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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Up to 12 arsenic species were detected 
in mesopelagic samples. 

• Arsenobetaine comprised 70% and 50% 
of total As in crustaceans and fish, 
respectively. 

• Mesopelagic mixed biomass comprised 
mainly of arsenobetaine and 
arsenolipids. 

• Arsenolipids were transferred to meal 
and up-concentrated in oil when 
processed. 

• Inorganic arsenic was <0.007 mg/kg 
ww in most samples.  
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A B S T R A C T   

A responsible harvest of mesopelagic species as aquafeed ingredients has the potential to address the United 
Nations Sustainable Development Goal 14, which calls for sustainable use of marine resources. Prior to utili-
zation, the levels of undesirable substances need to be examined, and earlier studies on mesopelagic species have 
reported on total arsenic (As) content. However, the total As content does not give a complete basis for risk 
assessment since As can occur in different chemical species with varying toxicity. In this work, As speciation was 
conducted in single-species samples of the five most abundant mesopelagic organisms in Norwegian fjords. In 
addition, As species were studied in mesopelagic mixed biomass and in the resulting oil and meal feed in-
gredients after lab-scale feed processing. Water-soluble As species were determined based on ion-exchange high- 
performance liquid chromatography coupled to inductively coupled plasma mass spectrometry (HPLC-ICP-MS). 
This was supplemented by extracting arsenolipids (AsLipids) and determining total As in this fraction. The non- 
toxic arsenobetaine (AB) was the dominant form in mesopelagic crustaceans and fish species, accounting for 
approximately 70% and 50% of total As, respectively. Other water-soluble species were present in minor frac-
tions, including carcinogenic inorganic As, which, in most samples, was below limit of quantification. The fish 
species had a higher proportion of AsLipids, approximately 35% of total As, compared to crustaceans which 
contained 20% on average. The feed processing simulation revealed generally low levels of water-soluble As 
species besides AB, but considerable fractions of potentially toxic AsLipids were found in the biomass, and 
transferred to the mesopelagic meal and oil. This study is the first to report occurrence data of at least 12 As 
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species in mesopelagic organisms, thereby providing valuable information for future risk assessments on the 
feasibility of harnessing mesopelagic biomass as feed ingredients.   

1. Introduction 

The United Nations (UN) declared 2021–2030 as the Decade of 
Ocean Science, promoting sustainably harvested oceans as one of its 
goals. While the usage of traditional marine-based ingredients in aqua-
feed production has been reduced (Aas et al., 2019), plant-based raw 
materials can contain antinutritional factors and undesirable substances 
(e.g. pesticides and mycotoxins), introducing new risks to aquaculture 
(Glencross et al., 2020; Olsen et al., 2020). Alternative marine-based 
ingredients are now being explored. In lieu of pelagic fish as raw ma-
terials in the aquafeed industry, sustainable capture at low-trophic levels 
has been recommended (European Commission, 2017). The mesope-
lagic ecosystem is presumed to consist of species thriving between 200 
and 1000 m below the sea surface – a biomass regarded as an unex-
ploited resource for aquafeed production (Alvheim et al., 2020; Gri-
maldo et al., 2020; Olsen et al., 2020). However, prior to large-scale 
extraction of mesopelagic species, a holistic assessment is needed in 
terms of its impact on biodiversity and carbon sequestration (St. John 
et al., 2016). 

Mesopelagic species were found to be high in proteins (Olsen et al., 
2020), rich in omega-3 polyunsaturated fatty acids such as docosahex-
aenoic acid (DHA) and eicosapentaenoic acid (EPA) (Nordhagen et al., 
2020), a good source of Vitamin A and B12, and also rich in calcium, 
selenium, iron, and iodine (Alvheim et al., 2020; Nordhagen et al., 
2020). Among the potentially toxic elements, cadmium (Cd) and arsenic 
(As) have been reported at levels above the maximum limits (MLs) set in 
the European legislation for feed and feed materials, especially when the 
haul is mostly comprised of crustaceans (Olsen et al., 2020). Processing 
of mesopelagic biomass into aquafeed has the potential to modify the 
concentrations of undesirable substances, including As and Cd, in 
mesopelagic products, i.e. meal and oil (Wiech et al., 2020; Berntssen 
et al., 2021). Wiech et al. (2020) assumed in a theoretical worst-case 
approach that the total amount of As could end up in the protein frac-
tion and consequently would exceed MLs defined in Directive 2002/32 
EC and amendments (European Commission, 2002). However, in their 
succeeding study involving lab-scale feed processing of mesopelagic 
biomass, this was found to be not the case since As partitioned both in 
the oil and meal fractions and resulted in a dilution effect (Berntssen 
et al., 2021). 

Arsenic is an element which is highly abundant in the marine envi-
ronment, predominantly existing in marine animals as the non-toxic 
arsenobetaine (AB) (Francesconi and Edmonds, 1997). However, other 
forms are also present such as inorganic As (iAs) and the methylated 
species (methylarsonate (MA) and dimethylarsinate (DMA)), classified 
by the International Agency for Research on Cancer (IARC) as carcino-
genic and possibly carcinogenic, respectively (IARC Working Group, 
2012). Among available literature, iAs concentrations in mesopelagic 
species have, so far, only been reported by Wiech et al., 2020. While 
relatively low levels of iAs were reported (max 0.16 mg/kg ww), the 
species comprising the major remaining fraction of total As were neither 
identified nor quantified. However, this is of high relevance since other 
organic forms such as arsenosugars (AsSug) and arsenolipids (AsLipids), 
including their metabolites, were shown to exhibit neurotoxic and 
cytotoxic activity, and are frequently classified as potentially toxic As 
species (Feldmann and Krupp, 2011; Leffers et al., 2013; Witt et al., 
2017). In addition, no study has been conducted yet regarding the fate of 
As species during feed processing. Such study is beneficial to verify if 
any up-concentration, dilution, or transformation to more toxic forms 
occur. This complex chemical nature of As highlights the importance of 
obtaining speciation data as basis for further risk assessment. 

