4 were measured. Measured values can be found in the appendix, 

section A1, table A.1.1.  

The chemical parameters of the water used for the rest of the experiment were as follows: 

salinity was between 34.77‰–34.9‰, with an average of 3.83‰±0.093‰. Dissolved oxygen 

had values ranging between 88%–90%, with an average of 87.8%±2.6%. Temperature had a 

range between 6.8 °C–7.5 °C, with an average of 7.1 °C±0.27 °C. All water measurements are 

shown in appendix, section A1, tables A.1.2–Table A.1.4.  

For acclimatization, the fish were moved to the exposure tanks 4 days prior to exposure start. 

During the moving, the fish were weighed, and their length was measured before being put in 

the tank corresponding to their tag number.  

The exposure setup consisted of 18 tanks with a total volume of 90 L that were filled with 80 

L, with a water flowthrough of 0.5 L/min (720 L/day) so that the total water volume was 

replaced in 2 hours and 40 min. The 18 tanks were divided into treatments: CTRL, DOTA, 

GBCA low, GBCA high, GdCl3 low, and GdCl3 high (n=3 tanks per treatment).  

Feeding was conducted manually, where ~6 g of fish feed was given to each tank at 08:00 and 

16.00. Feeding time was 45 minutes per timepoint, and was followed by manual cleaning, using 

a siphon tube, to remove larger particles, faeces, and leftover fish food. Tissue paper was used 

to clean the edges of the tanks and around the drainage holes to avoid build–up of organic 

materials and formation of biofilm. Equipment was thoroughly rinsed in warm water and salt 

water between each treatment group to avoid cross–contamination.  

2.3.2 Exposure period  

Exposure was conducted over a period of 10 days and was followed by sampling (further 

explained in section 2.3.5). Exposure was conducted for 2 hours each day and occurred at the 

same time interval each day (11:00–13:00), with a stop of water flow during this period. 

Exposure solutions were prepared from stock solutions and seawater from the exposure room 

in 1 L bottles rinsed with HNO3 (1M) ultrapure grade, purified from HNO3 [AnalaR  

NORMAPUR®, VWR].  
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DOTA (1,4,7,10–tetraazacyclododecane–1,4,7,10–tetraacetic acid, ≥97.0% purity, CAS nr.  

60239–18–1) was purchased from Sigma–Aldrich and was included as a background control.  

This solution was used to make a stock solution (65.2 mg/mL in purified water, MilliQ; 18.2 

MΩ), which was further used to make the DOTA exposure solutions (387 µg/L) to ensure 

similar DOTA concentrations in the DOTA treatment and GBCA treatments. GBCA high and 

low exposure solutions were made using a solution of GBCA chelated with DOTA (Gadoteric 

acid containing Gd: 78.6 mg/mL and DOTA: 202.46 mg/mL, pharmaceutical contrast agent 

formulation). GdCl3 high and low exposure solutions were made from a solution of 

Gadolinium(III)chlorine hexahydrate (GdCl3×6H2O, CAS nr. 13450–84–5), purchased from 

Sigma–Aldrich.  

Fish were exposed in 80 L tanks, nominal target concentrations of Gd were: 1.5 µg/L (low 

exposure), and 150 µg/L (high exposure) for both GdCl3 and GBCA treatments. Concentrations 

in this study were selected to investigate the movement of Gd between organs (high) and to 

reflect Gd concentrations found in marine environments (low). Measured exposure 

concentrations of Gd for each treatment are given in section 3.1. After stopping the water flow, 

exposure solutions were added to their respective tanks.  

2.3.3 Recovery period   

The exposure period and sampling 1 were followed by a recovery period of 10 days without 

any exposure (and without any stops of water flow), to investigate the potential excretion and/or 

movement of Gd within the organs of the organism. Feeding and cleaning routines, as well as 

water parameters were kept identical to the procedure during the exposure period (see section 

2.3.1). The recovery period was followed by a final sampling (sampling 2, see Figure 1).  

2.3.3 Recovery period  

The exposure period and sampling 1 were followed by a recovery period of 10 days without 

any exposure (and without any stops of water flow), to investigate the potential excretion and/or 

movement of Gd within the organs of the organism. Feeding and cleaning routines, as well as 

water parameters were kept identical to the procedure during the exposure period (see section 

2.3.1 Experimental preparation). The recovery period was followed by a final sampling 

(sampling 2, see Figure 1). 
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2.3.4 Water sampling  

Throughout the experiment, filtered and unfiltered water samples from each tank were taken to 

measure the Gd exposure concentrations.  The water samples were taken on exposure day 2 and 

6 from all tanks at different timepoints; before exposure, at the start of the exposure (straight 

after adding exposure solutions), at the end of the exposure (before opening the water flow), 

after the exposure (after opening the water flow), after 1.5 hours and after 3 hours. A total 

volume of 10 mL was taken from the water column and stored in 10 mL vials. Filtered samples 

were taken using a syringe and then filtered through a polyethersulfone syringe filter 

(AVANTOR, 0.45 µm). Unfiltered samples were only taken from one tank per treatment on 

day 2 and 6, not all tanks. All samples were preserved using 3 drops of ultrapure HNO3 (65% 

v/v).  

2.3.5 Organ sampling 

Sampling was conducted after the 10 days of exposure (n=9 fish per treatment, total of 59 fish) 

and after the 10 days of recovery (n=9 fish per exposure, total of 59 fish).  

Before sampling, the fish were euthanized by keeping them for approximately 2 minutes in 

MS222 (500 mg/L). The fish were removed from the MS222 solution when they were 

unresponsive to touch and a blow to the head was applied to ensure unconsciousness. The gills 

were then severed to ensure death.  Blood samples were then collected, and the fish were 

weighed, and their length was measured. Subsequently, samples of brains (n=6 per treatment, 

n=3 each for the exposed group and the recovered group), gills, livers, and kidneys were taken 

out (n=18 per treatment, n=9 each for exposed groups and recovered groups) and put into plastic 

bags, and frozen to -18 °C. The fish and organs were kept on ice throughout the entire 

procedure. During sampling, all equipment and surfaces were rinsed in ethanol (EtOH; C2H6O, 

70%), and purified water (MilliQ) and disposable equipment was changed between each 

dissection. All samples were stored at -18 °C until further processing.  

2.4 Element analysis 

After thawing, the organs were cut and divided into smaller pieces with a titanium grade 2 knife, 

previously cleaned in HNO3 (1 M) overnight and purified water (MilliQ). The cutting board 

was protected with plastic (food–grade) foil. Subsequently, all fish samples were freeze–dried 

and the water content in each sample was calculated.  

Fish samples (n=40 for brains, n=118 for livers, kidneys, and gills) were microwave digested 

using a high–pressure microwave system (Milestone UltraClave, EMLS, Leutkirch, Germany). 
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Polytetrafluoroethylene (Teflon®) vials used for the digestion were soaked with ultrapure HNO3 

(50% v/v) in a sub–boiling distillation system, Milestone, SubPur, Sorisole, BG, Italy) for at 

least 12 hours prior to digestion. Samples were digested in ultrapure HNO3 (50% v/v), using a 

temperature profile with a maximum temperature of 245 °C at 110 bar for 2.5 h. After digestion, 

all samples were diluted 10 times with ultrapure water (0.055 μs, Purelab® Chorus 1, ELGA 

Labwaters, UK). Determination of Gd was performed by inductively coupled plasma–mass 

spectrometry (Agilent–8800 ICP–MS Triple Quad, USA). Certified reference materials 

(BCR®–668, mussel tissue, Institute for Reference Materials and Measurements (Geel), 

European Commission, Directorate General, Joint Research Centre) and reference material 

(INCT–OBTL–5, Oriental Basma Tobacco Leaves from the Instytut Chemii i Techniki 

Jądrowej, Laboratory of Nuclear Analytical Methods), and blanks were processed during each 

analytical batch to verify the performance of the methods. Brains from fish exposed to DOTA, 

GBCA low and GdCl3 low were not analysed using ICP-MS, and are therefore excluded from 

this study due to preliminary test measurements indicating no detection of Gd in brains for these 

treatments. 

