
1 
 

Effects of the sea lice bath treatment pharmaceuticals hydrogen peroxide, azamethiphos and 1 

deltamethrin on egg-carrying shrimp (Pandalus borealis)        2 

 3 

Marianne Frantzena*, Jenny Bytingsvika, Luca Tassaraa, Helena Reinardyb,c, Gro Harlaug Refsetha, Ellie J. 4 

Wattsa, Anita Evenseta, d 5 

 6 
aAkvaplan-niva, Fram Centre. 9296 Tromsø, Norway.  7 
bThe Scottish Association for Marine Science, Scottish Marine Institute, Oban, Argyll, PA37 1QA 8 
cUNIS, the University Centre in Svalbard, Longyearbyen, 9171 Svalbard, Norway 9 
dUiT, the Arctic University of Norway. Faculty of Biosciences, Fisheries and Economics. 9037 Tromsø, 10 

Norway 11 

 12 

*corresponding author: mfr@akvaplan.niva.no 13 

 14 

Declarations of interest: none 15 

 16 

 17 

 18 

Abstract 19 

This study investigated effects of sea lice pharmaceuticals on egg-bearing deep water shrimp (Pandalus 20 

borealis). Both mortality and sub-lethal effects (behavior, embryo development, and reproductive output) 21 

were studied for each of three pharmaceuticals alone and in different sequential combinations. The most 22 

severe effect was observed for deltamethrin where 2 h exposure to 330 times diluted treatment dose 23 

(alone and in sequential application with hydrogen peroxide and azamethiphos) induced almost 100% 24 

mortality within a few days after exposure. Similar effects were not observed for hydrogen peroxide or 25 

azamethiphos. However, sequential treatment of hydrogen peroxide and azamethiphos (2 h exposure to 26 

each pharmaceutical; 500 times diluted treatment dose) resulted in >50% mortality during the first week 27 

following treatment. No sub-lethal effects or loss of eggs in female shrimp could be related to exposure to 28 

the bath treatments. Future studies should investigate potential sub-lethal effects at exposure 29 

concentrations close to the no-effect concentration. 30 
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1. Introduction 44 

The continued growth of the aquaculture industry in Norway has led to environmental and production 45 

challenges, and one of the major challenges is related to the ectoparasitic salmon louse (Lepeophtheirus 46 

salmonis) (Torrisen et al., 2013). A method to control sea lice within farm cages is treatment by various 47 

pharmaceutical delousing agents (Lillicrap et al., 2015). In Norway, the delousing agents are used either as 48 

bath treatments or in-feed drugs. The four bath treatments used are cypermethrin, deltamethrin (DEL), 49 

azametiphos (AZA) or hydrogen peroxide (H2O2). Diflubenzuron, teflubenzuron and emamectin benzoate 50 

are used in fish feed pellets. Due to development of resistance in sea-lice and implementation of 51 

alternative methods for lice control (mechanical and biological), the use of pharmaceuticals has decreased 52 

since 2015. The dynamic arms race of controlling sea lice levels in salmon aquaculture has seen some 53 

regional differences in bath pharmaceutical treatment regimes, and in many production areas (e.g. 54 

Northern-Norway) the total amounts of bath treatments applied is still high (Remen and Sæther, 2018).  55 

Due to resistance challenges (i.e. sea lice developing resistance towards the most commonly used 56 

delousing pharmaceuticals) different sequential combinations of bath treatment pharmaceuticals are also 57 

being used to improve efficiency.   58 

Delousing agents used against salmon lice are designed to be specifically toxic to a crustacean parasite. 59 

Although the delousing agents are approved for use in aquaculture, the large amounts of medicated feed 60 

and the large volumes of bath pharmaceuticals used have raised concerns over the survival and wellbeing 61 

of populations of non-target crustaceans which represent key elements of many marine food webs 62 

(Langford et al., 2014). In Norway, there is a strong focus on the deep-water shrimp (Pandalus borealis), 63 

which is one of the most important commercial crustacean species. After a bath treatment of salmon with 64 

delousing agents added to the water, in the cage or in a well-boat, the treatment water is discharged to 65 

the environment as long as the discharge point is at least 500 m from any known shrimp field or fish 66 

spawning grounds. Hydrodynamic dispersion modelling indicates that 100 – 1000 times diluted 67 

concentrations of the pharmaceuticals can be present more than one kilometer away from the discharge 68 

point (Ernst et al., 2001, 2014; Page et al., 2014; Refseth et al., 2016).  69 

H2O2 is considered the most environmentally friendly pharmaceutical used for salmon lice control because 70 

it rapidly breaks down to oxygen and water. Large volumes of this pharmaceutical have therefore been 71 

used by the Norwegian aquaculture industry (ca. 43 000 metric tonnes in 2015, ca. 9 000 metric tonnes in 72 

2017 (Remen and Sæther, 2018). However, recent research has shown that H2O2 can stay long enough in 73 

the environment, in areas from 0 – 1000 m from the release site, to induce mortality in shrimp after the 74 

treatment water is released (Refseth et al., 2016). As H2O2 is heavier than seawater it will sink and when 75 

there is no stratification of the water column (during winter) it may reach the seabed a few minutes after 76 

release. Sinking of H2O2 will coincide with the time of year when deep water shrimp carry eggs. It is known 77 

that H2O2 affect reproduction in salmon lice by reducing hatching success and development of early life 78 

stages (McAndrew et al., 1998; Toovey and Lyndon 2000; Aaen et al., 2014), and there is also concern that 79 

embryo development and hatching success of deep-water shrimp may be affected. There is limited 80 

knowledge of the effects of H2O2 on egg-bearing shrimp or on eggs and embryos.  81 

It has been demonstrated that H2O2 can induce sub-lethal effects in non-target species, e.g. through the 82 

production of reactive oxygen species, which can induce DNA damage, including base oxidation, and DNA 83 

strand breaks (El-Bibany et al., 2014; Valavanidis et al., 2006; Azqueta et al., 2009). Maintenance of DNA 84 

integrity is essential for proper cell and organismal function, and prevention of disease and mutations 85 

(Reinardy and Bodnar, 2015; Wurgler and Kramers, 1992). Unrepaired DNA damage may also be 86 
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transferred to offspring via affected parents and lead to long-term effects in populations (Barber et al., 87 

2006; Jha, 2004).  88 

Additionally, other bath treatments, such as azamethiphos (AZA; trade name Salmosan/Azasure) and 89 

deltamethrin (DEL; trade name AlphaMax), can potentially impact survival and the reproductive cycle of 90 

shrimp. DEL is a pyrethroid and acts on nerve transmission by interfering with sodium channels (Miller and 91 

Adams, 1982), which results in the depolarization of motor neurons and repetitive discharges at nerve 92 

endings, leading to eventual paralysis and death (Crane et al., 2011; Haya et al., 2005). It has a low water 93 

solubility, and the half-life of DEL in the water column is 2-4 hours (Muir et al., 1985). Laboratory and field 94 

studies have shown that DEL is toxic to crustaceans (e.g. Crane et al., 2011; Burridge and Van Geest, 2014; 95 

Urbina et al., 2019), with reported LC50--values (24 h exposures) ranging from 0.0006 µg/L for stage ll larvae 96 

of American lobster (Homarus americanus) (Burridge et al., 2014) to > 9.4 µg/L for neonates of Daphnia 97 

magna (Toumi  et al., 2013). The recommended user dose of DEL for control of sea lice of 2 µg/L is above 98 

the LC50-values reported for most crustaceans (Urbina el al., 2019). AZA is a water-soluble 99 

organophosphate that can also have negative effects on e.g. crustaceans (Burridge et al., 2000; Ernst et 100 

al., 2014), but toxicity occurs at higher concentrations than for DEL (Burridge and Van Geest, 2014). 101 