The present study aims to determine the organic As species, which 

were not included in earlier reports on total As in mesopelagic species 
(Wiech et al., 2020) and processed mesopelagic biomass (Berntssen 
et al., 2021). The specific objectives were to (1) provide occurrence data 
of As species in mesopelagic organisms and (2) give insight on the fate of 
As species during aquafeed processing, with an overarching goal of 
providing initial information for future risk assessments on the feasi-
bility of harnessing mesopelagic biomass as feed ingredients. 

2. Materials and methods 

2.1. Sample collection and processing 

2.1.1. Mesopelagic samples grouped by species 
The mesopelagic single-species samples analyzed in this study were 

composed of fish species (1) glacier lanternfish (Benthosema glaciale) and 
(2) silvery lightfish (Maurolicus muelleri); also crustaceans including (3) 
the decapod genus Pasiphaea (P. sivado, P. multidentata, and P. tarda, (4) 
another decapod species Eusergestes arcticus, and (5) the euphausiid 
Meganyctiphanes norvegica, commonly known as the Northern krill. The 
samples were collected in December 2018 from three fjords on the 
western coast of Norway. At least 27 specimens of the same species were 
collected from each sampling location. These were pooled to form a 
composite sample (i.e. one pooled sample representing one sampling 
location). For each mesopelagic species, three pooled samples were 
analyzed (i.e. taken from three different sampling locations). The pooled 
samples were immediately homogenized after sorting the catch on board 
the research vessel ‘Johan Hjort’, distributed into different tubes, and 
stored at − 20 ◦C. These were then freeze-dried upon arrival on shore and 
analyzed for water-soluble As, AsLipids, and iAs (Fig. 1a). Total As levels 
were presented and discussed in our earlier work (Wiech et al., 2020). 
Additional details regarding the samples were extensively described in 
Alvheim et al. (2020) and Wiech et al. (2020). 

2.1.2. Mesopelagic mixed biomass of M. muelleri and M. norvegica and its 
processing 

This study utilized a total of four mesopelagic biomass samples ob-
tained from four different stations in the North Atlantic during a 
research cruise on board ‘MS Birkeland’ from September to November 
2019. In an earlier work, biomass composed of M. muelleri and 
M. norvegica underwent lab-scale feed processing (Berntssen et al., 
2021). Mixed biomass were either mechanically pressed or centrifuged, 
producing a liquid phase and a solid phase (mesopelagic meal) (Fig. 1b). 
The liquid phase was transferred to a separatory funnel and divided into 
mesopelagic oil and stickwater. The starting biomass and the resulting 
fractions from this previous study were subsequently analyzed for 
water-soluble As, AsLipids, iAs, and total As. 

2.2. Analytical methods 

2.2.1. Determination of iAs 
The iAs concentration was determined by anion-exchange high- 

performance liquid chromatography coupled to inductively coupled 
plasma mass spectrometry (HPLC-ICP-MS) based on EN 16802:2016 
(CEN, 2016) and the work of Julshamn et al. (2012). Briefly, 0.2 g of 
freeze-dried sample or 1.0 g of wet material was weighed into a 13-mL 
polypropylene tube, followed by addition of 10 mL of 0.1 mM HNO3 in 
3% H2O2 (HNO3, 65%; H2O2, 30%; Merck, Darmstadt, Germany). A 
sub-boiling distillation unit (Savillex, Eden Prairie, MN, USA) was used 
to further purify the HNO3. The tubes were then subjected to 
vortex-mixing (MS 1, IKA, Staufen, Germany) and left to stand over-
night. Thereafter, the tubes were placed in a shaking water bath 
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(OLS200, Grant, Cambridge, UK) set at 90 
◦

C for 1 h (shaking speed at 
100 rpm) and centrifuged for 10 min (1780×g; 5702, Eppendorf, 
Hamburg, Germany). Approximately 1 mL of the supernatant was 
collected using a 5-mL syringe (Henke-Sass Wolf, Tuttlingen, Germany) 
affixed with a needle, then filtered (0.45-μm PTFE; Sartorius, Göttingen, 
Germany) and transferred to an HPLC vial. Quantification was per-
formed using a 1260 Infinity HPLC coupled to a 7900 ICP-MS (Agilent 
Technologies, Santa Clara, CA, USA) with an anion-exchange column 
(IonPac AS7, 2 × 250 mm; Dionex, Sunnyvale, CA, USA). Isocratic 
elution was carried out using 50 mM (NH4)2CO3 in 3% CH3OH adjusted 
to pH 10.3 with NH3 ((NH4)2CO3, reagent grade; CH3OH, ≥ 99.97%; 
NH3, 25%; Merck, Darmstadt, Germany). Quantification was based on 
chromatographic peak areas using an external calibration curve from an 
arsenate (As (V)) standard solution (1000 mg/L; Spectrascan Teknolab, 
Ski, Norway). Accuracy of results was verified using a rice certified 
reference material (ERM-BC211) and an in-house control sample of tuna 
fish tissue (BCR-627) (IRMM, Geel, Belgium). Data processing was 
performed using MassHunter 4.5 Workstation Software (v. C.01.05, 
Agilent Technologies, Santa Clara, CA, USA). 