Filtered water samples were diluted 10 times using ultrapure water (ELGA) then 3 drops of 

concentrated ultrapure HNO3 (65% v/v) were added to all samples. For the unfiltered water 

samples, 4 mL of the sample was transferred to a digestion vial, and 2 mL of ultrapure HNO3 

(50% v/v) was added. The digestion steps for the unfiltered water samples and blanks were 

identical to the ones applied to the fish organs. After digestion, samples were diluted to 50 mL 

using ultrapure water (ELGA). Determination of Gd presence was performed by Inductively 

Coupled Plasma–Mass Spectrometry (Agilent–8800 ICP–MS Triple Quad, USA).  

2.5 Statistical analyses 

Microsoft Excel (Office 365) was used to perform basic statistical analysis.  

Organ–specific bioconcentration factors (BCF) were calculated using the average Gd 

concentrations in the different organs of lumpfish, and the average Gd exposure over 24 hours 

for each treatment, based on the average Gd concentration at the start of the experiment (highest 

exposure concentration). The average Gd exposure over 24 hours was calculated by integrating 

the concentration decrease over time (% decrease in 24 hours) based on tank volume and flow 

(dilution). The area under the obtained curve was then calculated and used to further obtain the 

average % exposure over 24 hours.   
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Factors were calculated between each treatment group for all organs using the average measured 

concentration of Gd in each treatment group (GdCl3 low/high and GBCA low/high) and 

dividing it by CTRL for the same treatment group (CTRL was used as a reference).   

Limits of detection (LOD) were calculated, based on measured Gd values in blank samples and 

detection limit values calculated from the ICP–MS machine. The highest value of LOD was 

used to determine the validity of the measured values for each individual sample.  In addition, 

if the relative standard deviation (RSD) of 3 subsequent scans of m/z signal intensity was high 

RSD (> 20), the results were considered uncertain, and treated as below LOD.  

In the case where the value of Gd concentration for a specific sample was below the limit of 

detection, the concentration of the element in question was set to be half of the detection limit 

(LOD/2) for further statistical analysis. Sample exposure groups containing >50% of values 

below LOD were removed from further statistical analysis. An exception was CTRL E+R for 

brains, where all 6 data points are based on LOD/2 to get a reference for comparing treatments 

in the brains. Treatment groups excluded from further statistical analysis due to high uncertainty 

of measured Gd concentrations were CTRL R in gills, DOTA R in gills, CTRL E in livers, 

DOTA E in livers, and DOTA R in livers (also shown in Table 2). 

RStudio was used to perform further data analyses (R studio v. 0.99.903, R core Team, 2016). 

Homogeneity was checked using Q–Q plots from ANOVA. The normality was checked using 

the Shapiro–Wilk normality test. Bartlett’s test and Levene's test were used to evaluate the 

homogeneity of variances among treatment groups. However, since the data did not meet the 

assumptions for parametric statistics, non–parametric tests were employed. The Kruskal–Wallis 

one–way analysis of variance was used to compare the treatments, followed by multiple group 

comparisons using the Wilcoxon rank–sum test (also known as Mann–Whitney U test) with 

Bonferroni adjustment for p–values to control family–wise error rates. Additionally, the 

Spearman method was applied to assess the correlation between weight, length and Gd 

accumulation.  
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3 Results  

3.1 Exposure concentrations 

Average exposure concentrations in the water during the 1–hour exposure were measured to be 

highest in GBCA high (131.43±5.36 μg/L), followed by GdCl3 high (127.7±1.77 μg/L), GBCA 

low (1.37±0.039 μg/L) and GdCl3 low (1.29±0.04 μg/L). Measurements of Gd concentration 

in DOTA (0.009±0.006 μg/L) and CTRL (0.022±0.047 μg/L) were both lowest. Gd 

concentrations determined for each treatment are presented in Figure 2. All values and standard 

errors are given in the appendix, section A2, Table A.2.  

  

 

Figure 2. Measured Gd exposure concentrations (μg/L) for the treatments CTRL, DOTA, GBCA low, 

GdCl3 low (A) GBCA high and GdCl3 high (B) based on average measurements of Gd concentrations 

on day 2 and day 6 at the timepoints: before exposure (before), start of exposure (start), end of exposure 

(end), after 1.5 hours (1.5h) and after 3 hours (3h). 
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3.2 Mortality 

There was no occurrence of mortality during the experiment in any of the exposure or recovery 

groups. 

 

3.3 Water content in organs 

Water contents in the organs of lumpfish were highest in the gills, followed by kidneys, livers, 

and lastly brains. An overview of average measured water contents in the different organs is 

given in Table 1.  

Table 1. The average percent of water content (%) in gills, kidneys, livers, and gills of lumpfish 

(Cyclopterus lumpus). 

Organ n Median Avg (%) SE Min Max 

       
Gills 107 86.1 85.9 2.4 72.9 92.6 

Kidneys 106 83.2 83.1 1.8 79.2 93.8 

Livers 108 50.9 50.8 4.9 37.8 85.2 

Brains 37 82.6 82.3 3.8 73.1 96.0 

       
n represents the number of samples 

 

3.4 Exposure uptake 

Element analyses showed that the accumulation of Gd varied between different treatments and 

between exposed and recovered groups from each treatment. The concentrations of Gd in 

organs of lumpfish (dry weight, dw) were highest in gills, followed by kidneys, livers, and lastly 

brains. An overview of the Gd concentrations in the different organs and for each treatment and 

exposed/recovered groups is given in Table 2.  

An overview over Gd accumulation in wet weight (ww) of kidneys, livers and brains can be 

found in the appendix, section A3, Table A.3.1.  
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Table 2. Concentrations of Gd (ng/g dry weight (dw)) in gills, kidneys, livers, and brains of lumpfish 

(Cyclopterus lumpus) for CTRL, DOTA, GBCA low, GBCA high, GdCl3 low and GdCl3 high and 

exposed and recovered groups (Gr) for each treatment. 

