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Figure 3.3 Setup of the water soluble fraction generation system. N-alkane oil spiked with 11 

selected PAHs was pumped from a glass syringe (A) to the droplet generator (B) where it was forced 

together with filtered seawater (C) pumped at a flowrate of 160 mL min-1 (D), generating a dispersion. 

The dispersion was kept in the overflow chamber (E) to provide sufficient residence time to assume 

equilibrium between the PAHs dissolved in the water and in the oil droplets. The dispersion was 

sucked through two parallel filter units (F) by a pump with a flowrate of 140 mL min-1 (G) to ensure 

only the WSF (H) to come through. 
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sufficient residence time to assume equilibrium between the PAHs solved in the water and in 

the oil droplets. Finally, the dispersion was sucked (Q-SAN metering pump, 140 mL min-1) 

from top to bottom, through two parallel filter holders containing glass wool (10g) and 

Whatman Grade GF/C and GF/F Glass Microfiber filters (Whatman Ltd., Maidstone, UK; 1.2 

m and 0.7 m respectively) to remove the oil droplets and ensure only the WSF to pass. The 

WSF stock was cooled according to the experimental setup and diluted (10, 50 and 100%) prior 

to exposure of eggs.  

 

3.3.2 Egg sampling and exposure 

Eggs from C. hyperboreus and C. finmarchicus were the starting point of each experiment. For 

the C. finmarchicus, eggs were obtained after 12 hours of spawning. The eggs were collected 

from the bottom of the tanks using a siphon with a glass tube extension equipped with a 

terminal suction unit. For the collection of C. hyperboreus egg, the eggs were collected after a 

spawning period of 1-3 days. A ladle and a hose were used for egg collection in the water 

column and on the water surface. The water was directed through a collecting flask with an 

internal sieve (mesh size 64 m) to reduce water volume and trap the eggs, which were further 

filtered through a funnel with a terminal sieve to further reduce the volume. 

 

Eggs were then transferred to a Petri dish containing a small amount of seawater using a 

micropipette (20 L, Eppendorf). For each glass vial 100 C. hyperboreus eggs or 200 C. 

finmarchicus eggs were collected. In total 48 vials were used for each temperature experiment: 

4 replicates of controls, 10%, 50%, and 100% WSF of PAHs. After all eggs were added, the 

volume of water in the glass vials was reduced to a fixed amount (4 mL) using a custom-made 

suction system leaving the eggs in the vials. 35 mL of each exposure solution (10, 50, and 

100%) was then added and eggs of C. finmarchicus and C. hyperboreus were exposed for 24 

hours and 48 hours, respectively. Because of the longer embryonic developmental time of C. 

hyperboreus eggs, they were exposed for a longer period to secure that the same embryonic 

developmental stage in eggs of both species was exposed. After exposure, the eggs were 

maintained under the selected temperature conditions until the desired developmental stage 

(N1, N2, and N3) was reached. Animals in filtrated seawater were used as controls. When the 

nauplii reached the N2 stage, R. baltica (200 g C L-1) was added to each the glass vials to 

prevent possible low nutritional access and reducing the energy cost in finding food. The 
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animals were subsequently sampled in four replicates for all exposure concentrations and 

controls at each developmental stage. 

 

3.3.3 Egg hatching success 

Eggs spawned within 12 hours for C. finmarchicus and 48 hours for C. hyperboreus were 

transferred to glass vials (8 mL) containing filtered seawater (400 L). Hatching success 

experiments were conducted in triplicate for controls and the different exposure concentrations 

(10, 50, and 100% WSF) at nominal temperatures 7.5, 10 and 12.5C for C. finmarchicus and 

3, 7.5 and 10C for C. hyperboreus. Eggs were exposed to WSF (7.5 mL) until given time 

points: 25, 36, 48 and 61 hours for C. finmarchicus and 67, 91 and 115 hours for C. 

hyperboreus. Samples were then terminated using acid Lugol solution. Eggs and nauplii from 

the exposure vials were subsequently counted and hatching success (%) were determined using 

equation 3.1, where the number of hatched nauplii was divided by the number of eggs present 

(hatched + unhatched, n) in the glass vials and multiplied by 100.  

 

𝐻𝑎𝑡𝑐ℎ𝑖𝑛𝑔 (%) =  
ℎ𝑎𝑡𝑐ℎ𝑒𝑑 𝑛𝑎𝑢𝑝𝑙𝑖𝑖

𝑛
 ×  100                                                                                           [3.1] 

 

3.3.4 Stage determination and development time 

Animals were sampled when the desired developmental stage was reached. Nauplii stages were 

determined based on morphological characteristics using a stereo microscope (Leica M80). A 

stage determination key with close-up pictures and descriptions of the main characteristics 

(Post-Doc Iurgi Salaverria, Department of Biology, NTNU) helped distinguishing between the 

different developmental stages. Pictures of eggs and nauplii of C. finmarchicus and C. 

hyperboreus are shown in Appendix A. Developmental time was estimated as the time from 

egg incubation until the sampling of the selected stage. 

 

3.3.5 Oxygen consumption 

Approximately 30 eggs and 30 (N1 and N2) or 20 (N3) individuals of the desired 

developmental stage were collected from the glass vials for measurements of oxygen 

consumption. Eggs and animals were transferred to micro chambers (100 L) mounted on a 

customised cooling block of aluminium placed in a water circulation bath connected to a water 

cooling bath (Figure 3.4). The dissolved oxygen concentration (mg L-1) in the water of the 
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micro chambers were monitored by using a fibre-optic oxygen meter (FireStringO2, 

PyroScience GMbH, Aachen, Germany), which was used with four sensors (ZA7-526-211, 

ZA7-513-215, ZA7-524-212, ZA7-534-216 – replaced with ZA7-509-214 in the experiments 

on C. finmarchicus). Fibre-optic oxygen sensors (Retractable oxygen micro-sensor, 

PyroScience, Item Mo. OXR230) continuously measured oxygen concentrations inside the 

micro chambers and measurements were based on optical detection principles (REDFLASH 

technology) (del Alamo-Sanza et al., 2014). The instrument was calibrated every sampling day 

with air-saturated distilled water (Milli-Q) using a one point calibration curve according to the 

producer’s instructions. The air saturated water was prepared by shaking a bottle (500 mL) 

containing 50% water and 50 % air. Elimination of any air or air bubbles within the chambers 

was necessary for accurate measurements. Additionally, the chambers had to be filled up to a 

positive meniscus before capping. The chosen temperature was set and the oxygen content 

inside the micro chambers was recorded during approximately 1 hour for both C. hyperboreus 

and C. finmarchicus.  