2.2.2. Determination of water-soluble As species 
The quantification of water-soluble As species was carried out by 

cation- and anion-exchange HPLC-ICP-MS based on our earlier study 
(Tibon et al., 2021). Briefly, 0.2 g of sample was weighed into a 13-mL 
polypropylene tube, followed by addition of 5 mL of aqueous methanol 
(CH3OH: H2O, 50% v/v). The tubes were subjected to vortex-mixing and 
subsequently placed in a shaking water bath set at 90 ◦C for 30 min 
(shaking speed at 100 rpm). Afterwards, the tubes were placed in a 
centrifuge (1780×g) for 10 min. The supernatant was poured into a 
5-mL syringe connected to a 0.45-μm PTFE filter and transferred to 
another 13-mL polypropylene tube. An aliquot was transferred into an 
HPLC vial and diluted accordingly with aqueous methanol (CH3OH: 
H2O, 50% v/v). Arsenic speciation was carried out using a 1260 Infinity 
HPLC coupled to a 7900 ICP-MS. A Metrosep C6 cation-exchange col-
umn (250 × 4.0 mm, 5 μm; Metrohm, Herisau, Switzerland) was used to 
separate cationic As species by employing gradient elution using 
pyridine-based mobile phases (0 and 50 mM at pH 2.7, 0.5% acetoni-
trile). For anionic As species, separation was performed using a 
PRP-X100 anion-exchange column (250 × 4.6 mm, 5 μm; Hamilton, 
Reno, NV, USA) and a corresponding gradient elution with 

carbonate-based mobile phases (0.5 and 60 mM at pH 9.3, 3% meth-
anol). Quantification was achieved by preparing mixed standard solu-
tions of As compounds (Tibon et al., 2021) and integrating 
chromatographic peak areas to generate external calibration curves. 
Certified reference materials of tuna fish tissue (BCR-627) and fish 
protein (DORM-4; National Research Council Canada, Ottawa, Ontario, 
Canada) were included in the analytical series for quality control. 
MassHunter 4.5 Workstation Software was used for data processing. 

2.2.3. Extraction of AsLipids 
AsLipids were estimated based on the approach of Freitas et al. 

(2020). Approximately 50 mg of oil/freeze-dried sample or 200 mg of 
wet material was weighed into a borosilicate glass tube (13 × 100 mm; 
DWK, Mainz, Germany), followed by addition of 1.5 mL of methanol and 
vortex-mixing for 5 s. Five mL of methyl tert-butyl ether (MTBE, HPLC 
grade; Merck, Darmstadt, Germany) was subsequently added. The glass 
tubes were capped and placed in a test-tube rotator (LD-79, LABINCO, 
Breda, the Netherlands) for 1 h to allow sufficient contact time between 
solvent and matrix. Thereafter, 1.25 mL of water (ultrapure quality with 
resistivity of 18.2 MΩ*cm) was added to the tubes and were left to stand 
for 10 min. The tubes were then centrifuged (1780×g) for 10 min. The 
upper layer (organic phase) was collected using glass Pasteur pipettes 
(150 mm; DWK, Mainz, Germany) with a rubber bulb and transferred to 
quartz digestion tubes (ultraWAVE, Milestone, Sorisole, Italy). The tubes 
were subsequently placed in a heated nitrogen evaporator (40 ◦C; 
Reacti-Therm, Thermo Fisher Scientific, Waltham, MA, USA) until a 
lipid pellet was obtained. These were then analyzed for total As as 
described in the succeeding section. 

2.2.4. Total As analysis 
Total As analysis was carried out by ICP-MS, as elaborated by Jul-

shamn et al. (2007). Two mL of HNO3 was added to quartz digestion 
tubes containing the lipid pellets or 0.2 g of freeze-dried sample in 500 
μL of water. This was then followed by microwave digestion (Ultra-
WAVE, Milestone, Sorisole, Italy). The heating program which lasted for 
62 min involved gradual increase of temperature to 260 ◦C and 25 min 
of cooling. After allowing to cool, the digested solutions were quanti-
tively transferred to a 25-mL volumetric flask, diluted to volume with 
water, and transferred to 50-mL centrifuge tubes. Analysis was per-
formed using an iCAP Q ICP-MS (Thermo Fisher Scientific, Waltham, 

Fig. 1. An overview of the workflow, divided into (a) analysis of mesopelagic single-species samples and (b) processing and analysis of mesopelagic mixed biomass 
and resulting fractions (As – arsenic; AsLipids – arsenolipids; iAs – inorganic arsenic). 

J. Tibon et al.                                                                                                                                                                                                                                    



Chemosphere 302 (2022) 134906

4

MA, USA) equipped with an SC-4 DX autosampler (Elemental Scientific, 
Mainz, Germany). Quantification was achieved by generating an 
external calibration curve from mixed standard solutions containing As, 
and online internal standard addition of germanium (Spectrascan 
Teknolab, Ski, Norway). To evaluate accuracy of results, certified 
reference materials of lobster hepatopancreas (TORT-3; National 
Research Council Canada, Ottawa, Ontario, Canada) and oyster tissue 
(SRM 1566b; National Institute of Standards and Technology, Gai-
thersburg, MD, USA) were analyzed in duplicate for each analytical 
series. Data processing was facilitated through the Qtegra software (v. 
2.10, 2018, Thermo Fisher Scientific, Waltham, MA, USA). 