Organ Treatment Gr. n Median Average SE Min Max 

         
Gills CTRL E 9 2.012 2.741 2.429 0.007 6.093 

  R 9 - - - - <LOD 

 DOTA E 9 1.460 2.936 4.133 0.416 13.42 

  R 9 - - - - <LOD 

 GBCA low E 9 1.187 2.313 3.492 0.512 11.46 

  R 9 0.251 0.288 0.110 0.191 0.558 

 GBCA high E 9 7.979 10.61 4.083 6.436 17.38 

  R 9 3.037 3.013 0.423 2.436 3.789 

 GdCl3 low E 9 5.046 5.913 4.025 2.458 15.86 

  R 9 0.974 1.065 0.266 0.731 1.483 

 GdCl3 high E 9 1429 1468 669.9 593.0 2547 

    R 9 386.2 473.3 222.8 233.4 960.7 

         
Kidneys CTRL E 8 0.227 0.267 0.161 0.094 0.551 

  R 9 0.245 0.233 0.126 0.023 0.408 

 DOTA E 9 0.230 0.279 0.182 0.011 0.565 

  R 9 0.191 0.176 0.109 0.011 0.305 

 GBCA low E 9 0.222 0.391 0.485 0.084 1.732 

  R 9 0.154 0.226 0.271 0.004 0.879 

 GBCA high E 9 3.622 6.167 8.347 1.605 28.08 

  R 9 2,915 2,883 0,623 1,931 3,660 

 GdCl3 low E 9 0.841 0.856 0.338 0.319 1.481 

  R 9 0.674 0.684 0.340 0.010 1.121 

 GdCl3 high E 9 22.56 22.98 3.636 15.68 27.55 

    R 9 28.50 28.54 11.32 16.72 54.96 

         
Livers CTRL E 9 - - - - <LOD 

  R 9 0.003 0.021 0.032 0.003 0.094 

 DOTA E 9 - - - - <LOD 

  R 9 - - - - <LOD 

 GBCA low E 9 0.062 0.097 0.104 0.012 0.346 

  R 9 0.154 0.226 0.271 0.004 0.879 

 GBCA high E 9 1.038 1.396 1.184 0.503 4.221 

  R 9 0.886 0.929 0.308 0.399 1.478 

 GdCl3 low E 9 0.181 0.174 0.103 0.012 0.370 

  R 9 0.109 0.117 0.049 0.072 0.241 

 GdCl3 high E 9 5.516 6.050 2.673 2.123 10.03 

    R 9 3.982 4.208 1.596 2.580 8.092 

         
Brains CTRL E 3 0.252 0.264 0.114 0.156 0.383 

  R 3 0.157 0.161 0.015 0.149 0.178 

 GBCA high E 4 0.191 0.656 0.947 0.166 2.077 

  R 3 0.744 0.734 0.584 0.145 1.312 

 GdCl3 high E 3 1.136 0.905 0.804 0.010 1.569 

    R 3 3.019 2.210 1.821 0.124 3.487 

         
n represents the number of samples 
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3.5 Gd accumulation in gills 

In gills, average Gd concentrations (in ng/g dw) were highest in GdCl3 high, followed by GBCA 

high>GdCl3 low>GBCA low>DOTA=CTRL. Concentrations were reduced after a period of 

recovery for all treatments. Gd concentrations determined in the gills of each exposure group 

are given in Table 2 and Figure 3. 

Gd concentrations in gills for GdCl3 high exposed (E) were significantly higher compared to 

that in CTRL and DOTA (p=0.0027; p=0.0054, respectively), with measured concentrations 

being on average 535 times higher in GdCl3 high exposed (E) than in CTRL. In GdCl3 high 

recovered (R) Gd concentrations were 172 times higher than in CTRL. GdCl3 high (E+R) 

treatment had a significantly higher Gd concentration compared to all other treatments.  

Gd concentrations in gills for GBCA high E were also significantly higher compared to DOTA 

and CTRL (p=0.0027; p=0.0054, respectively), with measured concentrations being on average 

4 times higher than CTRL.   

Comparing exposed and recovered groups within each treatment, concentrations of Gd were 

significantly lower after the 10–day recovery, compared to concentrations found in the gills of 

fish in the exposed groups for the treatments GdCl3 high (p=0.0326), GdCl3 low (p=0.0027) 

and GBCA high (p=0.0027). There was no significant difference (p>0.05) between CTRL, 

DOTA, and GBCA low.  

A full overview of all p–values can be found in appendix, section A4, Table A.4.1. An overview 

of factors can be found in the appendix, section A5, Table A.5.1.  

 

  



31 

 

 

Figure 3. Gd concentrations (ng/g dw) in gills of CTRL, DOTA, GBCA low, GBCA high, GdCl3 low 

(A) and GdCl3 high (B) and the exposed (E, white) and recovered (R, grey) groups from each treatment 

(n=9 for exposed and n=9 for recovered groups). The line in each box represents the median, the circle 

represents the average concentrations, and the vertical whiskers with horizontal stop–lines are standard 

error bars, the vertical whiskers without horizontal stop–lines indicate the spread of the data points. 

Outliers are shown as dots. 
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3.6 Gd accumulation in kidneys 

In kidneys, average Gd concentrations (in ng/g dw) were highest in GdCl3 high>GBCA high> 

GdCl3 low>GBCA low>DOTA=CTRL. Concentrations were reduced after a period of recovery 

for all treatments, except for GdCl3 high, where the recovered group had an increased average 

concentration compared to the exposed group. Gd concentrations determined in the kidneys of 

each exposure group are given in Table 2 and Figure 4. 

Gd concentrations in kidneys for GdCl3 high E were significantly higher compared to that in 

CTRL and DOTA (p=0.0027; p=0.0027, respectively), with measured concentrations being on 

average 92 times higher in GdCl3 high exposed (E) than in CTRL. In GdCl3 high R, 

concentrations were also significantly higher than those in CTRL and DOTA (p=0.0027; 

p=0.0054 respectively), with measured concentration being 114 times higher than in CTRL.   

Gd concentrations in kidneys for GBCA high E were significantly higher compared to DOTA 

and CTRL (p=0.0054; p=0.0054, respectively), with measured concentrations being 13 times 

higher than CTRL. GBCA high E treatment also had a significantly higher concentration of Gd 

than CTRL and DOTA (p=0.0054; p=0.0027 respectively), with the measured concentrations 

being 11 times higher than in CTRL.  

GdCl3 high (E+R) and GBCA high (E+R) treatments both had significantly higher Gd 

concentrations compared to all other treatments.  

There was also a significantly higher Gd concentration in GdCl3 low E compared to CTRL and  

DOTA (p=0.0190; p=0.0190 respectively), with concentrations being 3 times higher than 

CTRL.   

No significant differences (p>0.05) were found between CTRL, DOTA, and GBCA low or 

between recovered and exposed groups for each treatment. A full overview of all p–values can 

be found in the appendix, section A4, Table A.4.2. An overview of factors can be found in the 

appendix, section A5, Table A.5.1.  
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Figure 4. Gd concentrations (ng/g dw) in kidneys of CTRL, DOTA, GBCA low, GBCA high, GdCl3 

low (A) and GdCl3 high (B) and the exposed (E, white) and recovered (R, grey) groups from each 

treatment. n=17 for CTRL (n=8 for exposed and n=9 for recovered groups), n=18 for all other exposure 

treatments (n=9 for exposed and n=9 for recovered groups). The line in each box represents the median, 

the circle represents the average concentrations, and the vertical whiskers with horizontal stop–lines are 

standard error bars, the vertical whiskers without horizontal stop–lines indicate the spread of the data 

points. Outliers are shown as dots. 
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3.7 Gd accumulation in livers 

In livers, average Gd concentrations (in ng/g dw) were highest in GdCl3 high>GBCA high> 

GdCl3 low>GBCA low> CTRL. Concentrations were reduced after a period of recovery for all 

treatments. Gd concentrations determined in the livers of each exposure group are given in 

Table 2 and Figure 5.  

Gd concentrations in the livers for GdCl3 high exposed (E) were significantly higher compared 

to that in CTRL and DOTA (p=0.0027; p=0.0027, respectively), with measured concentrations 

being 179 times higher than CTRL. GdCl3 high recovered (R) also had significantly higher 

concentrations compared to CTRL and DOTA (p=0.0027; p=0.0027, respectively), with Gd 

concentrations 125 times higher than in CTRL.   

Gd concentrations in the livers for GBCA high E were significantly higher compared to DOTA 

and CTRL (p=0.0054; p=0.0054, respectively), with measured concentrations being 31 times 

higher than CTRL. A significant difference was also found for GBCA high R, where 

concentrations were significantly higher compared to that in CTRL and DOTA (p=0.0027; 

p=0.0027, respectively), and Gd concentrations were 28 times higher than in CTRL.  

GdCl3 high (E+R) and GBCA high (E+R) treatments both had significantly higher Gd 

concentrations compared to all other treatments.  

GdCl3 low E also had a significantly higher Gd concentration compared to CTRL (p=0.0326), 

with concentrations being 5 times higher than CTRL.   