 

 

Figure 3.4 Setup for measurement of oxygen consumption. Micro chambers (A) were placed on a 

cooling block (B) surrounded by a circulating water bath (C) maintaining the chosen experimental 

temperature. The sensor tip (D) was retracted inside the syringe needle when penetrating the chamber 

cap septum (E).  
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Oxygen consumption was determined from regression calculation of the measured oxygen 

concentration (mg L-1) against time (sec) according to the formula: 

 

𝑦 = 𝑎𝑥 + 𝑏                                                                                                                      [3.2] 

 

where y is the difference in oxygen concentration over the measuring period (mg L-1), a is the 

regression coefficient which gives the oxygen reduction rate in the chamber (in mg O2 L
-1 min-

1), while x is a defined time fraction of the measured period (30 min), and b is the intercept. 

 

The regression coefficient was used to determine oxygen consumption according to: 

 

𝑂2 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑔 𝑂2 𝑖𝑛𝑑.−1 ℎ−1) =  
𝑎 × 𝑉 × 1000 × 3600

𝑛
                                               [3.3] 

   

where a is the is the regression coefficient, V is the volume of the chamber (L), and n the 

number of animals in the chamber. To get the measured O2 unit (mg L-1) in g L-1, results were 

multiplied by 1000, and by 3600 to convert to oxygen consumption per hour (h). See Appendix 

B for details on the regression statistics.  

 

3.3.6 Biometric analysis 

Eggs and nauplii from each micro chamber used to measure consumption were placed on a 

cavity slide for biometric analysis. Images of each individual were captured at a fixed 

magnification (0.4) with a still-video camera operated by Fire-i software (Unibrain Inc., San 

Ramon CA, USA). Egg diameter and prosome length of N1, N2, and N3 were conducted 

manually (Figure 3.5) in the software ImageJ (National Institute of Health, Bethesda MD, 

USA) with the aid of a graphic tablet (Wacom, Intous3 Co., Ltd, Saitama, Japan), which was 

calibrated, based on the fixed magnification to count 538 pixels per millimetre. 

Figure 3.5 Biometric measurements of C. finmarchicus and C. hyperboreus eggs and nauplii. Red lines 

indicate diameter of eggs (A), length of prosome of N1 and N2 (B), and N3 (C).  
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3.3.7 Dry weight 

For the analysis of dry weight, the individuals from each sample were transferred to pre-

weighed tin capsules (5x9 mm) (Säntis Analytical AG, Teufen, Switzerland) placed in a 96 

well plate. To avoid formation of salt crystals, eggs and nauplii were rinsed in an isotonic 

ammonium format solution (CH5NO2) before placing them in the tin capsules. The samples 

were dried in a heating cabinet (~60C) for at least 12 hours. Dry weight was determined by 

subtracting the weight of the empty tin capsules from the weight of the tin capsules containing 

the samples using a micro weight scale (Mettler Toledo). Dry weight of egg and nauplii were 

determined according to equation 3.4, where sample weight was divided by the number of 

animals (n) added to the tin capsule. The results were multiplied by 1000 to get the dry weight 

(mg) converted to g.  

 

𝐷𝑊 (g 𝑖𝑛𝑑.−1 ) =  
𝑠𝑎𝑚𝑝𝑙𝑒 (𝑤𝑒𝑖𝑔ℎ𝑡)

𝑛
 ×  1000                                                                                        [3.4] 

 

3.3.8 Chemical analysis of water samples 

Water samples of exposure media were collected from controls and different WSFafter 24 and 

48 hours for C. finmarchicus and C. hyperboreus, respectively, and were acidified with diluted 

hydrochloric acid (15% HCl) to stop microbial degradation of the PAHs in the samples. The 

PAHs in the stock exposure solutions and collected water samples (volume approximately 700 

mL) were extracted by solid-phase extraction (SPE) using an Agilent Bond Elut PPL SPE 

column performed by SINTEF Materials and Chemistry, Trondheim, according to SINTEF 

Environmental Technology’s standard procedure. Further, the extracts were analysed by gas 

chromatography-mass spectrometry (GC/MS) using a method based on the US EPA 8270D 

method to quantify the different PAH components (US EPA, 2014). 

 

3.4 Statistics 

Statistical comparisons of the different exposure treatments were performed using Analysis of 

Variance (ANOVA). The effect of temperature on unexposed eggs, was analysed by using 

One-Way ANOVA. To check for an interaction effect between temperature and exposure, 

Two-Way ANOVA analysis was used on exposed nauplii reared under different temperatures. 

If a significant effect was detected within the main effects, a Holm-Sidak multiple comparison 

test was run to isolate which the groups that differed from the others. Differences were 



21 

 

considered to be statistically significant if p < 0.05. A Shapiro-Wilk test and analysis of data 

frequency distribution were used to test for normality (p = 0.05), while a Brown-Forsythe test 

and vertical spread of the residuals were used to test for equal variances (p = 0.05). If data was 

not normally distributed nor showed homogeneity of variances, the data was transformed by 

using log or square root transformation to reduce skewness to the right. ANOVA is not 

particularly sensitive to non-normality or heterogeneity of variances when applied to a 

balanced design, but analysis may result in false positives (Type I errors) if the requirements 

are not met. However, if group sample sizes are approximately equal and large, there is 

normality and the ratio of the largest group variance is less than three, the ANOVA can be run 

due to its robustness to the heterogeneity of variances in these circumstances (Laerd Statistics, 

2015). Statistical analysis and generation of graphs were performed with the software 

SigmaPlot 13.0 (Systat Software, Inc). Results are presented as mean  standard deviation (SD) 

unless otherwise stated.  
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4 Results 

4.1 Experimental conditions 

4.1.1 Temperature 

Throughout the experiment, water temperatures were recorded and some deviations from the 

nominal temperatures were observed (Table 4.1). Measured temperatures are used to describe 

development of the nauplii, while nominal temperatures are used consistently to describe egg 

hatching, growth and oxygen consumption.  