2.3. Quality assurance and control 

The methods for the determination of iAs and total As are routine 
analyses at the Institute of Marine Research (Bergen, Norway) and are 
accredited by the Norwegian accreditation body according to NS-EN 
ISO/IEC 17025:2017. The method for water-soluble As species has 
been validated and method performance characteristics were presented 
in our previous work (Tibon et al., 2021). In the current study, analyses 
were done using either two or three replicates. An extraction blank was 
always included, and one of the calibration standards was injected 
periodically and at the end of the series to check for instrument drifts. 
The measured concentrations for the certified reference materials (CRM) 
were in good agreement with the certified values (Table S1). Results 
were within twice the standard deviation for the certified values, which 
is the acceptable limit in statistical control charts. 

2.4. Processing factors 

Processing factors (PF) were calculated based on the approach of 
Berntssen et al. (2021) and patterned after the European Food Safety 
Authority’s (EFSA) definition (Scholz et al., 2018). EFSA uses PFs to give 
insight on the transfer of pesticide residues from raw agricultural com-
modities to processed products. Following the same approach, PF in this 
study will be expressed as the ratio of the concentration (in mg/kg) of 
the As species in produced mesopelagic meal (dw) or oil (ww) and the 
concentration (in mg/kg) of the As species in the raw mesopelagic 
biomass as starting material (dw). Mathematically, this is shown as: 

PF =
cmeal (dw) or oil (ww)

cmesopelagic biomass (dw)

3. Results and discussion 

3.1. Arsenic speciation in mesopelagic species 

3.1.1. Total As 
At least three pooled samples per species were analyzed and the 

average concentrations varied greatly, ranging from 2.2 to 28 mg/kg 
ww. The crustaceans (M. norvegica, Pasiphaea sp., and E. arcticus) 
generally had higher concentrations compared to the fish species 
(B. glaciale and M. muelleri), with one of the pooled samples of 
M. norvegica containing a total As of 52 mg/kg ww. However, since As 
species vary in toxicity, total As levels do not always give sufficient in-
formation, thus, calling for As speciation data. 

3.1.2. Arsenobetaine 
The mesopelagic samples contained at least 12 As species, of which 

AB was the most predominant form (Table 1). The fish species B. glaciale 
and M. muelleri had lower average AB concentrations at 2.2 ± 0.1 and 
2.4 ± 1.0 mg/kg ww, respectively, while the crustaceans M. norvegica 
and Pasiphaea sp. had higher mean values at 14.2 ± 10.1 and 15.5 ±
10.7 mg/kg ww, respectively. This trend in AB concentration among the 
samples is very similar to total As concentration. Indeed, it was verified 
that a positive correlation (R2 = 0.996, p < 0.001) exists between total 
As and AB (Fig. S1), similar to an earlier report for various types of 
seafood (Wolle et al., 2019b). When excluding the two highest points in 
Fig S1, the resulting R2 is 0.965. 

In several surveys of As species in seafood, it was observed that low- 
trophic marine animals such as shrimps contain higher AB concentra-
tions than fish species which are positioned higher in the food chain 
(Ruttens et al., 2012; Wolle et al., 2019b; Luvonga et al., 2021). This has 
been generally attributed to their diet, habitat, and metabolic abilities 
(Kato et al., 2020). In the present work, while all samples were collected 
from the mesopelagic zone, the variation in As and AB concentrations 
could be explained by their differences in feeding behaviors. The fish 
species B. glaciale and M. muelleri are zooplanktivores, depending mostly 
on copepods, amphipods, and krill (García-Seoane et al., 2013). In 
contrast, crustaceans, such as M. norvegica, are omnivores which have 
been observed to scavenge the seabed for copepods and phytoplanktons 
(Schmidt, 2010), which can be significant sources of As. This is sup-
ported by another study which reported that elevated levels of total As 
and AB found in the shrimp Metapenaeopsis palmensis were due to their 
dependence on benthic food present in sediments (Zhang et al., 2018). 

Table 1 
Concentrations of total As and As species in mesopelagic samples (mg/kg ww, mean ± SD, n = 3).  

As species Fish species Crustaceans 

B. glaciale M. muelleri M. norvegica Pasiphaea sp. E. arcticus 

Water-soluble species 
AsSug OH 0.077 ± 0.007 0.049 ± 0.005 0.15 ± 0.02 0.03 ± 0.01 0.077 ± 0.003 
AB 2.2 ± 0.1 (2.1–2.2)c 2.4 ± 1.0 (1.6–3.5)c 14.2 ± 10.1 (8.0–25.8)c 15.5 ± 10.7 (7.8–27.7)c 5.3 ± 2.3 (4.4–7.9)c 

TMAO 0.050 ± 0.004 0.08 ± 0.01 0.01 ± 0.01 0.02 ± 0.02 0.007 ± 0.003 
TMAP 0.007 ± 0.001 0.007 ± 0.001 0.14 ± 0.04 0.08 ± 0.04 0.042 ± 0.009 
AC 0.048 ± 0.006 0.034 ± 0.007 0.05 ± 0.01 0.04 ± 0.04 0.049 ± 0.005 
TETRA <0.003 <0.003 0.005 ± 0.003 0.006 ± 0.003 <0.003 
DMA 0.027 ± 0.008 0.29 ± 0.06 0.017 ± 0.003 0.013 ± 0.001 0.016 ± 0.006 
AsSug PO4 <0.005 0.03 ± 0.01 0.09 ± 0.02 0.02 ± 0.01 0.04 ± 0.01 
AsSug SO3 <0.003 <0.003 <0.003 <0.003 0.004 ± 0.001 
MA <0.003 0.007 ± 0.003 <0.003 0.002 ± 0.001 <0.003 
iAs <0.007 <0.007 0.06 ± 0.09 0.013 ± 0.007 <0.007 
Unknowns 0.001 ± 0.001 0.007 ± 0.002 0.069 ± 0.003 0.04 ± 0.02 0.022 ± 0.002 
AsLipids 1.4 ± 0.1 1.6 ± 0.3 2.8 ± 1.4 5.1 ± 4.7 2.1 ± 0.4 
Suma 3.8 ± 0.1 4.5 ± 0.8 17.5 ± 11.5 20.9 ± 15.5 7.6 ± 2.7 
Total As 3.8 ± 0.1 5.1 ± 1.2 20.2 ± 13.6 21.2 ± 15.3 7.9 ± 3.0 
Recovery (%)b 99 ± 3 88 ± 7 87 ± 2 99 ± 2 97 ± 4  