Organophosphates are neurotoxic and inhibit acetylcholinesterase activity preventing the production of 102 

the enzyme responsible for hydrolyzing the acetylcholine neurotransmitter, which is released during the 103 

transmission of a nerve impulse (Intorre et al., 2004; Kaur et al., 2017). As such, both DEL and AZA are 104 

known to affect locomotion capability and behavior in exposed individuals (Burridge and Van Geest, 2014; 105 

Urbina et al., 2019).  106 

Given the sensitivity of crustaceans and the significant use of delousing agents in Norway, there is a need 107 

to assess effects of bath treatments and combinations of bath treatments in deep water shrimp. Since the 108 

delousing agents are rapidly diluted in the sea, it is important to study both lethal and relevant sub-lethal 109 

effects at low concentrations. The aim of our study was to examine acute and delayed lethal and sub-lethal 110 

effects on egg-carrying deep-water shrimp exposed to environmentally realistic concentrations of three 111 

bath treatments alone (H2O2, AZA, DEL), or in sequential use with each other (H2O2 and AZA, H2O2 and DEL, 112 

AZA and DEL).. All exposures lasted for two hours to simulate a realistic environmental exposure time at a 113 

given distance from the release point. Exposure concentrations were therefore defined as dilutions of 114 

recommended treatment doses of the different bath pharmaceuticals. Effects were assessed in terms of 115 

shrimp behavior and mortality, egg loss, embryo development and -mortality. Further, acute DNA-damage 116 

was assessed in shrimp tissue and eggs after exposure to a high (16 mg/L) H2O2 concentration.  117 

 118 

 119 

2. Materials and Methods 120 

 121 

2.1. Exposure scenarios 122 

Three exposure experiments on egg-carrying shrimp were carried out in the periods January 25th – 123 
February 22nd 2018 (experiment one; Exp1), February 14th – March 14th 2018 (experiment two; Exp2) and 124 
February 21st – March 12th 2019 (experiment three; Exp3).  125 

In Exp1, lethal and sub-lethal effects of exposure to 1000, 500 and 100-times dilutions of the 126 

recommended treatment dose of H2O2 (1600mg/L) were investigated (Table 1).  127 
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In Exp2, lethal and sub-lethal effects of the three different bath pharmaceuticals, H2O2, AZA (recommended 128 

treatment dose: 100g/L) and DEL (recommended treatment dose: 2.0 g/L), alone or in sequential 129 

treatments were investigated. Five hundred times diluted treatment doses for H2O2 and AZA, and 3301 130 

times diluted treatment dose for DEL were selected for this experiment (Table 1Error! Reference source 131 

not found.).  132 

Due to high mortality in some treatments of Exp2, a third experiment (Exp3) was set up to repeat Exp2, 133 
but with lower (sub-lethal) concentrations. Three pilot trials were conducted to determine the threshold 134 
between lethal and sub-lethal concentrations of the pharmaceuticals (see Supplemental Information Table 135 
S1 for pilot trial details and results). Based on the pilot trial results, 1000-times diluted treatment doses 136 
were selected for treatments including H2O2 and AZA. The pilot trials did however fail to determine the 137 
limit between lethal and sub-lethal DEL concentrations, and a DEL concentration range (10 000, 100 000 138 
and 1 000 000 times dilution of recommended treatment dose) was selected for Exp3 (Table 1) instead of 139 
sequential treatments with this pharmaceutical.  140 

 141 

Table 1. Overview of exposure experiments. Exp1; experiment 1, Exp2; experiment 2, Exp3; experiment 142 

3. H2O2; hydrogen peroxide, AZA; azamethiphos, DEL; deltamethrin, /; sequential treatment 143 

 144 

 145 

 146 

 147 

 148 

 
4 

1 Recommended treatment dose for deltamethrin is 2 µg/g. However, through personal communication with fish farmers, we 
learned that the deltamethrin dose most often used is 1.5 – 2 times higher than this, i.e. from 3 – 4 µg/l. We therefore selected 

500 times dilution of 3 µg/g in the deltamethrin exposures in Exp2 that equals 330 times dilution of 2 g/L.    
 

Experiment Treatment

Dilution of 

reccomended 

treatment dose

Nominal 

exposure 

concentration 

Number of 

replicates

Number of 

shrimp per 

replicate

Weekly 

sub-

sampling

Post-

exposure 

period 

(days)

Control - - 3 25-26

H2O2 1000 1000 1.6 mg/L 3 25

H2O2 500 500 3.2 mg/L 3 24-25

H2O2 100 100 16 mg/L 3 24-26

Control - - 3* 25

AZA 500 200 ng/L 3 25

AZA / DEL 500 / 330 200 ng/L / 6 ng/L 3 25-27

DEL 330 6 ng/L 3 25-27

H2O2 / AZA 500 / 500 3.2 mg/L / 200 ng/L 3 25

H2O2 / DEL 500 / 330 3.2 mg/L / 6 ng/L 3 25-26

Control - - 3 25

H2O2 1000 1.6 mg/L 3 25

AZA 1000 100 ng/L 3 25

H2O2 / AZA 1000 / 1000 1.6 mg/L / 100 ng/L 3 25

DEL1 1 000 000 0.002 ng/L 3 25

DEL2 100 000 0.02 ng/L 3 25

DEL3 10 000 0.2 ng/L 3 25

* Due to technical failure, one replicate control tank was lost 13 days post exposure (T13d).

Exp3 No 19

Exp1 Yes 28

Exp2 Yes 29
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 149 

2.2. Shrimp collection and maintenance 150 

Egg-carrying shrimp were collected in three different fjords in Northern Norway at four different 151 
occasions: By shrimp pots in the inner part of Porsangerfjorden during November 2017 and October 2018, 152 
and by trawl in Balsfjorden and Malangen in January 2018. No fish farms exist in any of the fjords where 153 
the shrimp were caught. Collected shrimp were transported to Akvaplan-niva's marine station (FISK) where 154 
they were placed in 600 L tanks for acclimation and maintained until experiment start-ups. Separate 155 
batches of shrimp were kept in separate holding tanks; acclimation times were minimum 10 days and 156 

holding times prior to experiments were maximum four months. Holding tanks were supplied with 60 m 157 
filtered running seawater of ambient temperature (2.0 – 5.1 °C) and salinity (33–34‰) at a flow rate 158 
ensuring efficient self-rinsing of the tanks, and water O2-saturation > 80% (> 10 mg/L). The shrimp were 159 
fed in excess with frozen Calanus spp. three times a week. 160 

 161 

2.3. Baseline measurements of experimental shrimp stock-batches 162 

The shrimp used for Exp1 was a mix of Porsangerfjord 2017 and Balsfjord 2018 shrimp. The Malangen 2018 163 
shrimp were used in Exp2, and the Exp3 shrimp were collected in Porsangerfjord in 2018. One to two days 164 
prior to all experiments, 10-20 shrimp from the stock-batch used for the respective experiment were 165 
sampled for documenting the natural variation in the batch in terms of individual shrimp size distribution, 166 
embryonic developmental stage, egg size, gonadosomatic index (GSI) and relative fecundity (number of 167 
eggs per g shrimp) (see Supplemental Information Table S2, Fig. S1 for results).  168 