 

Table 4.1 Water temperatures (mean  SD) for each temperature treatment.   

C. hyperboreus C. finmarchicus 

Nominal temperature Measured temperature  Nominal temperature Measured temperature 

3C 3.50.1C 7.5C 7.50.2C 

7.5C 7.60.3C 10C 9.70.3C 

10C 9.30.3C 12.5C 12.30.3C 

 

4.1.2 Exposure concentration 

Stock solutions for the exposure experiments, egg hatching experiments and water samples 

collected after exposure, were analysed to determine the composition and concentration of the 

different PAHs (Table 4.2). No water samples were collected from the vials used in the egg 

hatching experiment. Only minor differences in PAH concentrations were observed for the 

exposure solutions used to expose C. finmarchicus and C. hyperboreus, and they were therefore 

pooled. The 100% WSF concentration of the exposure experiment and the egg hatching 

experiment had the highest PAH concentration (ƩPAH 15.61 g L-1 and 20.11 g L-1, 

respectively), while the 10% exposure solution contained the lowest concentration of PAHs 

(ƩPAH 1.57 g L-1 and 1.93 g L-1, respectively). Small amounts were also detected in the 

controls. The naphthalenes (N, N1 and N2) were the dominating PAHs in the WSF. The 

measured ƩPAH concentration in the different solutions collected after exposure of eggs, 

showed an approximately 50% reduction in PAH concentration.  
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Table 4.2 Measured PAH composition and concentration (g L-1) (mean  SD) in the WSF stock solution (exposure solution), the exposure solution collected 

from the glass vials after 24 and 48 hours for C. finmarchicus and C. hyperboreus, respectively, and also the WSF stock solution used in the egg hatching 

experiment of both species. Filtered seawater was used as control. Refer to Table 3.1 for identification of the PAHs.  

 Measured concentrations (g L-1) 

 Exposure solution Collected exposure solution Exposure solution (egg hatching) 

PAH Ctrl 10% 50% 100% Ctrl 10% 50% 100% Ctrl 10% 50% 100% 

N 0.01 0.01 0.59 0.05 2.97 0.19 5.67 0.52 0.04 0.03 0.34 0.09 1.73 0.56 3.43 1.16 0.01 0.00 0.65 0.05 3.32 0.22 6.60 0.57 

N1 0.01 0.01 0.41 0.21 2.24 1.13 4.25 2.28 0.01 0.00 0.20 0.15 1.07 0.86 2.07 1.70 0.01 0.01 0.59 0.05 3.22 0.14 6.44 0.39 

N2 0.01 0.01 0.29 0.05 1.52 0.25 2.99 0.67 0.02 0.01 0.14 0.05 0.70 0.28 1.41 0.61 0.01 0.01 0.36 0.01 1.98 0.01 3.91 0.02 

F 0.00 0.00 0.04 0.01 0.21 0.03 0.39 0.06 0.00 0.00 0.03 0.01 0.12 0.04 0.23 0.09 0.00 0.00 0.05 0.01 0.24 0.04 0.48 0.08 

P 0.00 0.00 0.17 0.04 0.91 0.17 1.73 0.32 0.01 0.00 0.09 0.03 0.48 0.19 0.96 0.39 0.00 0.00 0.19 0.02 1.04 0.09 2.05 0.22 

D 0.00 0.00 0.02 0.00 0.09 0.01 0.17 0.03 0.00 0.00 0.01 0.00 0.05 0.02 0.09 0.04 0.05 0.05 0.06 0.04 0.10 0.01 0.15 0.07 

D1 0.00 0.00 0.02 0.00 0.10 0.01 0.18 0.02 0.00 0.00 0.01 0.00 0.05 0.02 0.09 0.04 0.00 0.00 0.02 0.00 0.10 0.01 0.21 0.01 

D2 0.00 0.00 0.01 0.00 0.06 0.02 0.12 0.04 0.00 0.00 0.01 0.00 0.03 0.01 0.05 0.03 0.00 0.00 0.01 0.01 0.06 0.00 0.12 0.00 

F1 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.00 

Py 0.00 0.00 0.01 0.00 0.03 0.02 0.04 0.02 0.00 0.00 0.01 0.00 0.02 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.02 0.02 0.05 0.00 

C 0.00 0.00 0.01 0.00 0.03 0.02 0.05 0.02 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.02 0.02 0.08 0.00 

PAH 0.04 0.03 1.57 0.21 8.17 1.26 15.613.03 0.10 0.05 0.84 0.30 4.26 1.81 8.40 3.65 0.07 0.02 1.93 0.11 10.100.55 20.111.37 
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4.2 Egg hatching  

Hatching success (% of eggs present) of both C. finmarchicus and C. hyperboreus eggs, from 

incubation of eggs to termination, are plotted against time (days) (Figure 4.1). Hatching time 

was faster for C. finmarchicus eggs compared to eggs of C. hyperboreus, but increased water 

temperatures reduced the egg hatching time of both species. Statistical analysis revealed no 

significant interaction between temperature and exposure effects on egg hatching of either 

species at any time point (two-way ANOVA). See Appendix C for more specific data on egg 

hatching. 

 

No significant effect of both temperature and PAH exposure was observed on the egg hatching 

after 25 and 67 hours for C. finmarchicus and C. hyperboreus eggs, respectively. However, 

after 36 hours, the hatching percentage of C. finmarchicus eggs was considerably higher at 

elevated temperatures, and after two days, an overall highly significant difference in hatching 

success was detected between 7.5 and 10C and between 7.5 and 12.5C (p < 0.001, Holm-

Sidak). Also, at this time point the hatching percentage at 7.5C was found to be significantly 

lower for eggs exposed to 100% WSF compared the treatment groups to the controls (p = 

0.014). The opposite was observed at 12.5C, where the 100% exposure treatment significantly 

increased the hatching percentage when compared to unexposed eggs (p = 0.032, Holm-Sidak). 