a Sum = Sum of water-soluble As + AsLipids. 
b Recovery = (Sum/Total As) x 100. 
c Range of values. 
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It is well-known that AB is the most abundant form of As in marine 
organisms (Molin et al., 2015; Chen et al., 2020; Luvonga et al., 2020), 
usually accounting for at least 70% of total As (Francesconi and Raber, 
2013). In the present study, the proportion of AB ranged from 45% to 
75% of total As (Fig. 2). The crustaceans generally had higher percent-
age of AB (~70%) compared to the fish species (~50%). This agrees 
with an earlier report involving the North Pacific krill (Euphausia 
pacifica), a close relative of M. norvegica, wherein AB was the major As 
species (Shibata et al., 1996). In the same study, it was found that co-
pepods (Calanus sp.) contained very little AB (0.21 mg/kg dw). Co-
pepods are one of the principal food sources of B. glaciale (García-Seoane 
et al., 2013), which could explain the relatively lower fraction of AB in 
the fish species. As for the crustaceans, a study involving the common 
shrimp Crangon crangon showed that 42% of AB acquired through food 
was retained (Hunter et al., 1998). In contrast, exposure to water-borne 
AB only resulted in a small increase in concentration. AB has been 
detected in seawater, although at very low levels (0.5–10 ng/kg) (Gla-
bonjat et al., 2018). This suggests that AB is mainly acquired from di-
etary sources rather than uptake from seawater. 

3.1.3. Other water-soluble As species 
Other water-soluble species were present in minor concentrations in 

the mesopelagic samples, accounting for less than 10% of total As 
(Table 1, Fig. 2). Inorganic As levels were generally less than 0.007 mg/ 
kg ww (LOQ), with the highest concentration found in M. norvegica at 

0.06 ± 0.09 mg/kg ww. Among the water-soluble As species, DMA was 
the second most abundant in M. muelleri at 0.29 ± 0.06 mg/kg ww, 
accounting for approximately 6% of total As. Methylarsonate was only 
found in M. muelleri and Pasiphaea sp., albeit at very low levels. Tri-
methylarsoniopropionate (TMAP) was found in higher concentrations in 
crustaceans compared to the fish species, ranging from 0.042 ± 0.009 to 
0.14 ± 0.04 mg/kg ww. These levels are comparable to those obtained 
by Wolle et al. (2019b) for different shrimp species, where TMAP con-
centrations ranged from 0.003 to 0.037 mg/kg. Also, in their study, 
elevated levels of TMAP (as high as 0.8 mg/kg) were found in several 
species of crab. It is, however, difficult to conclude whether TMAP is 
characteristic of crustaceans since only a handful of As speciation studies 
have measured TMAP (Sloth et al., 2003; Leufroy et al., 2011; Wolle 
et al., 2019b). Most studies focus on the most common As species such as 
As (III), As (V), DMA, MA, and AB (Ruttens et al., 2012; Schmidt et al., 
2018), hence, the current work hopes to bridge this gap. 

Trimethylarsine oxide (TMAO) was slightly higher in B. glaciale and 
M. muelleri, while arsenocholine (AC) and tetramethyl arsonium ion 
(TETRA) were present in trace levels or below LOQ (Table 1). A few 
unknown peaks were also detected in the chromatograms (Fig. S2) and 
their concentrations were estimated using the calibration curve of the 
nearest eluting standard. As for the AsSug, glycerol-arsinoylriboside 
(AsSug OH) was detected in all samples, ranging from 0.03 ± 0.01 to 
0.15 ± 0.02 mg/kg ww. Phosphate-arsinoylriboside (AsSug PO4) was 
also found in all samples except for the fish species B. glaciale. Sulfonate- 

Fig. 2. Arsenic species profile in the mesopelagic samples. Arsenic species fractions are given in % = (concentration of As species/total As) x 100. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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arinoylriboside (AsSug SO3) was only detected in the crustacean 
E. arcticus. Sulfate-arsinoylriboside (AsSug SO4) was not found in any of 
the samples, which was unexpected. Glacier lanternfish (B. glaciale) are 
known to prey on copepods which are rich in AsSug SO4 (Shibata et al., 
1996). The absence of AsSug SO4 in the mesopelagic fish samples could 
suggest that this AsSug is biotransformed to other As forms in the 
mesopelagic food web. The varying presence of AsSug in crustaceans 
could be attributed to their preference for different phytoplanktons as 
food. In contrast, Wolle et al. (2019b) did not find any AsSug in shrimp 
samples, while they were found in crabs and clams. 