Shrimp total length (± 1.0 mm) and weight (± 0.001 g) were measured before all eggs were removed and 169 
the egg mass weighted separately. The eggs were fixed for 10-15 minutes in methanol, acetic acid and 170 
distilled water (dH2O) at the ratio 1:1:1 (fix 1), and thereafter stored in 37% formalin, glycerol, ethanol, 171 
acetic acid and dH2O at the ratio 2:1:3:1:3 (fix 2) for later egg counting and embryo development staging. 172 
Total number of eggs was counted and embryo developmental stage was studied and photographed by 173 
stereomicroscopy (Leica MZ6 with integrated DFC camera and application software 2.8.1, Leica 174 
Microsystems (Switzerland) Ltd.). The photos of the eggs were used for accurate measurement of egg 175 
diameter and embryo eye diameter by ImageJ Processing and Analysis in Java. Linear regressions between 176 
total number of eggs and egg mass weight was modelled for each experimental shrimp stock-batch and 177 
the linear regression equations were used to calculate relative fecundity (eggs per g shrimp). GSI was 178 
calculated according to the equation  179 

GSI = (Wegg / Wshrimp) x 100, 180 

where Wegg is the egg mass weight (g) and Wshrimp is the shrimp weight (g).  181 

 182 

2.4. Experimental set-up and analysis  183 
All exposure experiments were conducted in 60 L flow-through tanks. The water level in each tank was set 184 

to 45 L and the tanks were supplied with 60 m-filtered seawater of ambient temperature (2.0 – 5.1 °C) 185 
and salinity (33–34‰) at a flow rate of 45 L/h. Shrimp were placed into the exposure tanks 48 hours prior 186 
to exposure for acclimation to the new tanks. To minimize stress during acclimation and exposure, no 187 
feeding was undertaken during the acclimation period and the following exposure day.  188 

All exposures lasted for two hours. For sequential exposures, a one-hour break between exposure 1 and 189 
exposure 2 allowed for replacement of the water containing pharmaceutical 1 before pharmaceutical 2 190 
was introduced. At the start of each exposure, the water flow was stopped, and 5 L water removed from 191 
each exposure tank. This water was then replaced with 5L seawater containing bath pharmaceutical to 192 
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ensure the correct exposure concentration right from the start. The water flow was then restarted, and, 193 
at the same time, two peristaltic multi-channel pumps were started, providing stock solution to each tank 194 
to ensure a constant concentration of the treatment pharmaceuticals throughout the exposure period. 195 
After 2 hours the peristaltic pumps were stopped, and the stock solution tubes removed from the tanks 196 
(i.e. start of recovery). All control tanks were handled the same way as the exposure tanks (i.e. 5 L water 197 
was removed and replaced with 5 L clean water). Oxygen and temperature levels were measured at the 198 
beginning and end of the experiments, and at daily intervals throughout the post-exposure period 199 
(Supplemental Information Fig. S2). H2O2 concentrations were measured at the start of the exposure (T0h) 200 
and at the end of the exposure period (T2h) in all replicates using Abcam's Hydrogen Peroxide Assay Kit 201 

(CHEMetrics®, US) (Supplemental Information Table S3).  202 

Shrimp behavior and mortality were monitored throughout the exposure day (T0d) and at daily intervals 203 
throughout the post-exposure period (T1d – T28d, T1d – T29d and T1d – T19d for Exp1, Exp2 and Exp3, 204 
respectively). Behavior was categorized as normal behavior (standing or swimming normally) or abnormal 205 
behavior (stress swimming (erratic panic swimming) and lying on the side (immobilized)). Feeding resumed 206 
the day following the exposure (T1d), and food (frozen Calanus spp.) was provided in excess throughout 207 
the post-exposure period. In Exp3, a mix of frozen Calanus spp. and fish pellets was provided as food.  208 

In Exp1 and Exp2, five shrimp per replicate were subsampled after the exposure, and thereafter at weekly 209 
intervals throughout the post-exposure period (T0d, T7d, T14d, T21d and T28d for Exp1 and T1d, T8d, 210 
T15d, T22d and T29d for Exp2). In Exp3, no shrimp were sampled until the end of the post-exposure period 211 
(T19d). Sampled shrimp were analyzed for total weight, embryonic developmental stage, relative 212 
fecundity (number of eggs per g shrimp) and percentage dead eggs (see section 2.3. for methodology). In 213 
Exp1, additional samples of controls and the high (H2O2 100) treatment shrimp were taken for DNA damage 214 
analysis at T0d: Approximately 0.2 g of the egg mass as well as internal organs covered by the carapace 215 
(including pyloric stomach, heart, ovary and hepatopancreas) were snap-frozen in liquid N2 and stored at 216 
-80 °C for later DNA damage analysis. In Exp3, all shrimp included in the experiment were weighted prior 217 
to exposure start, and at the end of the experiment, and whole shrimp (exclusive of eggs) were stored at 218 
-20 °C for later analysis of total lipid. 219 

 220 
2.5. DNA damage 221 

The fast micromethod was followed (Schröder et al., 2006), with adaptations for DNA extracted from 222 
marine organisms according to Reinardy et al. (2016). In brief, 50 mg internal organs or egg mass tissue 223 
was extracted following the DNAzol ES ® Reagent protocol (MRC, USA) and quantified by nanodrop. For 224 
the fast micromethod, 100 ng of DNA was loaded into black-walled 96-well microplates (USA Scientific 225 
Inc.), with triplicate wells per sample, with the addition of lysis solution (9 M urea, 0.01% SDS, and 0.2M 226 
EDTA) containing 1:49 Picogreen fluorescent dye (Life Technologies). Lysis was carried out on ice, in the 227 
dark, and unwinding was initiated by increasing pH with the addition of alkaline unwinding solution (20 228 
mM EDTA, 1M NaOH, pH 12.4 ± 0.1). Flourescence was detected (kinetic mode, excitation 480 nm, 229 
emission 520 nm, POLARstar Omega plate reader, BMG LABTECH) immediately after initiation of 230 
unwinding and quantified every 5 minutes for a 30-minute period. Strand scission factor (SSF) was 231 
calculated according to Schröder et al. (2006) using the following equation: 232 
 233 
SSF = log (% dsDNAsample / % dsDNAcontrol) x (-1) 234 

where dsDNAsample are the exposed samples and dsDNAcontrol are the unexposed samples, and 235 
percentages are calculated from relative fluorescent units (RFU) after 20-min unwinding compared with 236 
initial (0 min unwinding) RFU, after subtracting respective blank RFU values (distilled water was used as 237 
blanks). 238 
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2.6. Statistical analyses  239 

Statistical analyses were performed with Statistica 13.3 or Stagraphics Centurion (XVII – X64). When 240 
requirements of normality and homogeneity of variances were met, a one-way ANOVA or a generalized 241 
linear model (GLM) factorial ANOVA with treatment and date as independent factors were used to test for 242 
differences between replicates and treatments. When a significant treatment effect was found, the Tukey 243 
HSD post hoc test, or the Unequal N HSD post hoc test was applied to distinguish differences among 244 
treatment levels. When requirements for normality were not met, the nonparametric Kruskal-Wallis test, 245 
followed by Dunn's multiple comparison test was used. Correlations among variables were evaluated by 246 
the Pearson product-moment correlation. A probability level of p<0.05 was applied as the significance 247 
level.  248 
 249 
 250 
 3. Results  251 