In addition, within the 50% exposure treatments, the hatching percentage of C. finmarchicus 

eggs reared at 7.5C was significantly lower compared to eggs reared at both 10 and 12.5C (p 

= 0.08, p = 0.004, respectively, Holm-Sidak). This was also observed within the 100% exposure 

treatment, where the hatching percentage of eggs reared at 7.5C was significantly lower than 

the hatching percentage in both the 10 and 12.5C treatment (p < 0.001, Holm-Sidak).  

 

At the end of the experiment, no significant differences in hatching success was detected 

between the different temperatures or exposure treatments. In addition, final hatching success 

of both C. finmarchicus and C. hyperboreus eggs was relatively high.  
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Figure 4.1 Hatching success (%) over time (days) for eggs from C. finmarchicus and C. hyperboreus 

exposed to three concentrations of WSF at three different treatment temperatures (mean ± SD). 
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4.3 Naupliar development  

Development time from the incubation of eggs to hatching into the first naupliar stages (N1 to 

N3) of C. finmarchicus and C. hyperboreus proved to be temperature dependent (Figure 4.2). 

For both species, stage duration and developmental time were reduced with increasing 

temperature for both species. For C. finmarchicus, time of development from egg to N3 

decreased from 5.1 days at 7.6°C to 3.2 days at 12.3°C. For C. hyperboreus, time of 

development decreased from 14 days at 3.5°C to 9.3 days at 9.3°C. More specific data on stage 

durations and developmental time for each treatment for both Calanus species are given in 

Appendix D.  

 

Figure 4.2 Developmental times (days) for C. hyperboreus () and C. finmarchicus () nauplii at three 

different temperature treatments for each species. Developmental time equals the time of egg incubation 

to sampling of the selected developmental stage. N1, N2, and N3 represent each naupliar stage. 

 

4.4 Growth 

4.4.1 Egg diameter and naupliar length 

Biometric analysis of egg diameter and prosome length revealed a size difference between C. 

finmarchicus (Figure 4.3) and C. hyperboreus (Figure 4.4). The diameter of C. finmarchicus 

eggs were smaller compared to the eggs of C. hyperboreus. Prosome length of nauplii increased 
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with developmental stage and C. hyperboreus nauplii were larger than C. finmarchicus nauplii. 

No statistically significant interaction between temperature and exposure was detected for 

either C. finmarchicus or C. hyperboreus (two-way ANOVA). See Appendix E for more 

specific data on egg diameter and naupliar length.  

 

 

Figure 4.3 C. finmarchicus. Boxplot of diameter of eggs and  prosome length (m) of nauplii stages 

N1 to N3 in the experimental treatments where eggs were exposed to three different concentrations of 

WSF (10, 50, and 100%) for 24 hours and reared at three different temperature regimes to 

developmental stage N1, N2, or N3. The solid horizontal line shows the median, bottom, and top of the 

box show the 25th and 75th percentiles, respectively. Whiskers extend 1.5 x the interquartile range of 

the sample, while dots represent the 5th and 95th percentile. Significant differences between temperature 

treatments within controls or exposure treatments are indicated with α or β, meaning that temperature 

treatments indicated with α are significantly different, while temperature treatments indicated with β 

are significantly different. Temperature treatments indicated with αβ means that they are significantly 

different to the treatment indicated with α and to the treatment indicated with β. Asterisks indicate a 

significant difference between exposure treatment and control (ANOVA, Holm-Sidak). 
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For C. finmarchicus, increasing temperature reduced the diameter of eggs and a significant 

difference in egg diameter were detected between eggs reared at 7.5 and 10C and between 

eggs reared 7.5 and 12.5C (p < 0.001, p = 0.001, Holm-Sidak).   

 

Within the N1 stage, the prosome length of nauplii exposed to the 50% and 100% treatment 

was lower than that of controls (p = 0.005, p = 0.008, respectively, Holm-Sidak). When reared 

at 7.5C, a highly significant reduction in prosome length was detected for nauplii exposed to 

50 and 100% WSF (p < 0.001, Holm-Sidak). Within the different exposure treatments, the 

length of unexposed N1 nauplii reared at 10C was reduced compared to nauplii reared at 7.5C 

(p < 0.001) and 12.5C (p < 0.001) (Holm-Sidak), while a significantly reduction in prosome 

length was observed for N1 nauplii reared at 12.5C when compared to N1 nauplii reared at 

10C within the 10% exposure treatment (p = 0.034). Also, when exposed to 100% WSF, the 

length of nauplii reared at 12.5C was significantly shorter than nauplii reared at 7.5C (p = 

0.042) and at 10C (p = 0.004) (Holm-Sidak).  

 

A reduced prosome length was also observed for the N2 nauplii within the controls and within 

the 10 and 50% exposure treatment. The length of unexposed nauplii reared at 7.5C were 

significantly longer compared to nauplii reared at 10 and 12.5C (p = 0.015, p = 0.011). The 

same pattern was also observed for nauplii within the 10% exposure treatment (p = 0.034, p = 

0.021), while within the 50% exposure treatment, the prosome length of nauplii reared at 

12.5C were significantly shorter than nauplii reared at 7.5C (p = 0.002) and at 10C (p = 

0.004) (Holm-Sidak). For N3 nauplii reared at 7.5°C, the length of the nauplii exposed to 10% 

WSF were significantly longer compared to the unexposed nauplii (p = 0.024, Holm-Sidak). 

The nauplii reared at 7.5°C were also significantly longer than nauplii reared at 10°C (p < 

0.001) and at 12.5°C (p < 0.001) within the 10% exposure, and nauplii reared at 10°C (p < 

0.001) within the 50% exposure (Holm-Sidak). 

 

For the C. hyperboreus, a large difference in egg size was detected, with a highly significant 

difference in egg diameter between all temperature treatments (p < 0.001, Dunn´s). The N1 

nauplii seemed to increase when reared at 10°C within the control and the 50 and 100% 

exposure treatments. The N1 nauplii reared at 7.5°C were significantly shorter than nauplii 

reared at 3 and 10°C (p = 0.033, p < 0.001) within the 50% exposure treatment and were also 
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significantly shorter than nauplii at 10°C when exposed to 100% WSF (p = 0.030) (Holm-

Sidak).  