3.1.4. AsLipids 
Notable concentrations of As in the lipid fraction, corresponding to 

AsLipids, were found in all samples. Lowest mean concentration was 
found in the fish species B. glaciale at 1.4 ± 0.1 mg/kg ww (Table 1), 
while the highest level was observed in the crustacean Pasiphaea sp. at 
5.1 ± 4.7 mg/kg ww. In general, higher concentrations of AsLipids were 
found in crustaceans (M. norvegica, Pasiphaea sp., E. arcticus) compared 
to mesopelagic fish species (B. glaciale and M. muelleri). However, 
looking at the proportion of AsLipids relative to total As (Fig. 2), 
B. glaciale and M. muelleri contained 33%–37% AsLipids, while the 
crustaceans only had around 20% AsLipids. AsLipids are usually asso-
ciated with ‘fatty’ fish such as herring (Lischka et al., 2013) and blue 
whiting (Taleshi et al., 2014), among others. In the work by Wiech et al. 
(2020), the mean fat contents for B. glaciale and M. muelleri were 14% 
and 18%, respectively, which were two to three times higher than the fat 
content in the crustaceans. The higher fat content in the fish species 
could hence explain the larger proportion of AsLipids compared to the 
crustaceans. 

AsLipids can occur as arsenic-containing hydrocarbons (AsHC), 
arsenic-containing fatty acids (AsFA), and AsSug phospholipids (AsPLs), 
among others (Sele et al., 2012; Luvonga et al., 2020). AsHCs were the 
major AsLipids in salmon (Salmo salar), specifically oxo-analogs of AsHC 
332, AsHC 360, and AsHC 404 (Xiong et al., 2022). In contrast, AsFA 
362, AsFA 448, and AsFA 528 are more common in tuna fillet, and AsFA 
360 and AsFA 422 in kelp (Liu et al., 2021). Planktons collected from the 
North Atlantic revealed prevalence of AsPLs, mainly AsPL 958, AsPL 
978, and AsPL 1006 (Glabonjat et al., 2021). In a study involving the 
Mediterranean mussel (M. galloprovincialis), traces of AsPLs and 
arsenic-phytol derivatives (AsPT) were found (Freitas et al., 2020). 
These AsLipids were initially reported in algae, which suggest that 
transfer of AsLipids occur through the diet (Freitas et al., 2020). It would 
be interesting to conduct further studies on mesopelagic samples 
involving identification of AsLipids since they can provide an insight 
regarding the distribution of AsLipids at the bottom of the food chain. 

3.1.5. Arsenic mass balance 
Arsenic recovery was calculated by comparing the sum of water- 

soluble As and AsLipids with the total As. Overall, good recoveries 
were obtained for the mesopelagic samples, ranging from 87 ± 2% to 99 
± 3% (Table 1). This suggests that the method for water-soluble As 
species was nicely complemented by the extraction technique used for 
the estimation of AsLipids. 

3.2. Processing of mesopelagic biomass into aquafeed 

3.2.1. As species 
The distribution of As species in mesopelagic biomass and resulting 

fractions is presented in Fig. 3 (see Table S2 for tabulated values). The 
discussion on total As and its compliance to existing MLs in animal feed 
and feed materials (Directive, 2002/32 EC and amendments) was 
already presented in an earlier work (Berntssen et al., 2021). The focus 
of this section will therefore be on the organic As species. The main As 
compound found in the initial mesopelagic biomass was AB, accounting 
for 57% of total As (Fig. 3). The same can be observed for the stickwater 
wherein AB attributes for 80% of total As. In contrast, the mesopelagic 

meal only had approximately 32% of total As in the form of AB. This is a 
notable difference compared to fish meals produced from herring and 
blue whiting where the water-soluble As accounted for 71%–93% of 
total As (Pétursdóttir et al., 2018). In the present study, the majority of 
As in the mesopelagic meal was found as AsLipids (45% of total As). It 
can be assumed that AsLipids would partition mostly with the mesope-
lagic oil. However, the results show that AsLipids tend to bind also with 
the solid phase after the extrusion process. This agrees with an earlier 
study wherein residual lipids were found in fish meal processed from 
another species of lanternfish (Benthosema pterotum) (Haque et al., 
1981). Fish meal typically end up having varying lipid content after 
production, which also dictates which type of fish protein concentrate it 
will be classified under (Einarsson et al., 2019; Hilmarsdottir et al., 
2020). It can be presumed that AsLipids contribute to the total lipid 
content in fish meal. The final lipid content is highly dependent on the 
quality of the raw material and process parameters (Hilmarsdottir et al., 
2020), which could also dictate the distribution of AsLipids in the pro-
duced meal and oil. In fish meals produced from capelin, Amayo et al. 
(2011) found AsHC 332, AsHC 360, AsHC 404 as the major AsLipids. 
Another study on herring and blue whiting fish meals reported the same 
set of AsLipids as the dominant species (Pétursdóttir et al., 2018). 

As expected, mesopelagic oil was mostly comprised of AsLipids 
(~96%). Minor concentrations of DMA and MA were found, which can 
just be degradation products of AsLipids, as seen in previous studies 
(Amayo et al., 2014; Pétursdóttir et al., 2018). The presence of AsLipids 
in different types of fish oil has been described extensively in literature. 
Fish oil from Peruvian anchoveta (Engraulis ringens) contained AsHC 332 
and AsHC 360 as major AsLipids, and AsFA 250, AsFA 278, AsFA 292 as 
minor species (Pereira et al., 2016). Similarly, Sele et al. (2014) found 
AsHC 332, AsHC 360, and AsHC 404 as the prevalent As compounds in 
commercial fish oil samples of blue whiting and anchovy. In contrast, 
krill oil mostly contained AsFA 362, AsFA 390, and AsFA 436 among 
others (Liu et al., 2021). Comparing the AsLipids found in fish meal 
(Pétursdóttir et al., 2018) and fish oil (Sele et al., 2014), both from blue 
whiting, it can be observed that the same set of AsLipids were present as 
dominant species. It appears that the partitioning of AsLipids does not 
follow a specific pattern (e.g. AsHC in fish meals and AsFA in fish oils). 