3.1. Shrimp behavior and mortality 252 

In Exp1, there was no significant difference in behavior or mortality between treatments. Percentage 253 
shrimp performing normal behavior ranged between 90.0 – 100 % in the different tanks throughout the 254 
experiment. Overall, more shrimp were laying on their side in the period T1d – T5d (range 2.0 – 10.4 % per 255 
tank; average 6.8 ± 2.8 %) post-exposure compared to any other periods of the experiment (range 0 – 7.5 256 
% per tank; average 1.1 ± 1.8 %). Overall, few incidences of stress swimming were observed throughout 257 
the experimental period (data not shown). Mortality ranged between 0 – 23 % in the different tanks, and 258 
most (91 %) of the shrimp that died during the experiment, died within the first week post exposure (T7d) 259 
(Fig. 1; left panels).  260 

In Exp2, significantly more shrimp in the DEL, AZA/DEL and H2O2/DEL treatments were performing 261 

abnormal behavior in the period T1d - T3d compared to controls, AZA and H2O2/AZA treatments (Fig. 2). 262 

In the period T1h – T5h, stress swimming ranged between 1.3 and 18.6 % in DEL, AZA/DEL and H2O2/DEL 263 

compared to 1.3 – 4.0 % in controls, AZA and H2O2/AZA treatments, In the period T1d – T3d, 45.0 - 100 % 264 

of the shrimp in DEL, AZA/DEL and H2O2/DEL were laying on their side compared 0 – 32.8 % in controls, 265 

AZA and H2O2/AZA treatments. From T6d and onward, all surviving shrimp were generally observed 266 

standing (normal behavior). Mortality ranged between 0 – 81 % in the different tanks (Fig. 1; middle 267 

panels), being significantly higher in AZA/DEL (76.5 ± 4.8 %), DEL (76.8 ± 4.8 %), H2O2/AZA (41.3 ± 25.7 %) 268 

and H2O2/DEL (71.1 ± 5.4 %) compared to the control (6.0 ± 2.8 %) and the AZA (4.0 ± 4.0 %) treatments. 269 

Most shrimp that died in the treatments containing DEL, were dead by T3d (DEL; 93.6 %, AZA/DEL; 93.4 %, 270 

and H2O2/DEL; 87.1 %). At T9d, 98.5 % of all shrimp that died in all treatments during the experiment were 271 

already dead, and all shrimp in DEL, AZA/DEL, and H2O2/DEL were dead or sampled at this time point.   272 

 273 

Similar to Exp1, there were no significant difference in behavior or mortality between the treatments in 274 
Exp3, and similar to both Exp1 and Exp2, most (93 %) of the shrimp that died during Exp3 were already 275 
dead by T7d. Mortality ranged between 0 – 40 % in the different tanks (Fig.1; right panel). Most shrimp 276 
were observed standing throughout the experiment, except one shrimp in one of the H2O2-replicates that 277 
lay on the side throughout the experiment. Except for this shrimp, 1-2 shrimp were observed laying on the 278 
side randomly in 1 to 4 of the 21 exposure tanks, but with no significant difference between treatments 279 
and no correlation between deaths of shrimp in the individual tanks. Only a few incidences of stress 280 
swimming were observed, but with no connection to exposure time or treatment (data not shown).  281 

 282 
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 283 

Figure 1.  Percent cumulative mortality and sampling of shrimp in all experiments. Left panels: 284 

Experiment 1 (Exp1), T0d; n = 24 - 26 shrimp per tank. Middle panels: Experiment 2 (Exp2), T0d; n = 25 - 285 

27 shrimp per tank. Right panels: Experiment 3 (Exp.3), T0d; n = 5 shrimp per tank. See Table 1. for 286 

designation of treatment acronyms- and concentrations. 287 

 288 

 289 

 290 

 291 
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 292 

 293 

Figure 2. Percentage shrimp performing normal behavior in Exp2 throughout the experimental period. N=3 294 
tanks per treatment. T0d, n = 25 - 27 shrimp per tank. Number of shrimp per tank decreased throughout 295 
the post exposure period due to subsampling and mortality (see Supplemental Information Table S4 for 296 
overview). *: Significant different from control. See Table 1. for designation of treatment acronyms- and 297 
concentrations. 298 

 299 

3.2. Egg loss, embryo development and reproductive output 300 

3.2.1. Egg loss 301 

Partial egg loss did occur in all experiments as a few eggs were occasionally observed at the bottom of the 302 
tanks (especially just after handling). Partial egg loss was, however, not quantifiable since the number of 303 
eggs per shrimp at the start of the experiment was unknown. In all experiments, some shrimp lost all their 304 
eggs during the experimental period. In Exp1, between 0 and 29 % (0-6 shrimp per tank; 29 shrimp in total) 305 
lost all their eggs, but with no significant difference between treatments (data not shown). In total, 32 306 
shrimp died during Exp1 (T4d-T8d) and 10 of the shrimp that died (31 % of all dead shrimp) had lost all 307 
their eggs. In contrast, only 7 % (19 out of 266) of the shrimp sampled when alive had lost all their eggs, 308 
and 6.5 % of these were sampled towards the end of the experiment (T21d and T28d). No hatching of eggs 309 
occurred during Exp1. 310 

In Exp2, all shrimp treated with DEL alone or sequentially (AZA/DEL, H2O2/DEL) were sampled (58 shrimp) 311 
or died (173 shrimp) within T8d, and none of these shrimp had lost all their eggs. In controls and in the 312 
AZA and H2O2/AZA treatments, between 0 and 16 % (0-4 shrimp per tank; 20 shrimp in total) lost all their 313 
eggs with no significant difference between these treatments (data not shown). Ten of the shrimp that 314 
lost all their eggs died during the experiment (T1d –T17d) whereas 9 of the remaining 10 shrimp that had 315 
lost all their eggs were sampled at the end of the experiment (T29d). No hatching of eggs occurred during 316 
the experiment, and eggs from the remaining stock batch shrimp did not hatch until early April 317 
(approximately three weeks after the end of the experiment).  318 
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In Exp3, between 0 and 60 % (0-3 shrimp per tank; 18 shrimp in total) lost all their eggs during the 319 
experiment, with no significant difference between the treatments (data not shown). Four of the shrimp 320 
without eggs died during the experiment whereas 14 were sampled at the end of the experiment (T19d). 321 
In Exp3 hatching started before the end of the experiment (the first larvae were observed at T13d; some 322 
hatching was observed in all tanks in the period T13d-T19d) and it is unsure whether the lack of eggs in 323 
some shrimp was due to hatching or release of the eggs prior to hatch. There were, however, no significant 324 
correlation between number of hatched larvae and shrimp with no eggs between tanks (data not shown). 325 
There was no significant difference in number of hatched larvae between the treatments of Exp3. 326 

 327 

3.2.2. Embryo development and reproductive output 328 

Overall, no significant sub-lethal effects on embryo development or reproductive output of any of the 329 
tested bath pharmaceuticals were revealed.  330 