 

 

Within the N2 stage, the length of nauplii in the 3°C treatment was overall significantly shorter 

than nauplii reared at 7.5°C (p < 0.001) and was also significantly shorter than nauplii reared 

7.5°C within the control and the exposed treatments (p < 0.0 01, Holm-Sidak). For the N3 

Figure 4.4 C. hyperboreus. Boxplot of diameter of eggs and prosome length (m) of nauplii stages N1 

to N3 in the experimental treatments where eggs were exposed to three different concentrations of WSF 

(10, 50, and 100%) for 48 hours and reared at three different temperature regimes to developmental 

stage N1, N2, or N3. The solid horizontal line shows the median, bottom, and top of the box show the 

25th and 75th percentiles, respectively. Whiskers extend 1.5 x the interquartile range of the sample, while 

dots represent the 5th and 95th percentile. Significant differences between temperature treatments within 

controls or exposure treatments are indicated with α or β, meaning that temperature treatments indicated 

with α are significantly different, while temperature treatments indicated with β are significantly 

different. Temperature treatments indicated with αβ means that they are significantly different to the 

treatment indicated with α and to the treatment indicated with β. Asterisks indicate a significant 

difference between exposure treatment and control (ANOVA, Dunn´s, Holm-Sidak). 
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nauplii, the length seemed to increase with increasing temperature, when comparing the 3 and 

7.5°C treatments with a highly significant difference within the control and all exposure 

treatments (p < 0.001, Holm-Sidak). However, when reared at 10°C, the prosome length was 

reduced. This observation was highly significant when comparing the N3 nauplii reared at 10°C 

to the nauplii at 3 and 7.5°C within the control (p < 0.001) and when exposed to the 10% and 

the 100% WSF (p < 0.001) (Holm-Sidak).  

 

4.4.2 Dry weight  

For both C. finmarchicus and C. hyperboreus, the dry weight tended to increase with 

developmental stage. No statistically significant interaction effect was detected between 

temperature and exposure on dry weight of the different developmental stages of either C. 

finmarchicus (Figure 4.5) or C. hyperboreus (Figure 4.6) (two-way ANOVA).  

 

 

Figure 4.5 C. finmarchicus.  Dry weight (g ind.-1) of developmental stage egg to N3 (means  SD). 

Eggs were exposed to three different concentrations of WSF (10, 50, and 100%) and reared at three 

temperatures to developmental stage N1, N2, or N3.  
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For the C. finmarchicus, no significant difference was detected between the different 

temperature or exposure treatments on eggs and the N1 and N3 stage. Within the N2 stage, an 

overall significantly lower dry weight was detected for nauplii reared at 7.5°C compared to 

nauplii reared at 12.5°C (p = 0.024, Holm-Sidak) 

 

No statistically significant difference was detected between dry weight of C. hyperboreus eggs 

reared at 3, 7.5, and 10C. Within the N1 stage, an overall higher dry weight was detected for 

nauplii exposed to 50% WSF when compared to unexposed nauplii (p = 0.003, Holm-Sidak). 

Also, within the 50% exposure treatment, the dry weight of N1 nauplii reared at 10°C was 

significantly higher than the dry weight of unexposed N1 nauplii (p = 0.028, Holm-Sidak). 

Figure 4.6 C. hyperboreus.  Dry weight (g ind.-1) of developmental stage egg to N3 (means  SD). 

Eggs were exposed to three different concentrations of WSF (10, 50, and 100%) and reared at three 

temperatures to developmental stage N1, N2, or N3. Significant differences between temperature 

treatments within controls or exposure treatments are indicated with α or β, meaning that temperature 

treatments indicated with α are significantly different, while temperature treatments indicated with β 

are significantly different. Asterisks indicate a significant difference between exposure treatment and 

control (ANOVA, Dunn´s, Holm-Sidak). 
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Within the N2 stage, the dry weight of nauplii reared at 7.5°C was overall significantly lower 

than the dry weight of nauplii reared at 3°C (p = 0.005, Holm-Sidak). Also, dry weight of N2 

nauplii reared at 7.5°C was significantly lower when exposed to 10 and 100% WSF (p = 0.010, 

p = 0.033, respectively, Holm-Sidak). An overall lower dry weight was detected for N3 nauplii 

exposed to 100% WSF for the N3 nauplii (p = 0.020, Holm-Sidak). In addition, dry weight of 

N3 nauplii exposed to 100% WSF at 7.5°C was significantly lower than dry weight of 

unexposed N3 nauplii reared at the same temperature (p = 0.027, Holm-Sidak).  

 

4.5 Oxygen consumption 

The change in oxygen consumption per individual tended to increase with increasing 

temperature for both C. finmarchicus (Figure 4.7) and C. hyperboreus (Figure 4.8). No 

interaction between temperature and exposure was detected within the developmental stages 

for either C. finmarchicus or C. hyperboreus (two-way ANOVA).  

 

Oxygen consumption of C. finmarchicus eggs reared at 7.5 and 12.5°C was significantly higher 

compared to eggs reared at 10°C (p = 0.019, p = 0.031, Holm-Sidak). Oxygen consumption of 

N1 nauplii did not differ significantly between any of the temperature treatments or WSF 

exposure treatments.  

 

Within the N2 stage of C. finmarchicus, the increase in metabolic rate with increasing 

temperature was highly significant for all temperature treatments (p < 0.001, Holm-Sidak). 

Within the control treatment the oxygen consumption of nauplii reared at 7.5°C was 

significantly lower compared to nauplii reared at 10 and 12.5°C (p = 0.042, p = 0.001, 

respectively, Holm-Sidak). This was also observed for nauplii exposed to 10% WSF (p = 0.029, 

p < 0.001, Holm-Sidak). However, when exposed to 50 and 100% WSF, a significant increase 

in metabolic rate was detected for all temperatures. Within the 50% exposure, the oxygen 

consumption increased significantly for N2 nauplii reared at 10°C when compared with N2 

nauplii reared at 7.5°C (p = 0.004), and for N2 nauplii reared at 12.5°C when compared to N2 

nauplii in the 10°C treatment (p = 0.034) (Holm-Sidak). Within the 100%, a significant increase 

in oxygen consumption was observed for N2 nauplii reared at 10°C when compared to nauplii 

in the 7.5°C treatment (p = 0.031), and for nauplii reared at 12.5°C when compared to nauplii 

reared at 10°C (p = 0.027). Within both the 50 and 100% exposure treatment, the increase in 
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metabolic rate for nauplii reared at 12.5°C were highly significant when compared to nauplii 

reared at 7.5°C (p < 0.001, Holm-Sidak).  