As for the stickwater, AsLipids were the second most abundant spe-
cies, accounting for approximately 16% of total As. The presence of 
AsLipids in stickwater is expected since stickwater was still found to 
contain lipids (approximately 2%) after centrifugation in a commercial 
fish meal production (Hilmarsdottir et al., 2020). In aquafeed ingredient 

Fig. 3. Bar graph showing the fractions of As species (% = (concentration of As 
species/total As) x 100) in the mesopelagic biomass and produced mesopelagic 
meal, oil, and stickwater after feed processing (*Unit is in mg/kg dw for 
mesopelagic biomass and meal; mg/kg ww for mesopelagic oil and stickwater). 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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processing, stickwater is usually further concentrated by evaporating 
the water and then centrifuged, producing an oil and another concen-
trate. The oil is normally added to the first oil extracted, while the dried 
concentrate is mixed with the press cake, and eventually further dried 
until the final fish meal is produced (Hilmarsdottir et al., 2020). 

Among the hydrophilic As species, DMA was the second most 
abundant in mesopelagic biomass and meal, representing 3% of total As. 
AsSug OH was also present in the biomass, meal, and stickwater, ranging 
from 0.8% to 2.5% of total As. AsSug PO4 was only found in the biomass 
and meal, while AsSug SO3 was only detected in the starting biomass 
(Table S2). The absence of AsSug in the mesopelagic oil suggests that 
AsSug only have affinity with the solid and aqueous phases. Other 
organic As forms were found in trace levels in the mesopelagic biomass 
and resulting fractions. Inorganic As concentrations were all less than 
0.007 mg/kg ww (LOQ). Most of the As species present in mesopelagic 
biomass were also observed in mesopelagic meal. Arsenic species 
detected as trace compounds in mesopelagic biomass, specifically MA 
and AsSug SO3, seem to have degraded and/or transformed to other As 
forms as they were not detected in quantifiable levels in the resulting 
fractions. As for the As mass balance, good recoveries were obtained 
overall, ranging from 85 ± 3% to 119 ± 8% (Table S2). The higher re-
coveries obtained could be due to overestimation of the AsLipids frac-
tion, e.g. that some water-soluble As species were co-extracted with the 
AsLipids. 

It should be clarified that a process mass balance for As, i.e. As in the 
starting mesopelagic biomass is equal to the sum of the As in the meal, 
oil, and stickwater fractions, was not possible to calculate due to lack of 
data on the weights of the resulting fractions. 

3.2.2. Processing factors 
PFs were calculated following the approach of Berntssen et al. (2021) 

to verify possible up-concentration (PF > 1) or dilution/removal/de-
gradation (PF < 1) of As species during aquafeed ingredients processing 
(Table 2). For the mesopelagic meal, results suggest that all compounds 
were diluted/removed/degraded after processing. In contrast, an 
up-concentration was observed for AsLipids in mesopelagic oil wherein 
a PF of 1.4 was calculated. The opposite was seen in stickwater where 
AsLipids were diluted. This is expected due to their different polarities, 
with stickwater being mostly water with some particles. In the meso-
pelagic meal, the dilution effect was more pronounced for the AsSug, 
having low PFs (0.2). In particular, AsSug SO3 was detected in low levels 
in the starting mesopelagic biomass but was absent in the resulting 
fractions. While not completely conclusive, a dilution in AsSug could 
suggest transformation to other forms. In a study involving macroalgae, 
AsSug were found to degrade to DMA, MA, and As (V) (Duncan et al., 
2015). Similarly, Wolle et al. (2019a) reported a matrix-induced trans-
formation of spiked AsSug to their thiolated counterparts in finfish and 
crustaceans. Degradation of AsSug is possible with the aid of marine 
microbes, through acid or base hydrolysis, or exposure to gastric-type 
conditions (Chen et al., 2020; Luvonga et al., 2020). If indeed the 

AsSug underwent transformation in this study, this could explain the 
slightly higher PFs in mesopelagic meal for the simple methylated ar-
senicals (i.e. DMA, MA). 

Normally, PFs are applied to processes which remove or reduce 
compounds due to exclusion of certain parts of the commodity, e.g. 
removal of rice hull and non-edible parts of the fruit (Scholz et al., 
2018). The use of PFs in this study is not conventional but was applied to 
provide an indicative value of how levels of As species are affected 
during aquafeed processing. 

4. Feed and food safety implications 

Due to their abundance and nutritional composition, the sustainable 
harvest of mesopelagic species has the potential to address micro-
nutrient deficiency and contribute to food and feed security (Alvheim 
et al., 2020; Nordhagen et al., 2020; Olsen et al., 2020). However, a 
thorough risk assessment is needed due to inherent undesirable sub-
stances, including As. The negative reputation associated with As in 
terms of toxicity is mainly due to its inorganic forms, arsenite (As (III)) 
and arsenate (As (V)), classified by IARC as carcinogenic (IARC Working 
Group, 2012). The current EU food legislation (Commission Regulation 
(EC) No 1881/2006) only has set maximum limits for iAs, specifically in 
rice and products derived therefrom (European Commission, 2006). As 
for products intended for animal feed, Directive 2002/32/EC only im-
poses limits for total As, but the legislation also specifies that it should be 
possible to demonstrate that the iAs content is below 2 ppm (European 
Commission, 2002). The current study revealed low levels of iAs in all 
samples, showing compliance to applicable regulations. 