In Exp1, there were no significant differences in total shrimp weight, relative fecundity or embryo eye 331 
diameter between any treatments at any sampling point throughout the experiment (Table 2, 332 
Supplemental Information Fig. S3). Embryo eye diameters were bigger in all treatments compared to the 333 
baseline shrimp sampled prior to Exp1, indicating progressive embryo development throughout the 334 
experimental period in all treatments. Percentage dead eggs was significantly higher in controls than in 335 
the H2O2 treatments at T21d (Table 2). DNA damage in controls and the high H2O2 treatments (H2O2 100; 336 
16 mg/L) shrimp sampled at T0d showed high variability in DNA damage between individuals (Fig. 3). There 337 
was a non-significant trend for higher levels of DNA damage in internal organs from exposed shrimp, but 338 
overall no statistical difference in DNA damage levels between control and exposed individuals.  339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 
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Table 2. Overview of shrimp weight (g), relative fecundity (number of eggs per g shrimp), % dead eggs, and 355 
embryo eye diameter (average ± standard deviation; all three replicates per treatment combined) 356 
measured at the different sampling point of Exp1 (T0d, T7d, T14d, T21d and T28d). Embryo eye diameters; 357 
average of 10 embryos per shrimp. Different letters behind values indicate significant difference between 358 
treatments. See Table 1. for designation of treatment concentrations. 359 

 360 

 361 

 362 

 363 

 364 

Figure 3. DNA damage (strand scission factor) in shrimp internal organs and egg mass tissues after 365 
exposure to 16 mg/L H2O2 (T0d). Data are average ± standard error of mean, n=15 shrimp per treatment. 366 
See Table 1. for designation of treatment acronyms- and concentrations. 367 

Days post 

exposure Treatment n n n n

0 Control 10.75 ± 1.22 15 134 ± 55 15 0.7 ± 0.9 10

0 H2O2 1000 9.79 ± 2.20 15 153 ± 74 15 1.5 ± 2.0 15

0 H2O2 500 10.28 ± 1.57 15 111 ± 61 15 1.4 ± 1.8 14

0 H2O2 100 10.19 ± 1.63 15 143 ± 45 15 1.4 ± 1.0 14

7 Control 9.56 ± 2.04 15 155 ± 52 15 1.0 ± 0.8 9 0.15 ± 0.09 5

7 H2O2 1000 10.83 ± 2.31 15 144 ± 60 15 2.0 ± 1.9 14 0.10 ± 0.02 3

7 H2O2 500 10.76 ± 2.04 15 135 ± 57 15 0.9 ± 0.8 12 0.13 ± 0.12 3

7 H2O2 100 10.44 ± 1.87 15 108 ± 65 15 1.3 ± 1.0 12 0.13 ± 0.07 4

14 Control 9.82 ± 1.48 15 141 ± 50 15 3.5 ± 2.4 15

14 H2O2 1000 9.91 ± 1.65 15 146 ± 60 14 4.8 ± 3.4 14

14 H2O2 500 10.67 ± 2.79 15 172 ± 37 15 5.0 ± 4.1 14

14 H2O2 100 10.05 ± 1.54 15 158 ± 34 15 5.6 ± 4.1 15

21 Control 10.61 ± 1.04 15 180 ± 26 10 4.8 ± 2.2
a 8 0.10 ± 0.02 7

21 H2O2 1000 9.79 ± 2.52 15 159 ± 127 14 1.4 ± 1.7
b 12 0.10 ± 0.04 11

21 H2O2 500 9.97 ± 1.31 15 158 ± 43 12 1.5 ± 0.9
b 12 0.10 ± 0.03 12

21 H2O2 100 9.76 ± 1.87 14 141 ± 47 11 1.7 ± 2.3
b 11 0.13 ± 0.07 10

28 Control 9.59 ± 2.97 9 150 ± 22 7 2.1 ± 1.2 7 0.11 ± 0.02 7

28 H2O2 1000 10.65 ± 1.69 7 184 ± 15 5 2.5 ± 1.3 4 0.14 ± 0.02 5

28 H2O2 500 9.26 ± 1.05 3 185 ± 22 3 3.6 ± 2.3 3 0.15 ± 0.04 3

28 H2O2 100 10.35 ± 1.67 8 172 ± 16 7 2.4 ± 1.7 7 0.13 ± 0.06 7

Shrimp 

weight (g)

Relative 

fecundity % dead eggs

Embryo eye 

diameter 

(mm)
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 368 

Due to the high mortality in some treatments of Exp2, only the first sampling point one day post exposure 369 
(T1d) represented a full dataset including all replicate tanks. There was no significant treatment effect on 370 
relative fecundity or % dead eggs at this time point (Supplemental Information Fig. S4), indicating no acute 371 
egg loss or embryo mortality in shrimp exposed to 200 ng/L AZA, 6 ng/L DEL or sequentially to 200 ng/L 372 
AZA and 6 ng/L DEL, 3.2 mg/L H2O2 and 6 ng/L DEL, or 3.2 mg/L H2O2 and 200 ng/L AZA. Shrimp weight and 373 
embryo eye diameter were similar in all treatments, confirming similar weight range and ranges of 374 
embryonic developmental stages in all shrimp at the start of the experiments.  375 

Like Exp1, there were no significant differences in Exp3 between treatments in shrimp weight, relative 376 
fecundity, percentage dead eggs or embryo eye diameter at the end of the experiment (T19d) (Fig. 4). 377 
Further, hatching was initiated in all tanks with no significant difference in number of hatched larvae 378 
between treatments (Supplemental Information Fig. S5). No abnormalities were observed in any of the 379 
hatched larvae of any of the treatments (data not shown).  380 

 381 

Figure 4. Shrimp weight (g), relative fecundity (number of eggs per g shrimp), % dead eggs, and embryo 382 
eye diameter measured at the end of Exp3 (T19d). N=12-15 shrimp per treatment. Egg/embryo eye 383 
diameters; average of 10 eggs/embryos per shrimp. No significant difference between treatments was 384 
revealed. See Table 1. for designation of treatment acronyms- and concentrations. 385 

 386 

 387 
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4. Discussion 388 

4.1. Experimental conditions 389 

In the present study P. borealis was exposed to H2O2, DEL and AZA in water in short (2 hours) single-pulse 390 
exposures to reflect the acute nature of effluent plumes from aquaculture sites. In addition, sequential 391 
exposures with H2O2 and AZA, H2O2 and DEL and AZA and DEL were performed. The concentrations 392 
selected represent environmentally realistic concentrations. Field studies of dispersion of AZA and DEL 393 
from aquaculture sites have found that effluent plumes are detectable 2 to 5.5 hours after release at 394 
distances 0.9 to 3 km from the cage site, with pharmaceutical concentrations equaling 1/1000 to 1/2000 395 
of the pre-release concentrations (Ernst et al., 2001, 2014).  396 

 397 

4.2. Shrimp mortality 398 

Overall, our experiments showed no acute or delayed mortality in egg-carrying shrimp exposed to H2O2 at 399 
the concentration range 1.6 – 16 mg/L (100 – 1 000 times diluted treatment dose), to AZA at the 400 
concentration range 100 - 200 ng/L (500 – 1 000 times diluted treatment dose) or to DEL at the 401 
concentration range 0.002 – 0.2 ng/L (10 000 – 1000 000 times diluted treatment dose). A DEL 402 
concentration of 6 ng/L (330 times diluted treatment dose) was however highly toxic and did cause acute 403 
(i.e. < 96h) mortality in almost all exposed shrimp across single and sequential exposure groups.  404 

Our H2O2 results from the 2 hours exposure (Exp1 and Exp3) are in agreement with previous studies in 405 
crustaceans showing that the concentration necessary to achieve 50 % mortality (LC50) range between 1.9 406 
and 1152.6 mg/L in exposures lasting for 24-96 hours, and between 937 - >3750 mg/L in exposures lasting 407 
for one hour (reviewed by Urbina et al., 2019). Our results are however in contrast to those reported by 408 
Bechmann et al. (2019) who found that a 2 hours exposure to 100 times diluted treatment solution (15 409 
mg/L H2O2) or three executive pulses of 1.5 mg/L H2O2 (i.e. 1000 times dilution) at 6.8 °C (versus 3.5 °C in 410 
this study), induced mortality in maturing P. borealis. Variations in toxicity can possibly be explained by 411 
temperature differences, as the toxicity of H2O2 in general increases with increasing temperatures, or by 412 
seasonal variations in sensitivity (Urbina et al. 2019).  413 