No significant differences were found between CTRL and GBCA low, or between the recovered 

and exposed groups for each treatment. A full overview of all p–values can be found in the 

appendix, section A4, Table A.4.3. An overview of calculated factors for all treatments is found 

in the appendix, section A5, Table A.5.1.  
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Figure 5. Gd concentrations (ng/g dw) in the livers of CTRL, GBCA low, GBCA high, GdCl3 low (A) 

and GdCl3 high (B) and the exposed (E) and recovered (R) groups from each treatment (n=9 for exposed 

and n=9 for recovered groups). The line in each box represents the median, the circle represents the 

average concentrations, and the vertical whiskers with horizontal stop–lines are standard error bars, the 

vertical whiskers without horizontal stop–lines indicate the spread of the data points. Outliers are shown 

as dots. 
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3.8 Gd accumulation in brains 

In the brains, average Gd concentrations (in ng/g dw) were highest in GdCl3 high>GBCA 

high>CTRL. Gd concentrations determined in the brains of each exposure group are given in 

Table 2 and Figure 6.  Gd accumulation in GdCl3 high E was 10 times higher than CTRL, and 

GdCl3 high R was 4.3 times higher than CTRL. GBCA high was around 3 times higher than 

measured Gd values in CTRL, a full overview can be found in the appendix, section A5, Table 

A.5.1.  

Fish exposed to GBCA high and GdCl3 high seemed to have higher Gd concentrations in their 

brains after 10 days of recovery compared to exposed fish (Figure 6). However, no significant 

differences (p>0.05) were found for any of the treatments. An overview of p–values can be 

found in the appendix, section A4, Table A.4.4.  

 

Figure 6. Gd concentrations (ng/g dw) in the brains for CTRL, GBCA high and GdCl3 high and the 

exposed (E, white) and recovered (R, grey) groups from each treatment (n=4 for GBCA high E, for all 

other treatments; n=3 for recovered and n=3 for exposed). The horizontal line in each box represents the 

median, the circle represents the average concentration, and the vertical whiskers with horizontal stop–

lines are standard error bars, the vertical whiskers without horizontal stop–lines indicate the spread of 

the data points. Outliers are shown as dots. 
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3.9 Organ–specific bioconcentration factor 

Organ–specific bioconcentration factor (BCF) is highest for GdCl3 high (60.8) in gills, GdCl3 

low (3.49) in kidneys, GdCl3 low (0.71) in livers, and GdCl3 high (0.04) in brains. A full 

overview of BCF for each organ considering each treatment is given in Table 3.  

 

Table 3. Organ–specific BCF for each treatment during the experiment. The data is calculated based 

on average Gd concentrations in the different organs of lumpfish given in Table 2, and the average Gd 

exposure over 24 hours for each treatment, calculated from the Gd concentration at the start of the 

experiment (max concentration), given in the appendix, section A.2, Table A.2.1. 

Organ GdCl3 high GdCl3 low GBCA high GBCA low 

     
Gills 60.8 24.2 0.42 8.92 

Kidneys 0.95 3.49 0.25 1.51 

Livers 0.25 0.58 0.05 0.38 

Brains 0.04 0.71 0.03  

     
 

3.10 Correlations 

There was a slight negative correlation between fish weight and Gd concentration, where 

p=0.013 and Rho=-0.13, meaning a slight reduction in Gd concentration in organs with an 

increased weight of the fish.  

A full overview of all calculated correlations and results can be found in the appendix, section 

A6, Table A.6.1.  
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4 Discussion 
This study revealed a significant accumulation of Gd in organs of lumpfish (Cyclopterus 

lumpus) exposed to high concentrations of GBCA and GdCl3. In contrast, no significant Gd 

accumulation was observed in the gills and brains of fish exposed to low concentrations of Gd 

(GBCA low and GdCl3 low). Fish exposed to GdCl3 low exhibited a significantly higher Gd 

concentration in kidneys and livers. Gd concentrations in organs were generally highest in the 

gills, followed by kidneys and livers. The smallest concentrations were found in brains (Table 

2). Following a recovery period of 10 days, concentrations had decreased, indicating excretion 

during the recovery. An exception was found for the kidneys and brains of fish exposed to 

GdCl3 high, where concentrations increased post–recovery. 

In this study, we observed the following organotropism in lumpfish: 

gills>kidneys>livers>brains, both after the exposure and recovery period. Previous studies of 

bioaccumulation and organotropism of inorganic Gd in fish have revealed varying patterns 

depending on species and exposure concentrations. Lortholarie et al. (2021) measured REE 

accumulation in European eels (Anguilla anguilla), caught in the field, and found different 

organotropism based on life stage and gender. They observed the highest accumulation of Gd 

in gills (126.90±50.78 μg/kg dw) and livers (181.78±62.04 μg/kg dw for males; 203.79±111.86 

μg/kg dw for females). Qiang et al. (1994) exposed carp (Cyprinus carpio) to 0.50 mg/L Gd 

dissolved in water for 45 days and found a slightly different organotropism: internal organs 

(48.5 μg/g, wet weight (ww)) > gills (5.33 μg/g, ww) > skeleton (2.30 μg/g, ww) > muscles 

(1.50 μg/g, ww). Similarly, Cardon et al. (2020) conducted a study on rainbow trout 

(Oncorhynchus mykiss) exposed to different yttrium concentrations (86, 144, 240, and 400 

μg/L) through waterborne or food exposure. They reported the following organotropism: 

intestines (concentration not specified) > fish body (min–max: 12–243 μg Y/kg ww) > gills 

(44–143 μg Y/kg ww) > livers (11–61 μg Y/kg ww) > muscles (concentration not specified). 

However, it is important to consider that the species in the latter two studies are freshwater 

species, which may lead to differences in uptake pathways compared to marine species, such 

as lumpfish. Factors such as species, physiology, uptake and excretion pathways can contribute 

to these variations. For example, a study by Squadrone et al. (2020b) on Cuban lionfish (Pterois 

spp.), showed higher accumulation of waterborne ∑REEs in kidneys compared to liver, which 

is in agreement with our study.  

The results in this study further suggest that gills are among the main tissues for Gd 

accumulation, with the accumulation of inorganic Gd at high concentration being significantly 
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higher than all other treatment groups (Figure 3), and having the highest BCF (60.8). Similar to 

this study, previous studies have also identified gills among the organs with the highest REE 

bioaccumulation (Cardon et al., 2020; Lortholarie et al., 2021; Qiang et al., 1994). This can be 

attributed to the fact that gills are the primary route for metal uptake and bioaccumulation in 

fish due to their direct contact with water. Additionally, marine fish rely on gills as the primary 

absorption pathway for calcium (Ca) before it reaches the intestines (Baldisserotto, 2019; Flik 

et al., 1995). Consequently, this can enhance the uptake of Gd, as Gd3+ has a similar ionic radius 

as Ca2+ and can thus bind to Ca2+ transporters in cell membranes, acting as an agonist (Cui et 

al., 2012; Figueiredo et al., 2018; Martin & Richardson, 1979; Switzer, 1978). It is also worth 

noting that gills also serve as an important site for Ca excretion and ionic exchange, which can 

contribute to the excretion of Gd during a recovery period. Furthermore, the results obtained 

from this study demonstrate a significantly higher concentration of Gd in the gills of lumpfish 

exposed to the high concentration of inorganic Gd (1468±473.3 ng/g dw) compared to European 

eels (Anguilla anguilla) (126.90±50.78 ng/g dw) (Lortholarie et al., 2020). However, it is 

important to consider that the study on European eels was based on environmental 

concentrations of Gd in an estuary. Other factors such as physiological differences between 

these species should also be considered. In this study, no significant differences between CTRL 

and groups exposed to low concentrations of organic and inorganic Gd were found in the gills. 