Arsenobetaine, on the other hand, is generally considered non-toxic 
(Kaise et al., 1985; Sabbioni et al., 1991). AB was the most abundant As 
compound in the mesopelagic single-species samples and was present in 
high concentrations especially among crustaceans. So despite it was 
reported in our previous study that total As concentrations for some 
crustaceans exceeded the limits in feed legislation (Wiech et al., 2020), 
the current work shows that AB made up majority of the As species and 
does not pose a toxicological concern based on latest assessment (IARC 
Working Group, 2012). On the other hand, AsLipids were present in 
significant proportions in B. glaciale and M. muelleri. The lab-scale feed 
processing study demonstrated that a considerable fraction of AsLipids 
bound to the mesopelagic meal. While levels were generally low, po-
tential neurotoxicity and cytotoxicity were reported in in-vitro and 
in-vivo studies where AsHCs were observed to exhibit similar or stronger 
toxicity than iAs, while AsFAs were generally less toxic than AsHCs 
(Meyer et al., 2014a, 2014b; Witt et al., 2017; Muller et al., 2018). A 
limitation of our study was that only estimates of bulk AsLipids con-
centration were provided. Since the toxicity of AsLipids also vary per 
species (Witt et al., 2017; Muller et al., 2018), future work should focus 
on complete analytical characterization of individual AsLipid com-
pounds present in mesopelagic samples by HPLC-ICP-MS or coupling 
HPLC to high-resolution mass spectrometry (HPLC-HRMS). 

An up-concentration of AsLipids was seen in the mesopelagic oil. The 
mesopelagic biomass used to produce the oil contains Northern krill, 
among others (Berntssen et al., 2021). Krill oil from Antarctic krill is 
currently considered as an alternative source of EPA and DHA and has 
gained approval from EFSA as a novel food ingredient (EFSA, 2009). In 
the EFSA Scientific Opinion, while it was reported that iAs is < 0.1 
mg/kg, the Working Group recognized the need for organic arsenic data 
(EFSA, 2009). The data from the present study show that mesopelagic oil 
from Northern krill (and silvery lightfish) comprises mainly of poten-
tially toxic AsLipids and does not contain AB, contrary to what was 
suggested in previous reports (EFSA, 2009). This corroborates an earlier 
study which detected the presence of AsFAs in krill oil (Liu et al., 2021). 
These findings, again, highlight the importance of As speciation, espe-
cially in novel ingredients intended for human and animal consumption. 
In the aquafeed industry, the produced fish oil usually undergoes 
decontamination procedures to remove organic contaminants such as 

Table 2 
Processing factors of As species indicating up-concentration (PF > 1) or dilution/ 
removal/degradation (PF < 1) during processing; expressed as median (range), 
n = 4.   

Mesopelagic meal Mesopelagic oil Stickwater 

AB 0.3 (0.3–0.4)  0.19 (0.16–0.22) 
TMAO 0.6 (0.5–0.6)  0.10 (0.05–0.14) 
TMAP 0.4 (0.3–0.4)  0.18 (0.17–0.19) 
DMA 0.6 (0.5–0.8) 0.2 (0.1–0.4) 0.02 (0–0.03) 
MA 0.4 (0.2–0.8) 0.2 (0.1–0.4)  
AC 0.2 (0.2–0.2)  0.12 (0.08–0.14) 
AsSug OH 0.2 (0.2–0.2)  0.10 (0.08–0.12) 
AsSug PO4 0.2 (0–0.4)   
AsSug SO3    
AsLipids 0.8 (0.6–0.9) 1.4 (1.2–2.6) 0.06 (0.04–0.09)  
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dioxins and dioxin-like PCBs (Knutsen et al., 2017). These additional 
processing steps can further reduce the level of certain AsLipids in the 
final fish oil product, as Sele et al. (2013) reported. 

The AsSug were present in trace levels and their distribution varies 
among mesopelagic organisms. The feed processing experiment also 
suggests possible transformation of AsSug to other forms. Arsenosugars 
in their native forms are considerably less toxic than iAs (Leffers et al., 
2013). However, these are bio-accessible to human and could yield 
metabolites which were demonstrated to induce cytotoxic effects 
(Feldmann and Krupp, 2011; Taylor et al., 2017; Chen et al., 2020; 
Luvonga et al., 2020). 

5. Conclusion 

Arsenic species were found in varying concentrations in the meso-
pelagic single-species samples, processed mesopelagic meal and oil. The 
non-toxic AB was the major As compound in mesopelagic fish and 
crustaceans, while AsLipids were also found in significant concentra-
tions. Other As species, including the carcinogenic iAs, were present in 
low levels. The feed processing study demonstrated transfer of poten-
tially toxic AsLipids from the mesopelagic biomass to both mesopelagic 
meal and oil, providing a novel insight regarding the partitioning of As 
during aquafeed processing. Due to the prevalence of AB, it can be 
presumed that the use of mesopelagic resources as feed ingredients will 
not pose any arsenic-related hazards. However, the possible adverse 
effects of AsLipids cannot be neglected and needs to be further studied. 
An overall assessment regarding the suitability of mesopelagic species 
whether as food or feed ingredient in light of As compounds is chal-
lenging due to (1) lack of occurrence data for As species, (2) lack of 
toxicological data for the less common As species, partly due to un-
availability of compound standards which hampers toxicity studies, and 
(3) the surrounding issues on exploitation of mesopelagic resources, 
specifically impacts on biodiversity and carbon sequestration. A holistic 
evaluation is needed, and the current study aims to contribute by 
providing valuable As speciation data which can be used for future risk 
assessments on the feasibility of harnessing mesopelagic biomass as feed 
ingredients. 
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