Short term exposures (0.5 - 6 hours) to AZA have shown LC50 values ranging between 2.8 – 37.7 µg/L in 414 
American lobster (Homarus americanus) (reviewed by Urbina et al., 2019). These concentrations are 3 - 35 415 
times lower than recommended treatment dose, however order(s) of magnitude higher than the 416 
concentrations tested in our study. The results from our study confirm results from previous studies that 417 
show that the toxicity of AZA is much lower than that of DEL, and that concentrations that may have a 418 
negative impact on deep-water shrimp will only occur close to the discharge site (Ernst et al. 2014). 419 

Although no acute or delayed mortality was seen in shrimp exposed to either 3.2 mg/L H2O2 or 200 ng/L 420 

AZA (i.e. 500 times diluted recommended treatment doses), a sequential treatment with these 421 

concentrations of the two bath pharmaceuticals induced delayed mortality (T4d-T8d post exposure) in the 422 

exposed shrimp, indicating an synergistic effect of the pharmaceuticals. This result contrasts with findings 423 

by Burridge and Van Geest (2014) that did not find any additive or synergistic effect of exposing mysid 424 

shrimp for 1 hour to H2O2 and thereafter to AZA (i.e. no changes in LC50-values when compared to single -425 

pulse exposure to the pharmaceuticals; exposure concentrations not reported). More research is needed 426 

to assess limits for effects and to understand mechanisms causing mortality when these two 427 

pharmaceuticals are used in combination treatment. In our study, no delayed mortality was seen in shrimp 428 

sequentially exposed to 1000 times diluted recommended treatment doses of H2O2 (1.6 mg/L) and AZA 429 

(100 ng/L) (Exp.3). 430 
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All exposures that included DEL in Exp2 (6 ng/L DEL, 200 ng/L AZA followed by 6 ng/L DEL, and 3,2 mg/L 431 

H2O2 followed by 6 ng/L DEL) induced high mortality. Due to the high mortality caused by DEL, our study 432 

failed to reveal potential synergistic effects by these sequential treatments (i.e. potential synergistic 433 

effects were camouflaged by DEL).   A synergistic mortality effect of simultaneous treatment to AZA and 434 

DEL (1 and 24 hours exposure) has previously been shown for the shrimps P. flexuosus and P. elegans in 435 

terms of significantly decreased LC50-values for both pharmaceuticals (Brokke, 2015).  436 

Due to the high mortality in all treatments containing DEL of Exp2, three pilot trials were run for one week 437 
each to determine the threshold between lethal and sub-lethal concentrations of this pharmaceutical (see 438 
Supplemental Information for summary of results). A high but inconsistent mortality rate was seen in all 439 
pilot trials (Supplemental Information Table S1). These mortality results made it impossible to select one 440 
concentration for sequential treatments, and a DEL concentration gradient (10 000, 100 000 and 441 
1 000 000-times dilution) was selected for Exp3. The Exp3 DEL results contradicted the results of the pilot 442 
trials and our study could only estimate that DEL induce mortality at a concentration somewhere between 443 
0.2 – 6.0 ng/L. Although, P. borealis is highly sensitive to DEL, and comparable to of other sensitive 444 
crustaceans investigated; published crustacean DEL LC50 in exposures lasting for 1 hour range between 3.4 445 
– 142 ng/L, with American lobster  larvae being most sensitive and Crangon septemspinosa shrimp being 446 
least sensitive (reviewed by Urbina et al., 2019). Bechmann et al. (pers. comm.) found increased mortality 447 
in P. borealis larvae when exposed to 2 ng/L DEL. The lethal toxicity mechanism of DEL seen in the pilot 448 
trials is unknown.  449 

 450 

4.3. Behavior 451 

Several behavioral endpoints were studied, including swimming activity and immobility (lying on the side).. 452 

Behavioral endpoints, and especially those related to immobility are important, as in the field an 453 

immobilized organism is unable to feed, seek shelter, or avoid predation (van Geest et al. 2014).  454 

In Exp1 there were no significant difference in behavioral endpoints between treatments (1.6 – 16 mg/g 455 
H2O2). However, more shrimp were laying on their side in the period T1d – T5d post-exposure compared 456 
to any other periods of the experiment. This may indicate a reduced ability to respond to stress, e.g. an 457 
approaching predator. Our finding contrasts with findings by Van Geest et al. (2014) who showed total 458 
paralysis of adult, nauplii and copepodites of different species of copepods when exposed to 10 mg/L H2O2. 459 
When it comes to effects of H2O2 the size of the organisms is thought to be important, as it probably affects 460 
the surface of the organisms (i.e. the carapace) (Hansen et al. 2017), and the bigger size of the shrimp 461 

(volume:surface-ratio) compared to copepods could possibly explain differences in responses.  462 

In Exp2, shrimp that were exposed to DEL (6 ng/L) alone or in sequential treatment were more frequently 463 

stress swimming or lying on the side than those exposed to H2O2 (3.2 mg/L) or AZA (200 ng/L) alone or in 464 

sequential treatment. Reduced swimming speed have been shown in the shrimp Palaemon serratus at 465 

concentrations equal to or higher than 0.6 ng/L of DEL after 96 hours exposure at 18 °C (Oliveira et al., 466 

2012). Also, larvae from the crab Metacarcinus edwardsii that were exposed to concentrations between 467 

0.1 and 0.5 μg/L DEL for 40 min at 15 °C showed no swimming capacity and only weak appendage 468 

movements (Gebauer et al., 2017). These larvae all died within 24 hours after exposure. AZA at 469 

concentrations of 5-10 g/L have been shown to agitate American lobster (Burridge et al., 2000), and 470 

lobsters exposed to 12 or 57 μg /L AZA for 1 hour under static conditions showed changes in behavior and 471 

an increased numbers of moribund (non-responsive but respiring) or dead individuals (Burridge and Van 472 

Geest, 2014). 473 
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No significant effects on behavior was seen in Exp3, indicating that exposure concentrations were below 474 

the no-effect concentration (NEC).  Although no significant behavior effects were seen in Exp.1 and Exp.3, 475 

immobilized shrimp observed in the three experiments generally reflected shrimps that died within a few 476 

days.    477 

 478 

4.4.  Egg loss, embryo development and reproductive output 479 

Overall, our results did not indicate any egg loss or negative effects on embryo development and 480 
reproductive output due to the bath treatment pharmaceuticals.  481 

A higher percentage of total egg loss was seen in shrimp dying during the experiments but with no 482 
significant difference between treatments. No negative effects of H2O2 in the concentration range 1.6 - 16 483 
mg/L were observed for shrimp embryo development or reproductive output (Exp1 and 3). H2O2 has been 484 
used as a disinfectant for fish eggs, and eggs in rearing facilities has been shown to have a relatively low 485 
sensitivity to H2O2. This is also the case for eggs from Atlantic cod (Gadus morhua) that had a LC50-value of 486 
342 mg/L (Refseth et al. 2016). The chorion may have a protective effect, both in fish and shrimp, but it 487 
cannot be ruled out that the early larval stages are more sensitive. 488 