This lack of difference can likely be attributed to the relatively low Gd concentrations in these 

treatment groups (close to detection limits), leading to an inevitable increase in the analytical 

uncertainty of measurements. As a result, no significant differences were found between CTRL, 

DOTA, GBCA low, and GdCl3 low, despite observing generally higher Gd concentrations in 

the gill tissues compared to all other organs.  

The significant Gd uptake we detected in the kidneys, followed by livers (Table 2), highlights 

the importance of the livers and kidney as xenobiotic transformation and excretion sites. Both 

organs exhibited significant accumulation of high exposure concentrations to inorganic Gd 

(22.98±3.636 ng/g dw in kidneys and 6.05±2.673 ng/g dw in livers), followed by high exposure 

to organic Gd (6.16±8.347 ng/g dw in kidneys and 1.396±1.184 ng/g dw in livers). We expected 

concentrations to be higher in the liver than kidneys prior to this study, however, the literature 

confirms this pattern of organotropism in Indo–Pacific lionfish (Pterois spp.), which is also a 

marine fish species (Squadrone et al., 2020b). The higher concentration in the kidneys can be 

attributed to their higher water content (Table 1) in comparison to the livers (83%; 50.8%, 

respectively). Kidneys also show higher BCF compared to livers for all treatments (Table 3). 
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Furthermore, kidneys serve as the primary site for divalent ionic excretion, including Ca (Flik 

et al., 1995). Therefore, the increased accumulation of Gd in the kidneys may also result from 

interaction with Ca pathways. On the other hand, livers may be more efficient in xenobiotic 

excretion, which could explain the lower accumulation rate of Gd compared to the kidneys. 

Both the kidneys and liver play vital roles in metal sequestration and elimination in fish, as 

these organs contain high amounts of metal–binding protein. The increased concentrations of 

Gd in these organs align with existing literature (Pannetier et al., 2016 Kumari & Swamy, 2023; 

Masresha et al., 2021; Olaifa et al., 2010; Squadrone et al., 2020b).  

High variability in the results from our study indicates some uncertainties regarding 

accumulation in the brain of lumpfish, which is related to the small sample size and thus low 

mass of tissue available for analyses. The relatively small size of the lumpfish brain may be an 

adaptation to conserve energy by minimizing unnecessary costs associated with maintaining a 

larger brain. Consequently, the measurement of Gd concentration in the brain is limited, as there 

is an increased risk of values falling below the detection limit. Despite the high standard error 

and lack of significant difference between treatments and groups, one cannot exclude the 

potential bioaccumulation of Gd in the brains, which could potentially be observed in brains 

with a larger mass.  

Differences were observed between the exposed and recovered groups in this study, suggesting 

Gd excretion from certain organs over time, particularly for low concentrations of both 

inorganic and organic Gd. These findings correlate with our expectations prior to the study. 

However, in the brains and kidneys of fish exposed to GdCl3 high, higher average Gd 

concentrations were observed in recovered groups compared to exposed groups 

(R=2.210±1.821 ng/g dw; E=0,905±0.805 ng/g dw in brains and R=28.54±11.32 ng/g dw; 

E=22.98±3.636 ng/g dw in kidneys). This change in concentration patterns might be attributed 

to the transport of Gd through the bloodstream, leading to the movement of Gd between organs 

and changes in organotropism. Previous research has shown that Gd tends to accumulate in 

tissues with increased concentrations of Ca2+, which are typically bones, blood, and the brain, 

where Ca2+ acts as signalling molecules (Flik et al., 1995). High amounts of Gd in the brain 

might therefore be explained by its affinity to Ca2+ binding sites. Similarly, the increase of Gd 

concentration in kidneys over time could be attributed to the organs’ filtration of blood, 

containing Gd transported from other organs. These patterns of accumulation require further 

investigation over an extended period and measurements of Gd concentrations in the blood to 

draw definitive conclusions.  
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The study also found differences in bioaccumulation of organic Gd (GBCA) and inorganic Gd 

(GdCl3), showing a significantly higher accumulation of high concentrations of inorganic Gd 

compared to organic Gd for all treatments, and in all organs. The higher accumulation of 

inorganic Gd compared to organic Gd aligns with our hypothesis and existing literature (Hanana 

et al., 2017). Results suggest that the chelating molecule DOTA, coating the Gd in GBCA acts 

as a protective barrier, reducing the bioaccumulation of GBCA. The GBCA molecule is also a 

larger molecule, potentially inhibiting the deployment of GBCA over the gills. As a result, 

ingestion of Gd from GBCA via fish drinking the water may cause accumulation in the kidneys 

before the liver due to ingestion pathways. The detection of Gd following exposure to GBCA 

may indicate that GBCA has a certain bioavailability, despite its coating. This is further 

supported by the elevated Gd concentrations in fish exposed to GBCA, found even after the 

recovery period, suggesting incomplete Gd excretion. Alternatively, it can indicate some 

breakdown of the Gd chelate in tissues or Gd3+ displacement from the ligands by other elements, 

as proposed by Mann (1993).  

Findings in this study are relevant considering natural exposures to anthropogenic Gd in marine 

environments. Previous studies have found concentrations of Gd ranging from 0.62–17.5 ng/L 

in the Arctic (Laptev Sea) (Laukert et al., 2017), and from 0.03–15.4 ng/L in coastal and open 

waters in Germany, Greece, and Spain (Bau et al., 1997; Cánovas et al., 2020; Paffrath et al., 

2020). The exposure to low concentrations of GBCA (1.37±0.039 μg/L) and GdCl3 (1.29±0.04 

μg/L) in this study are still considerably higher than concentrations found in the mentioned 

studies. Although no significant accumulation was found for exposure to organic and inorganic 

Gd at low concentrations in the gills and brains, exposure to low concentration of inorganic Gd 

caused significant accumulation in livers and kidneys. Additionally, the timeframe of this study 

should be considered, as the exposure lasted for 10 days. Continuous exposure to Gd in the 

marine environment may lead to accumulation despite low concentrations.  

Uptake, accumulation, and organotropism of metals such as Gd in aquatic organisms are 

influenced by various environmental parameters, including temperature, pH and physio– 

chemical characteristics, and bioavailability of Gd. Additionally, species–specific 

characteristics such as detoxification pathways, trophic level, feeding, absorption, gender, and 

life stages play significant roles (Lortholarie et al., 2020; Lortholarie et al., 2021). All these 

vary depending on the environmental conditions in which one studies and can change over time. 

Several of these factors were not accounted for during this study, highlighting the need for 

further investigation.  
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5 Future outlook 
Accumulation of organic and inorganic Gd was examined for brain, liver, kidney, and gill 

tissues during this study. Further investigations into the kinetic processes of internalization of 

Gd might be beneficial to better understand the underlying mechanisms and impacts of Gd 

accumulation and gain deeper insights into Gd organotropism in lumpfish. It might also be 

beneficial to investigate the accumulation of Gd in several other tissues, especially tissues 

containing higher amounts of Ca3+, such as bones, muscle tissue, and blood to increase the 

understanding and knowledge of how Gd accumulates and distributes after both exposure and 

recovery. Investigating Gd accumulation throughout the entire organism will also facilitate the 

calculation of BCF for the entire organism. Fish with a larger brain size would be beneficial to 

investigate, to collect data based on a higher brain mass for increased accuracy of the results. 

Gender differences in accumulation and accumulative patterns between organs have been 

investigated and found in fish, however, this was not accounted for during this experiment and 

might be relevant to include in future studies.  

Expanding the scope of research to include other marine species, particularly those inhabiting 

the bottom regions, would be valuable for future investigations. As Gd tends to accumulate at 

the ocean floor over time, studying species in close proximity to the bottom can provide 

valuable insights into the impacts of anthropogenic Gd enrichment on marine ecosystems. 

Additionally, examining species from various trophic levels can offer indications of potential 

biomagnification within marine food webs.  