 

Overall, a significant increase in respiration was observed for N3 nauplii of C. finmarchicus 

reared at 12.5°C when compared to 10°C (p = 0.010) and 7.5°C (p = 0.008) (Holm-Sidak). The 

increased oxygen consumption observed for 10°C was highly significant when compared to 

N3 nauplii reared at 7.5°C (p < 0.001, Holm-Sidak). Within the different exposure treatments, 

analysis revealed a significant metabolic increase for nauplii reared at 10°C when compared to 

7.5°C within the control treatment (p = 0.023), and within the 10% (p = 0.015) and 50% (p = 

Figure 4.7 C. finmarchicus. Oxygen consumption (g O2 mg ind.-1 h-1) in developmental stage egg to 

N3 (means  SD). Eggs were exposed to three different concentrations of WSF (10, 50, and 100%) and 

reared at three temperatures to developmental stage N1, N2, or N3. Significant differences between 

temperature treatments within controls or exposure treatments are indicated with α or β, meaning that 

temperature treatments indicated with α are significantly different, while temperature treatments 

indicated with β are significantly different. Temperature treatments indicated with αβ means that they 

are significantly different to the treatment indicated with α and to the treatment indicated with β 

(ANOVA, Holm-Sidak). 
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0.003) exposure treatments (Holm-Sidak). The increased respiration for nauplii reared at 

12.5°C was also significantly higher when compared to nauplii in the 7.5°C treatment when 

exposed to 50% WSF (p = 0.006, Holm-Sidak). No significant increase in oxygen consumption 

was observed within the 100% exposure.    

 

For the C. hyperboreus, no significant difference in the oxygen consumption of eggs and N1 

stage was observed. For the N2 stage, an overall significant increase in respiration was 

observed for nauplii reared at 7.5°C when compared to 3°C (p = 0.001) and a significant 

difference between these temperatures was also observed in the control treatment (p = 0.002) 

Figure 4.8 C. hyperboreus. Oxygen consumption (g O2 mg ind.-1 h-1) in developmental stage egg to 

N3 (mean  SD). Eggs were exposed to three different concentrations of WSF (10, 50, and 100%) and 

reared at three temperatures to developmental stage N1, N2, or N3. Significant differences between 

temperature treatments within controls or exposure treatments are indicated with α or β, meaning that 

temperature treatments indicated with α are significantly different, while temperature treatments 

indicated with β are significantly different. Temperature treatments indicated with αβ means that they 

are significantly different to the treatment indicated with α and to the treatment indicated with β. 

(ANOVA, Holm-Sidak). 
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(Holm-Sidak). No significant difference was observed for the different exposure concentrations 

when compared to the control. Within the N3 stage, there was an overall significant increase 

in oxygen consumption with a highly significant difference for both 7.5 and 10°C when 

compared to nauplii reared at 3°C (p < 0.001, Holm-Sidak). Overall, there was also a 

significantly lower respiration rate of nauplii exposed to 50% WSF when compared to 

unexposed nauplii (p = 0.034, Holm-Sidak).  

 

No significant difference in respiration rate was observed for nauplii within the control 

treatment. However, a significant increase in oxygen consumption was observed for both 7.5 

and 10°C when compared to nauplii reared at 3°C within the 10% exposure treatment (p = 

0.014, p = 0.004, respectively, Holm-Sidak). Also, the difference between 7.5 and 3°C was 

also significant within the 50% exposure treatment (p = 0.024, Holm-Sidak). For nauplii 

exposed to 100% WSF, statistical analysis also revealed a significant increase in respiration 

rate for nauplii reared at 10°C when compared to 7.5°C (p = 0.037), and the increased metabolic 

rate for nauplii reared at 10°C were highly significant compared to 3°C (p < 0.001, Holm-

Sidak). 
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5 Discussion 

The main objective of this study was to investigate the effect of exposure to the WSF of PW-

related PAHs on the early life stages of C. finmarchicus and C. hyperboreus at different 

temperature regimes. The findings demonstrated a relatively clear temperature effect on egg 

hatching, development and oxygen consumption of both species, where egg hatching time and 

developmental time of the nauplii were reduced with increasing temperature, while an increase 

in oxygen consumption was observed. No clear impacts of temperature on dry weight, diameter 

of eggs and naupliar prosome length were detected, but the median length of the N3 stage of 

C. hyperboreus seemed to be reduced when reared at 10°C. However, the results did not reveal 

a clear effect of PAH exposure. Although eggs of C. finmarchicus seemed to be more affected 

by PAH exposure, due to the lower hatching percent compared to hatching of C. hyperboreus 

eggs, the hatching success of both species was high despite PAH exposure. Also, the 

temperature sensitivity of the metabolic rate of N2 nauplii of C. finmarchicus and N3 nauplii 

of C. hyperboreus increased when exposed to PAHs. 

 

5.1 Experimental conditions 

PAHs are considered to be the most toxic components in PW and were therefore used as a 

proxy for PW in this study. Other studies that have addressed the effect of PAH exposure on 

early life stages of Calanus copepods have only investigated the effects of single PAHs, mainly 

pyrene (Grenvald et al., 2013; Hjorth and Nielsen, 2011; Jensen et al., 2008; Nørregaard et al., 

2014) and the potential additive toxic effect that may arise from a combination of PAHs (Barata 

et al., 2005) have therefore not been considered. In the present study, eggs of C. finmarchicus 

and C. hyperboreus were exposed to three different concentrations of the WSF of 11 PW-

related PAHs to simulate an environmentally relevant exposure to PW.  