No sub-lethal effects on embryo development of 100 ng/L AZA or sequential treatment with 1.6 ml/L 489 
H2O2/100 ng/L AZA or DEL in the concentration range 0.002 – 0.2 ng/L were observed. Burridge et al. (2008) 490 
showed that repeated exposures to 10 ng/L AZA can have a negative effect on the survival and 491 
reproduction of the American lobster, but that sensitivity is influenced by the season of the year. 492 
Malformations have been reported in neonates of two strains of Daphnia magna after 21 days of exposure 493 
to 80 and 150 ng/L DEL, respectively. The observed changes included general malformations, anthesis 494 
underdevelopment, curvature of carapace spines and abdomen, and changes in the percentage of males 495 
(Toumi et al., 2013).  496 

To our knowledge, this is the first study of egg loss and embryo-development in deep-water shrimp 497 
exposed to pharmaceuticals used for de-lousing in aquaculture. The results from our study indicate that 498 
the survival of the adult shrimp is most critical to produce viable offspring. The tested pharmaceuticals 499 
seem to have no effects on embryo development at the concentrations tested. However, if the egg-500 
carrying shrimp dies the embryos will probably also die before hatching. Thus, the result indicates that 501 
bath treatments will exert their effects on eggs/embryos via their effects on the egg-carrying females 502 
rather than directly by damaging eggs/embryos.  503 

 504 

4.5. DNA-damage by H2O2 505 

It has been demonstrated that H2O2 can induce sub-lethal effects in non-target species for instance 506 

through the production of reactive oxygen species, which in turn can induce DNA damage. No significant 507 
difference in acute DNA damage levels were found in adult tissue or egg mass embryos between control 508 
and individuals exposed to the highest (16 mg/L) H2O2 concentration. Embryos of grass shrimp 509 
(Paleomonetes pugio) are known to be sensitive to DNA strand breaks after exposure to H2O2 510 
concentrations as low as 0.34 mg/L (Hook and Lee, 2004), and significantly increased levels of DNA damage 511 
was detected in immune cells of a range of echinoderm (sea urchins and a sea cucumber)  at 512 
concentrations of H2O2 down to 3.4 mg/L (El-Bibany et al., 2014). The LC50 value for H2O2 is estimated at 513 
20.4 mg/L for larvae of sea urchins (Lytechinus variegatus) (Reinardy and Bodnar 2015). Hansen et al. 514 
(2017) found that H2O2-concentrations close to the LC50-value did not cause oxidative stress in Calanus 515 
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finmarchicus, but they did not study DNA-damage in the exposed individuals. In general, there is a lack of 516 
data of H2O2-induced genotoxicity in marine invertebrates.    517 

 518 

5. Conclusions 519 

DEL was shown to be highly toxic to shrimp at 330 times dilution of recommended treatment dose (500 520 
times dilution of a dose often used in practice), emphasising the need for specific precautions regarding 521 
the use of this bath pharmaceutical. The limit concentration for no lethal or sub-lethal effects of DEL on 522 
egg-carrying shrimp remains to be established. Further, the synergistic effect of H2O2 and AZA, inducing 523 
>40% mortality at a 500 times diluted treatment concentration, is of concern and emphasizes the need 524 
for more knowledge regarding the effects of combined/sequential treatments in general.  525 
 526 
The results from the experiments conducted in this study did not reveal any negative sub-lethal effects on 527 
egg-carrying shrimp of exposure to highly diluted (H2O2: ≥100 times diluted treatment dose; AZA: 500 528 
times diluted treatment dose; DEL: ≥10 000 times diluted treatment dose) bath pharmaceuticals. Exposed 529 
shrimp were monitored for five weeks and no sub-lethal effects were seen on DNA damage (H2O2 only), 530 
behavior, embryo development or reproductive output.  531 

Our results may indicate that mortality is the most likely effect when exceeding the no effect 532 
concentration. However, potential sub-lethal effect should be further investigated at concentrations closer 533 
to the no effect concentration.  534 

In this study shrimp were exposed to a short-term pulse of pharmaceuticals in concentrations that can be 535 
expected in the vicinity (10 – 1000 m) of aquaculture facilities after delousing in cages. However, in risk 536 
assessments the total pharmaceuticals load that non-target organisms can be exposed to needs to be 537 
taken into consideration. Further, it must be taken into consideration that often multiple cages are treated 538 
at one site within a short time frame (i.e. same day or subsequent days), and this could increase both the 539 
concentrations and types of pharmaceuticals, and the length of time over which non-target organisms are 540 
exposed to toxic concentrations. Balancing the risks to fish health through pharmaceutical delousing 541 
treatments against protection of the wider environment from treatment discharge, is a very active area of 542 
concern and research from both industry and regulatory perspectives. The results from the present study 543 
constitute a valuable input to the knowledge base required for conducting environmental risk assessments 544 
for aquaculture industry areas. 545 
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Supplemental information 677 

S1. Pilot trials 678 

Pilot trials were conducted at static conditions in buckets filled with 20 L seawater. Five shrimp from the 679 

holding tank were added to each bucket and left for 24 h hours for acclimation. Thereafter 5 L seawater 680 

was removed from each bucket and replaced with 5L bath pharmaceutical in seawater. After two hours 681 

exposure, the shrimp were moved to a flow-through tank supplied with clean running seawater and 682 

observed for one week for behavior and mortality (Table S1). 683 

 684 

Table S1. Overview of exposures and results from pilot trials with H2O2/AZA (trial I) and DEL (trial I-III). 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 

 698 

 699 

 700 

 701 

Pilot trial Treatment

Dilution of 

recommended 

treatment dose

Nominal exposure 

concentration

Number of 

replicates

Number of 

shrimp per 

replicate

Number 

of dead 

shrimp

Time of 

death

Control - - 1 5 0

H2O2 / AZA 1 25 000 0.064 mg/L  / 4 ng/L 1 5 0

H2O2 / AZA 2 5 000 0.32 mg/L / 20 ng/L 1 5 0

H2O2 / AZA 3 1 000 1.6 mg/L / 100 ng/L 1 5 0

DEL 1 25 000 0.08 ng/L 1 5 5 T2d -T5d

DEL 2 5 000 0.4 ng/L 1 5 1 T5d

DEL 3 1 000 2 ng/L 1 5 1 T7d

Control - - 1 5 0

DEL 1 25 000 0.08 ng/L 1 5 4 T1d - T2d

DEL 2 5 000 0.4 ng/L 1 5 5 T1d - T2d

DEL 3 1 000 2 ng/L 1 5 5 T1d - T2d

Control - - 1 5 0

DEL 4 25 000 000 0.00008 ng/L 1 5 5 T1d - T2d

DEL 5 5 000 000 0.0004 ng/L 1 5 5 T1d - T2d

DEL 6 1 000 000 0.002 ng/L 1 5 5 T1d 

I

II

III



21 
 

S2. Baseline measurements 702 

The baseline (BL) measurements revealed that the shrimp batch used for Exp2 contained significantly 703 
smaller shrimp than those in Exp1 and Exp3 (Table S2). GSI was similar for Exp1 and Exp2 shrimp, whereas 704 
the GSI of the Porsangerfjord 2018 shrimp used for Exp3 was significantly lower. Proportion of dead eggs 705 
was <10 % in all three shrimp batches, however significantly higher in the Exp2 Malangen shrimp compared 706 
to the Exp1 mixed-origin shrimp. Egg size and embryo developmental stages were significantly different 707 
between all three baseline shrimp batches; shrimp used for Exp3 had the biggest eggs and the most 708 
developed embryos at the start of the experiment, whereas Exp2 baseline shrimp had smaller eggs but 709 
more developed embryos than Exp1 baseline shrimp (Table S2, Fig. S1).  710 
 711 
 712 