Considering the current limited knowledge regarding the effects of Gd, it is important to adopt 

a comprehensive approach that investigates the potential relationships between Gd and its 

anthropogenic uses. This broader perspective will enhance our understanding of the ecological 

implications of Gd and contribute to knowledge–based decision–making regarding its usage.  
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6 Conclusion 
In the present study, Gd was quantified in the brain, kidney, liver, and gill tissues of Cyclopterus 

lumpus after a period of exposure to different concentrations of organic Gd (GBCA) and 

inorganic Gd (GdCl3). Exposure to high concentrations of GdCl3 resulted in significantly higher 

Gd accumulation compared to all other treatments, for all organs. Exposure to a high 

concentration of GBCA also leads to significant Gd accumulation in all organs. However, the 

accumulation of Gd in fish exposed to a high concentration of GdCl3 was still significantly 

higher than in fish exposed to the high concentration of GBCA. These findings were similar for 

all organs, indicating a certain similarity in the accumulation patterns of inorganic and organic 

Gd. The differences between Gd accumulation in fish exposed to GdCl3 and GBCA can be 

explained by a high rate of Gd dissociated from GdCl3 in contrast to the DOTA–coated GBCA. 

This dissociation process might enhance the transport of Gd3+ across ion channels, contributing 

to an increased accumulation of Gd. The highest concentrations of Gd were found in the gills, 

followed by kidneys, then livers, and lastly brains. High concentrations in the gills can be 

explained by their central role in osmoregulation and ionic transfer between the organism and 

the water, to which the exposure solvents were added. Gills are also the main route for Ca 

uptake, and the agonistic properties of Gd towards Ca may cause a higher accumulation of Gd 

in this organ. High concentrations in kidneys and livers are explained by their central role in 

metal excretion and xenobiotic transformation. Furthermore, Gd excretion was observed for all 

organs after a period of recovery, except in the brains and kidneys of fish exposed to the high 

concentration of inorganic Gd. These findings indicate changes in organotropism over time, 

potentially due to bloodstream transport between organs. Research into several aspects, such as 

potential toxicity of Gd and accumulation and excretion mechanisms, is still needed to advance 

our understanding of anthropogenic Gd impacts on marine ecosystems. 
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7 Appendix  

A1 Water parameters 

Measurements were taken from each tank before the start of the experiment and during the 

experiment to ensure constant water parameters and increase the welfare of the fish. Preliminary 

testing of water–stop is shown in Table A.1.1, these values were further used to determine the 

length of the exposure (1 hour daily) during the exposure period to ensure minimal distress 

through changes in water parameters.   

Measurements of water parameters were taken several times from each tank during the 

experiment to ensure constant parameters and increase the welfare of the fish. An overview 

over measurements of salinity (‰), dissolved oxygen (DO%) is given in Table A.1.2, 

measurements of temperature (°C) and ammonium levels (NH4, mg/L) are shown in Table 

A.1.3. Average measurements of salinity, dissolved oxygen and temperature is given in Table  

A.1.4.  
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Table A.1.1. Measurements done during preliminary testing of water–stop (3 days before the experiment started), of temperature (℃), salinity (‰), NH4  

concentration (mg/L), in selected tanks at timepoints, start, after 30 minutes (30min) , 1 hour (1h), 1.5 hours (1.5h) and 2 hours (2h)) and dissolved oxygen 

(%) in all tanks at the same timepoints. The results in this table were further used to determine the period of water–flowthrough stop during the main 

experiment.  

Tank# Temp °C Salinity (‰) NH4 (mg/L) Dissolved Oxygen (%) 

    start 30min 1h 1.5h 2h start 30min 1h 1.5h 2h 

             
1 7.5 34.99      83.1 84.4 85.5 85.5 84.8 

2 7.0 34.92 <0.05 0.10 0.10 0.10–0.20 0.10–0.20 88.9 87.5 88.4 88.4 88.3 

3 7.0 34.90      86.4 86.0 85.9 85.9 86.3 

4 6.5 34.90      89.9 89.1 88.8 88.8 89.0 

5 7.0 34.88 0.05–0.10 0.10 0.20 0.20 0.20–0.30 87.5 86.8 87.7 87.7 87.7 

6 7.0 34.88      85.5 85.8 85.9 85.9 85.2 

7 7.0 34.88      88.9 88.9 88.7 88.7 88.7 

8 6.9 34.89 0.05–0.10 0.05–0.10 0.10 0.10 0.10–0.20 89.6 89.1 88.8 88.8 88.5 

9 7.0 34.88      90.3 90.4 90.3 90.3 90.1 

10 6.9 34.88      90.7 90.9 90.6 90.6 90.7 

11 7.0 34.87      90.7 90.8 90.3 90.3 90.3 

12 7.0 34.88 <0.05 0.10 0.10 0.10–0.20 0.10–0.20 89.4 89.0 88.9 88.9 88.2 

13 7.0 34.88      86.3 85.2 84.4 84.4 84.1 

14 6.9 34.87      88.6 87.8 87.8 87.8 87.9 

15 7.0 34.87 <0.05 0.05 0.05-0.10 0.05–0.10 0.10 88.4 88.2 88.2 88.2 88.0 

16 6.9 34.88      89.6 89.3 88.9 88.9 88.9 

17 7.0 34.88      89.5 90.2 90.0 90.0 90.2 

18 7.0 34.88 0.05–0.10 0.10 0.10 0.20 0.20 89.0 89.4 89.5 89.5 89.2 
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Table A.1.2. Measurements of salinity (‰) and dissolved oxygen (DO%) in tanks 1–18 on different times and at different timepoints (m=morning,  

exp=experiment).  

TANK # Salinity (‰) DO (%) 

         
Date 10.05.2022 11.05.2022 16.05.2022 19.05.2022 10.05.2022 11.05.2022 16.05.2022 19.05.2022 

Timepoint after food m after food m before exp end exp end exp after food m after food m before exp end exp end exp 

           
           
1 34.8 35.0 34.8 34.1 34.9 86.6 83.1 85.1 86.8 87.2 

2 34.8 34.9 34.8 34.9 34.9 89.3 88.9 85.0 88.2 87.7 

3 34.8 34.9 34.8 34.8 34.9 87.1 86.4 83.9 85.1 85.4 

4 34.8 34.9 34.8 34.8 34.9 89.1 89.9 87.5 89.0 89.2 

5 34.8 34.9 34.7 35.0 34.9 87.0 87.5 86.5 88.7 87.4 

6 34.8 34.9 34.8 34.8 34.8 85.5 85.5 85.5 87.5 85.2 

7 34.8 34.9 34.8 35.0 34.8 89.0 88.9 87.6 90.7 88.1 

8 34.8 34.9 34.8 34.8 34.8 88.2 89.6 86.9 90.3 89.1 

9 34.8 34.9 34.8 34.8 34.8 89.5 90.3 87.0 91.1 89.4 

10 34.8 34.9 34.8 34.8 34.8 90.2 90.7 87.9 90.6 90.3 

11 34.8 34.9 34.8 34.8 34.8 90.6 90.7 87.7 92.2 90.7 

12 34.8 34.9 34.9 34.8 34.9 89.7 89.4 84.4 90.4 89.4 

13 34.8 34.9 34.8 34.9 34.9 84.7 86.3 86.2 87.2 88.3 

14 34.8 34.9 34.9 34.8 34.9 87.8 88.6 70.4 88.2 86.5 

15 34.8 34.9 34.8 34.8 34.8 89.1 88.4 86.3 88.4 86.5 

16 34.8 34.9 34.8 34.8 34.8 87.3 89.6 86.9 88.7 86.1 

17 34.8 34.9 34.8 34.8 34.8 88.8 89.5 86.3 89.4 87.7 

18 34.8 34.9 34.8 34.8 34.8 89.0 89.0 86.8 89.5 87.3 
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Table A.1.3. Measurements of temperature (°C) and dissolved concentration of NH4 (mg/L) in tanks 1–18 on different times and at different timepoints 

(m=morning, exp=experiment).  