 

Analysis of the PAH composition of the exposure solutions revealed the highest occurrence of 

the naphthalenes (N, N1, and N2), the smallest compound among the PAHs assessed in this 

study. This can be explained by the relatively low log KOW of these naphtalenes making them 

more easily dissolved in water compared to larger PAHs with a higher log KOW. Measurements 

of PAH concentrations in the exposure solution after exposing eggs showed an approximately 

50% reduction in total PAH concentration, which may indicate that the PAHs were 

accumulated in the eggs. However, some of the PAHs, such as the naphthalenes, could also 
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been lost due to evaporation, because of the higher volatility of these compounds. Evaporation 

can also lead to spreading by air and might explain why naphthalenes were detected in the 

controls, albeit at low concentrations. Because the total PAH concentration was higher in the 

control solution collected after exposure (ƩPAH 0.10 µg L-1) compared to the stock solution 

before exposure (ƩPAH 0.04 µg L-1) it is uncertain if any PAHs were accumulated in the eggs. 

The concentrations were however low, and minor effects can probably be excluded.  

 

It is not known how the PW will spread and dilute in Arctic waters (AMAP, 2007). However, 

monitoring the concentrations of PW in the North Sea has been included in the quantitative 

risk assessment of the DREAM model (Johnsen and Frost, 2011) since the late 90s, and the 

concentration of total PAH may vary from 40 to 3000 g L-1 (Neff et al., 2011). In the present 

study the measured PAH concentrations were in the range of 0.04 and 20.11 g L-1 (Table 4.2), 

likely making the results of this experiment relevant for copepod populations in the Arctic. In 

addition, the characteristics of PAHs at lower temperature should be investigated further, due 

to the potential persistence of these compounds in cold water leading to longer exposure 

periods of marine organisms to PAHs.  

 

The treatment temperatures used in the present study corresponded to the preferred water 

temperature for C. finmarchicus in the North Sea (7.5 - 9C) (Jónasdóttir and Koski, 2011) and 

for C. hyperboreus, which experiences a wide range of temperatures, from -1.8C in the Arctic 

Ocean to 8C in the Gulf of Maine (Conover and Corner, 1968; Hirche and Niehoff, 1996). 

According to the Intergovernmental Panel on Climate Change the warming predicted for the 

Arctic is ~3 - 4C until 2050 and the treatment temperatures used in the present study are 

therefore relevant for copepods in an area where some of the strongest warming trends are 

found (IPCC, 2014). 

 

5.2 Hatching success 

The shorter hatching time of eggs with increasing temperature observed for both C. 

finmarchicus and C. hyperboreus (Figure 4.1) indicates a clear temperature effect on hatching 

time and is consistent with previous studies on copepod hatching (Campbell et al., 2001; 

Grenvald et al., 2013; Jung-Madsen et al., 2013). The present study also shows that eggs of C. 

finmarchicus and C. hyperboreus can successfully hatch after exposure to PAHs commonly 
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present in PW. This has also been observed in other studies, but only after exposure to pyrene 

alone (Grenvald et al., 2013; Jensen et al., 2008; Nørregaard et al., 2014).  

 

Grenvald et al. (2013) argued that the efficient hatching of C. finmarchicus and C. glacialis 

eggs despite PAHs exposure, is caused by the eggshell acting as a barrier against environmental 

stress factors. However, C. hyperboreus eggs are not enclosed by a hard shell but by a thin 

membrane consisting of fatty acids (Jung-Madsen et al., 2013), and may therefore be more 

susceptible to environmental stressors. It should be mentioned that the C. hyperboreus eggs in 

the study conducted by Nørregaard et al. (2014) originated from females exposed to pyrene 

and were hatched in uncontaminated seawater. The authors predicted that a larger effect could 

be expected with continued PAH exposure, which would be the case if eggs were hatched in 

an environment with continued supply of produced water. However, in the present C. 

hyperboreus eggs were exposed to PAHs and hatched in contaminated water, but no effects of 

exposure were detected. Also, a higher hatching percent was observed for the C. hyperboreus 

eggs compared to eggs of C. finmarchicus and could be explained by the higher lipid content 

in these eggs, which may delay any toxic effects of the PAHs. This may indicate that eggs of 

C. finmarchicus are more sensitive to PAH exposure than eggs of C. hyperboreus.  

 

5.3 Development 

Development times for both C. finmarchicus and C. hyperboreus were reduced with increasing 

temperature (Figure 4.2) and are consistent with earlier studies on nauplii development 

(Campbell et al., 2001; Cook et al., 2007; Jung-Madsen et al., 2013). Previous studies on stage 

duration of C. hyperboreus (Conover, 1967; Jung-Madsen et al., 2013) have only recorded the 

development times at 5C, but the pattern in these studies fits well with the observations of the 

present study where a shorter stage duration was observed with increasing temperatures. The 

development for both species was not isochronal over the temperature ranges, meaning that the 

stage duration for the different nauplii were not of equal length. However, the relative duration 

of a given stage was more or less constant over all temperature treatments, supporting the 

assumption of an equiproportional growth (Campbell et al., 2001). As commonly observed, the 

two non-feeding stages were of short. No further study on development after sampling of the 

N3 stage was conducted, and a precise estimate of the N3 stage was therefore not possible in 

this study. Nevertheless, the extended sampling period of the N3 nauplii supports the 

assumption of a non-isochronal development rate for both C. finmarchicus and C. hyperboreus 
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(Campbell et al., 2001; Jung-Madsen et al., 2013). The prolonged duration of the first feeding 

stage is thought to be related to the time it takes for the nauplii to recuperate weight loss during 

the two non-feeding stages (Marshall and Orr, 2013).  

 

Greater dissimilarities in development time were observed with increasing developmental 

stages between the different temperature treatments (Figure 4.2). For the C. finmarchicus, only 

1.2 days differed between 12.5 and 7.5C within naupliar stage N1, while the corresponding 

difference was 1.9 days at developmental stage N3. The dissimilarities were even greater for 

C. hyperboreus, where the difference between 10 and 3C was 3.8 days for the N1 nauplii and 

4.9 days for developmental stage N3. However, the various developmental times at different 

temperatures could be considered as a key adaption to the highly variable environment of these 

species. Because sufficient amounts of resources are needed to induce molting (Miller et al., 

1977), a rise in respiration with elevated temperatures could lower the amount of energy 

available to support development. Therefore, the nauplii must develop quickly to avoid 

depletion of the maternal resources before reaching the first feeding stage.   