Table S2. Overview of baseline measurements conducted on the shrimp batches used for Exp1, Exp2 and, respectively. 713 
BL: base line; GS: gonadosomatic index; relative fecundity; number of eggs per g shrimp. Linear regressions lines 714 
between total number of counted eggs and egg weight was modelled for each shrimp batch, and the linear regression 715 
equation was used to calculate relative fecundity in the corresponding experiments. Different letters behind values 716 
indicate significant difference between shrimp batch-stocks. 717 

 718 

 719 

Shrimp weight 

(g) GSI % dead eggs

Egg diametre 

(mm)

Embryo eye 

diametre 

(mm)

Relative 

fecundity

Linear regresion; 

egg weight - 

counted eggs R
2

BL Exp1 (n=20) 11.45 ± 2.64
a

13.43 ± 1.63
a

2.20 ± 1.48
a

0.95 ± 0.05
a

0.04 ± 0.03
a

170 ± 23
a

y = 1083.3x + 15.9 0.64

BL Exp2 (n=20) 7.27 ± 1.25
b

13.85 ± 2.01
a

8.33 ± 7.03
b

0,89 ± 0,03
b

0.09 ± 0.03
b 134 ± 18

b
y = 659.6x + 164.9 0.76

BL Exp3 (n=10) 11.63 ± 1.69
a

5.46 ± 2.05
b 

4.23 ± 2.82
ab 

1.15 ± 0.04
c

0.20 ± 0.01
c

36 ± 16
c

y = 686.0x - 42.3 0.96
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 720 

Figure S1. Minimum and maximum eye pigmentation stage in baseline shrimp sampled prior to the 721 
experiments. Exp1: A (minimum eye diameter; 0.00 mm) and B (maximum eye diameter; 0.08 mm), Exp2: 722 
C (minimum eye diameter; 0.03 mm) and D (maximum eye diameter; 0.12 mm) and Exp3: E (minimum eye 723 
diameter; 0.18 mm) and F (maximum eye diameter; 0.22 mm).  724 
 725 
 726 
 727 
 728 
 729 
 730 
 731 
 732 
 733 
 734 
 735 
 736 
 737 
 738 
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S3. Exposure conditions 739 
Measured H2O2 concentration for all three experiments ranged between 75 – 93 % of the nominal 740 
concentration (Table S3). No control tanks, or exposure tanks not including H2O2, showed H2O2 741 
concentrations above detection limit. Water concentrations of AZA and DEL in the exposure tanks were 742 
not measured. However, the same two multi-channel peristaltic pumps delivering H2O2 stock solution to 743 
the H2O2 treatments were synchronously delivering AZA and DEL to these treatments, assuming the same 744 
agreement between nominal and actual water concentrations for AZA and DEL as for H2O2. 745 
 746 

 747 

Table S3. Nominal and measured H2O2 concentrations in treatments including H2O2 of experiment one 748 

(Exp1), experiment two (Exp2) and experiment three (Exp3). Measured concentrations represent 749 

average T0h (exposure start) and T2h (end of exposure) concentrations of three replicate tanks ± 750 

standard deviation (n=6 measurements per treatment).  751 

  752 

 753 

 754 

Average water temperature measured in one control tank of Exp1, Exp2 and Exp3 throughout the 755 
experiments was 3.5 ± 0.3 (min.-max. range 2.9 – 4.1), 2.9 ± 0.6 (min.-max. range 2.0 – 3.9) and 4.0 ± 0.7 756 
(min.-max. range 3.0 – 5.1) °C, respectively (Fig. S2). Average percentage oxygen saturation was 87.2 ± 2.4 757 
(range 83 – 91), 105.4 ± 6.3 (range 97 – 113) and 101.0 ± 2.7 (range 97 – 104), respectively (Fig. S2). 758 
 759 

Experiment Treatment

Nominal H2O2  

concentration 

(mg/L)

Measured H2O2 

concentration 

(mg/L)

H2O2 1000 1.6 1.2 ± 0.3

H2O2 500 3.2 2.5 ± 0.3

H2O2 100 16 14.8 ± 4.7

H2O2 / AZA 3.2 2.5 ± 0.4

H2O2 / DEL 3.2 2.4 ± 0.5

H2O2 1.6 1.2 ± 0.3

H2O2 / AZA 1.6 1.3 ± 0.2

Exp1

Exp2

Exp3
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 760 

Figure S2. Control tank water temperature and oxygen saturation throughout Exp1 (blue square symbols), 761 
Exp2 (orange circular symbols) and Exp3 (green triangular symbols).  762 

 763 

 764 

 765 

 766 

 767 

 768 

 769 

 770 

 771 

 772 

 773 
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 774 

 775 

 776 

 777 

 778 

S4. Behavior observations 779 

Table S4. Number of shrimp per tank during behavior observations of Exp2. R1-R3; replicate tank 1-3. 780 

s/d; no shrimp left because all shrimp were previously sampled (s) or dead (d).  781 

  782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 

 793 

 794 

 795 

 796 

 797 

Day post 

exposure R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3

0 25 25 25 25 25 25 25 27 25 24 25 27 25 25 25 25 25 26

1 25 25 25 25 25 25 25 27 25 24 25 27 25 25 25 25 25 26

2 20 19 20 20 19 20 14 6 13 15 12 18 18 18 20 12 16 17

3 20 19 20 20 19 20 6 s/d 2 2 s/d 9 12 16 20 1 11 7

6 20 19 20 20 19 20 2 s/d 1 s/d s/d 4 7 5 18 1 3 4

7 20 19 20 19 19 20 2 s/d 1 s/d s/d 3 7 5 17 1 2 4

8 20 19 20 19 19 20 2 s/d 1 s/d s/d 3 7 5 17 1 2 4

13 14 14 14 13 15 s/d s/d s/d s/d s/d s/d 2 s/d 12 s/d s/d s/d

15 14 14 14 13 15 s/d s/d s/d s/d s/d s/d 2 s/d 12 s/d s/d s/d

17 9 8 9 8 10 s/d s/d s/d s/d s/d s/d s/d s/d 7 s/d s/d s/d

20 9 8 9 8 10 s/d s/d s/d s/d s/d s/d s/d s/d 7 s/d s/d s/d

H2O2/DELControl AZA AZA/DEL DEL H2O2/AZA
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 798 

 799 

 800 

 801 

 802 

S5. Embryo development and reproductive output 803 

 804 

 805 

Figure S3. Shrimp weight (g), relative fecundity (number of eggs per g shrimp), percent dead eggs and 806 
embryo eye diameter measured at the end of Exp1 (T28d). N=3-9 shrimp per treatment. Embryo eye 807 
diameters: average of 10 embryos per shrimp. No significant difference between treatments was revealed. 808 

 809 
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 810 

Figure S4. Shrimp weight (g), relative fecundity (number of eggs per g shrimp), % dead eggs and embryo 811 
eye diameter measured one day post exposure of Exp2 (T1d). N =15 shrimp per treatment. Embryo eye 812 
diameters: average of 10 embryos per shrimp. No significant difference between treatments was revealed.  813 

 814 

 815 

 816 

 817 

Figure S5. Number of hatched larvae in the different treatments of Exp3. For each treatment, 11-14 shrimp 818 
were still left during the period of hatching (3-5 shrimp per tank). 819 