TANK # Temperature °C NH4 

        
Date 10.05.2022 11.05.2022 16.05.2022 19.05.2022 10.05.2022 11.05.2022 18.05.2022 

Timepoint after food m after food m Before exp end exp end exp after food m after food m before exp end exp 

          
          
1 7.5 7.5 6.9 7.5 8.0 0.10  0.20  

2 7.0 7.0 6.9 7.3 7.6  <0.05 0.10  

3 6.9 7.0 6.9 7.3 7.5   0.20  

4 6.8 6.9 6.8 7.2 7.4   0.20 0.40 

5 6.9 7.0 6.8 7.3 7.6  0.05–0.10 0.20  

6 6.8 7.0 6.8 7.1 7.4 0.10  0.10–0.20  

7 6.9 7.0 6.8 7.2 7.5 0.10  0.10  

8 6.8 6.9 6.8 7.1 7.4  0.05–0.10 0.10  

9 6.9 7.0 6.8 7.2 7.5   0.10  

10 6.8 6.9 6.8 7.2 7.4   0.10  

11 6.9 7.0 6.9 7.3 7.6 <0.05  0.05–0.10  

12 6.9 7.0 6.9 7.2 7.5  <0.05 0.10  

13 6.9 7.0 6.8 7.3 7.5   0.05-0.10  

14 6.9 6.9 6.9 7.2 7.5 <0.05  0.20–0.30  

15 6.9 7.0 6.8 7.2 7.4  <0.05 0.20 0.40 

16 6.9 6.9 6.8 7.1 7.5   0.20  

17 6.9 7.0 6.8 7.1 7.5 <0.05  0.05–0.10  

18 6.9 7.0 6.8 7.2 7.4  0.05-0.10 0.20–0.30  
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Table A.1.4. Average measurements of salinity (‰), dissolved oxygen (DO%) and temperature 

(Temp °C) in tank 1–18, based on measurements shown in Table A.1.2. and Table A.1.3.  

 Average SE 

   
Salinity (‰) 34.83 0.09 

DO% 87.80 2.61 

Temp °C 7.10 0.27 

   
 

 

A2 Exposure concentrations 

Highest water exposure concentrations were found in treatments GBCA high, followed by 

GdCl3 high, GBCA low and GdCl3 low. An overview over Gd concentrations in the tanks of 

treatments at different timepoints during the exposure can be found in Table A.2.1.  

Table A.2.1. Measured Gd exposure for the treatments (𝛍g/L), CTRL, DOTA, GBCA low, GBCA 

high, GdCl3 low and GdCl3 high based on average measurements of Gd concentration on day 2 and 

day 6 at the timepoints: before exposure (before), start of exposure (start), end of exposure (end), after 

1.5 hours (1.5h) and after 3 hours (3h).  

 Timepoint 

Treatment Before Start End 1.5h 3h 

      
      
CTRL 0.015 0.022 0.019 0.010 0.024 

SE 0.013 0.047 1.470 0.988 1.383 

DOTA 0.009 0.009 0.007 0.007 0.006 

SE 0.004 0.006 0.003 0.002 0.002 

GBCA low 0.011 1.370 1.350 0.784 0.476 

SE 0.015 0.039 0.056 0.034 0.037 

GBCA high 0.110 131.4 132.7 77.21 49.23 

SE 0.020 5.360 2.420 3.280 6.520 

GdCl3 low 0.050 1.290 1.140 0.690 0.420 

SE 0.060 0.040 0.060 0.050 0.050 

GdCl3 high 0.320 127.7 110.0 59.25 33.01 

SE 0.190 1.770 15.00 13.55 7.340 
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A3 Gd concentration in wet weight of organs 

Element analyses showed that the accumulation of Gd varied between different treatments and 

between exposed and recovered groups from each treatment. The accumulation of Gd in the 

organs of lumpfish (wet weight, ww) was highest in kidneys, followed by liver and lastly brain. 

An overview over the accumulation in the different organs and for each treatment is given in 

Table A.3.1. Gills are not included in this dataset as the wet weight of gills were not weighed 

during sampling.  

Table A.3.1. Concentration of Gd (mg/kg wet weight (ww)) in kidney, liver, and brain of lumpfish 
(Cyclopterus lumpus) for CTRL, DOTA, GBCA low, GBCA high, GdCl3 low and GdCl3 high and 
exposed and recovered groups (Gr) from each treatment. Treatment groups that are not included due to 
high uncertainty in the measurements are marked with <LOD. n is the number of samples. 

Element Organ Treatment Gr. n Median Average SE Min Max 

Gd Kidney CTRL E 8 0.1487 0.2345 0.1848 0.0388 0.5833 
   R 9 0.1211 0.1353 0.0813 0.0131 0.2616 
  DOTA E 9 0.2237 0.2095 0.1267 0.0096 0.3875 
   R 8 0.1074 0.1203 0.0768 0.0097 0.2749 
  GBCA low E 9 0.1510 0.3100 0.4075 0.1012 1.3618 
   R 6 0.0787 0.1337 0.1716 0.0037 0.4717 
  GBCA high E 8 2.0404 2.2905 1.1068 1.0032 4.1505 
   R 9 1.9486 1.8696 0.4949 0.9353 2.7085 
  GdCl3 low E 9 0.5092 0.6288 0.3578 0.2381 1.3119 
   R 9 0.3518 0.3694 0.2038 0.0049 0.7160 
  GdCl3 high E 9 15.082 15.979 3.9157 11.178 23.081 
   R 8 17.516 17.840 9.4769 2.1482 30.628 

          
 Liver CTRL E 9 - - - - <LOD 
   R 9 0.0004 0.0034 0.0053 0.0003 0.0158 

  DOTA E 9 - - - - <LOD 

   R 9 - - - - <LOD 
  GBCA low E 9 0.0087 0.0220 0.0242 0.0019 0.0780 
   R 9 0.0032 0.0052 0.0044 0.0019 0.0139 
  GBCA high E 8 0.1690 0.1879 0.1020 0.0796 0.3523 
   R 9 0.1538 0.1542 0.0617 0.0562 0.2439 
  GdCl3 low E 8 0.0349 0.0394 0.0243 0.0159 0.0959 
   R 9 0.0171 0.0191 0.0118 0.0104 0.0491 
  GdCl3 high E 9 0.9839 1.3405 0.8238 0.2848 2.8351 
   R 8 0.7718 0.7704 0.3433 0.3366 1.4348 

           Brain CTRL E 3 0.0048 0.0049 0.0028 0.0022 0.0078 
   R 3 2.0497 2.1078 0.2651 1.8765 2.3971 
  GBCA high E 4 2.9028 6.5712 7.4257 2.7710 17.708 
   R 3 9.0910 9.1506 7.3447 1.8359 16.525 
  GdCl3 high E 3 14.815 2.5285 11.391 0.1679 22.602 
   R 3 40.801 34.150 29.747 1.6402 60.010 
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A4 Multiple group comparisons 

The Kruskal–Wallis test was followed by a Wilcoxon rank–sum test (also known as Mann–Whitney U test) with Bonferroni adjustments for p– 

values (to control family–wise error rates) to investigate the significance of differences between treatment groups for all organs. The results for 

gills are given in Table A.4.1, results for kidneys are given in Table A.4.2, results for livers are given in Table A.4.3, results for brains are given in 

Table A.4.4.  

Table A.4.1. Results from the Kruskal–Wallis test followed by Wilcoxon rank–sum test with Bonferroni adjustments for the p–value for the gills. The results 

are based on initial measurements of Gd concentrations in all sampled gills. Values where p<0.05 are marked in bold. CTRL R and DOTA R are excluded 

from the dataset due to high uncertainty of initial measurements of Gd concentrations.  

 Gills    CTRL DOTA GBCA low GBCA high GdCl3 low GdCl3 high 

  Group E E E R E R E R E 

           
DOTA E 1.0000         

           
      GBCA low E 1.0000 1.0000        

 R 0.5131 0.0217 0.0217       

           
GBCA high E 0.0027 0.0054 0.0109 0.0027      

 R 1.0000 1.0000 0.0109 0.0027 0.0027     

           
GdCl3 low E 1.0000 0.1231 0.0205 0.0054 0.0109 0.0054    

 R 1.0000 1.0000 1.0000 0.0027 0.0027 0.0027 0.0027   

           
GdCl3 high E 0.0027 0.0054 0.0054 0.0027 0.0027 0.0027 0.0027 0.0054  

 R 0.0027 0.0054 0.0054 0.0027 0.0027 0.0027 0.0054 0.0027 0.0326 
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Table A.4.2. Results from the Kruskal–Wallis test followed by Wilcoxon rank–sum test with Bonferroni adjustments for the p–value for the kidneys. The results 

are based on intial measurements of Gd concentrations in all sampled kidneys. Values where p<0.05 are marked in bold. 

Kidneys  CTRL DOTA GBCA low GBCA high GdCl3 low GdCl3 high 

 Group E R E R E R E R E R E 

             
CTRL R 1.0000           

             
DOTA E 1.0000 1.0000          

 R 1.0000 1.0000 1.0000         
             

GBCA low E 1.0000 1.0000 1.0000 1.0000        
 R 1.0000 1.0000 1.0000 1.0000 1.0000       
             

GBCA high E 0.0054 0.0103 0.0054 0.0054 0.0060 0.0103      
 R 0.0027 0.0054 0.0027 0.0027 0.0014 0.0054 1.0000     
             

GdCl3  low E 0.0190 0.0217 0.0190 0.0027 0.1972 0.1629 0.0054 0.0027    
 R 0.5131 0.3638 0.9367 0.2633 1.0000 1.0000 0.0054 0.0027 1.0000   
             

GdCl3  high E 0.0027 0.0054 0.0027 0.0027 0.0014 0.0054 0.0054 0.0027 0.0027 0.0027  
 R 0.0027 0.0054 0.0027 0.0027 0.0014 0.0054 0.0054 0.0027 0.0027 0.0027 1.0000 
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Table A.4.3. Results from the Kruskal–Wallis test followed by Wilcoxon rank–sum test with Bonferroni adjustments for the p–value for livers. Based on intial 

measurements of Gd concentrations in all sampled livers. Values where p<0.05 are marked in bold. CTRL E, DOTA E and DOTA R are excluded from the 

dataset due to high uncertainty of initial measurements of Gd concentrations. Excluded grups are CTRL E, DOTA E and DOTA R due to high uncertainty in 

initial measurements of accumulated Gd.  

Livers  CTRL GBCA low GBCA high GdCl3  low GdCl3  high 

 Group R E R E R E R E 

          
GBCA  low E 0.5131        

 R 1.0000 1.0000       

          
GBCA high E 0.0054 0.0054 0.0054      

 R 0.0027 0.0027 0.0054 1.0000     

          
GdCl3  low E 0.0326 1.0000 0.2633 0.0054 0.0027    

 R 0.0109 1.0000 0.0027 0.0054 0.0027 1.0000   

          
GdCl3  high E 0.0027 0.0027 0.0027 0.0109 0.0027 0.0027 0.0027  

 R 0.0027 0.0027 0.0027 0.0054 0.0027 0.0027 0.0027 1.0000 

          
 

Table A.4.4. Results from the Kruskal–Wallis test followed by Wilcoxon rank–sum test with Bonferroni adjustments for the p–value for the brains, based on 

initial measurements of Gd concentration in all sampled brains. Values where p<0.05 are marked in bold.  

 Brains   CTRL GBCA high GdCl3  high 

  Group E R E R E 

       
CTRL R 1.0000     

       
GBCA high E 1.0000 0.0860    

 R 1.0000 1.0000 1.0000   

       
GdCl3  high E 1.0000 1.0000 1.0000 1.0000  

 R 1.0000 1.0000 1.0000 1.0000 1.0000 
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A5 Factor between treatments 

The factor was calculated between each treatment for all organs using the average concentration in CTRL as a reference. The highest difference is 

between GdCl3 and CTRL for all organs, followed by GBCA high, GdCl3 low (except factor value GdCl3 low R in kidneys which is higher than 

GBCA), GBCA low and lastly DOTA. There are differences considering organs and treatment groups, which are given in Table A.5.1.  

Table A.5.1. Calculation of factor between the different treatments: DOTA, GBCA low, GBCA high, GdCl3 low and GdCl3 high and the CTRL groups for gills, 

kidneys, livers, and brains. The factor was calculated using average concentrations from each treatment in each organ, divided by average concentration in 

CTRL for the same treatment and organ, to get a ratio. For gills, DOTA R, GBCA R are excluded due to high uncertainty in the initial measurements of Gd 

concentrations. For liver, DOTA R is excluded due to high uncertainty in the initial measurements of Gd concentrations.  

Factor DOTA GBCA low GBCA high GdCl3 low GdCl3 high 

 E R E R E R E R E R 

           
Gills 0.593  0.427 0.105 3.870 1.099 2.157 0.388 535.5 172.7 

Kidney 0.699 0.699 1.630 0.902 13.66 11.48 3.408 113.7 91.57 113.7 

Liver   2.893 0.833 30.99 27.61 5.177 3.490 179.8 125.0 

Brain     3.089 3.451   4.258 10.40 
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A6 Spearman correlation  

Spearman correlation test of the collected data showed a slight negative correlation between fish weight and Gd accumulation considering 

comparison of all the data and for the gills, meaning as the weight increases, the Gd concentration decreases. An overview over the results of the 

Spearman correlation test is given in Table A.6.1.  

Table A.6.1. Spearman correlation test between different body parameters of the fish (length, weight, organ weight) and concentrations of Gd for all the data 

collected (n=342), and for the individual organs; gills (n=108), kidneys (n=107), livers (n=108) and brains (n=19) using the Spearman’s rank correlation 

method. Results indicating correlations are marked in bold. n shows the total number of samples the correlation is based on, comparisons show what types of 

parameters were compared, for the Spearman test, both the p–values and Rho values are given. Excluded datapoints are those from CTRL R (gills), DOTA R 

(gills), CTRL E (liver), DOTA R (liver), DOTA E (liver) due to high uncertainty in initial measurements of Gd concentrations. 

 n Comparisons Spearman 

    p–value Rho 

All data 342 Length Fish weight < 2.2×10-16 0.7738 

  Length Gd 0.3522 -0.0505 

  Fish weight* Gd* 0.0129 -0.1343  

Gills 108 Fish weight** Gd** 0.0022 -0.2935 

  Fish length Gd 0.0546 -0.1863 

Kidney 107 Fish length Gd 0.7847 0.0277 

  Fish weight Gd 0.4611 -0.0745  

 

  Organ weight Gd 0.4744 -0.0723  

Liver  108 Fish length Gd 0.8773 -0.0153 

  Fish weight Gd 0.2392 -0.1159 

  Organ weight Gd 0.4378 -0.0765 

Brain 19 Fish weight Organ Weight 0.1348 0.1469  

  Fish Length Organ Weight 0.0479 0.1935  

  Organ Weight Gd 0.2091 0.3019  

 

*Fish Weight and total Gd accumulation: slight negative correlation. As weight increase, the Gd accumulation decreases 

** Fish Weight and Gd accumulation in gills: slight negative correlation. As weight increase, the Gd accumulation decreases 