 

5.4 Metabolic rates 

Metabolic rates, measured as oxygen consumption, tended to increase with temperature for 

both C. finmarchicus (Figure 4.7) and C. hyperboreus (Figure 4.8). Despite exposure to PAHs, 

the N1 and N2 stage of both C. finmarchicus and C. hyperboreus had relatively similar 

metabolic rates within a given treatment temperature. The respiration rate is known to increase 

when nauplii switch to exogenous feeding (Pörtner et al., 2010) and this was also observed for 

the N3 stage of both species in this study. Similar results have previously been reported for the 

early life stages of C. finmarchicus (Buraas, 2015), where oxygen consumption was measured 

for nauplii reared under different temperature regimes.  

 

Regarding the metabolic rate of the eggs, temperature had only a significant effect on the eggs 

of C. finmarchicus, while no effect of neither temperature nor PAH exposure was observed on 

the N1 stage of both species. No observed temperature effect on eggs and the N1 stage of C. 

hyperboreus could be explained by the fact that C. hyperboreus eggs are spawned in deep water 

(Sømme, 1934) and may encounter water masses with different temperatures when ascending 

to the surface, necessitating that eggs and nauplii are less sensitive to temperature. There were 

no clear effects on the metabolic rate of nauplii related to PAH exposure. However, for the N2 
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stage of C. finmarchicus, the sensitivity to higher temperatures seemed to increase when 

exposed to higher concentrations of the WSF. A similar pattern was also observed for oxygen 

consumption of the C. hyperboreus N3 stage, where a significant temperature effect was 

observed only within the exposed treatments. Particularly, when exposed to the 100% WSF 

concentration, the difference in oxygen consumption of nauplii reared at 3 and 10°C was highly 

significant. This could imply that the effect after PAH exposure of egg on the metabolic rate is 

delayed and could be explained by the higher lipid content in the C. hyperboreus which can act 

as a buffer for any toxic effects of the PAHs (Lotufo, 1998). 

 

Prosser (1961) distinguished the metabolic rate of animals between “standard”, “routine” and 

“active” metabolism and is described by Ikeda et al. (2001). It was not possible to measure 

swimming activity during the measurements of oxygen consumption in the present study, but 

some activity was observed, probably resulting in an intermediate between the “standard” and 

“routine” metabolic rate for the non-feeding stages. Regardless, increased metabolism will 

either result in reduced or elevated performance and depends on whether the increased energy 

demand can be sustained by energy intake (Stumpp et al., 2011). The non-feeding N2 stage of 

C. finmarchicus seemed to be more sensitive to higher temperatures when eggs were exposed 

to increasing WSF concentrations. Since this life stage only have a finite amount of energy 

available, a rise in respiration might lower the amount of energy available before developing 

into the first feeding stage (Pedersen et al., 2014). In contrast, although the N3 stage of C. 

hyperboreus seemed to be more sensitive to elevated temperature within the highest exposure 

concentration, it may be able to support the elevated respiration through feeding. However, the 

shift to exogenous feeding demands the N3 nauplii to start active feeding and therefore, 

swimming activity is likely to increase. The result will be an increased metabolic demand.  

 

5.5 Growth of nauplii  

C. finmarchicus and C. hyperboreus are morphologically very similar (Appendix A) but differ 

in size (Figure 4.3 and 4.4). Several studies have reported size classes for the copepodite stages 

of Calanus species, but data on size distribution of nauplii are scarce, and to the authors’ 

knowledge only a few studies have established size classes for some of the naupliar stages of 

C. finmarchicus and C. hyperboreus (Campbell et al., 2001; Hygum et al., 2000; Jung-Madsen 

et al., 2013; Sømme, 1934). In comparison with the nauplii of C. finmarchicus, C. hyperboreus 
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nauplii are, as expected, larger than the C. finmarchicus nauplii. Egg diameter is also larger for 

C. hyperboreus eggs.  

 

Within a given developmental stage, there were small variations in the median length of the 

nauplii, indicating only minor effects on nauplii growth after egg exposure to PAHs. Previous 

studies have also shown that temperature does not affect the size of copepod nauplii until the 

last naupliar or first copepodite stage (Campbell et al., 2001; Cook et al., 2007). Unexposed 

eggs of C. hyperboreus reared under 7.5°C had a significantly larger median diameter 

compared to eggs reared at 3 and 10°C and there were also large variations between the eggs 

within the 7.5°C treatment. In addition, the N2 and N3 nauplii developed from these eggs had 

a larger median length. It should be noted that eggs used in the 7.5°C experiment originated 

from females collected in Disko Bay, Greenland, in February 2017 and shipped to SeaLab, 

Trondheim for PAH exposure. In contrast, C. hyperboreus eggs reared at 3 and 10°C were 

collected from ovigerous females at the same location but 1 year earlier. Since size variation 

has been found among nauplii from different populations (Daase et al., 2011), comparing size 

distribution between populations from different environments may be challenging. The 

naupliar length of C. finmarchicus in this study appeared to be larger compared to the 

measurements done by Hygum et al. (2000) who also used nauplii from wild caught females. 

Additionally, when comparing the length measurements in this study with the measurements 

done by Jung-Madsen et al. (2013) on C. hyperboreus nauplii from Disko Bay, the prosome 

length of the N2 and N3 stages appeared to be smaller in this study. 

 

No consistent differences in dry weight of C. finmarchicus between the different temperature 

treatments were observed. Also, the variations in dry weight of the N1 and N2 nauplii of both 

C. finmarchicus and C. hyperboreus were somehow unexpected. A negative zero or zero 

growth rate is usually observed for these developmental stages (Campbell et al., 2001), but in 

this study, the dry weight of both N1 and N2 appeared to be higher than the dry weight of the 

eggs (discussed later). Campbell et al. (2001) found that body weights are inversely related to 

temperature, but dry weight of nauplii within the N2 stage was significantly higher when reared 

at 12°C when compared to nauplii developed at 7.5°C. However, dry weight of C. hyperboreus 

nauplii seemed to be reduced with increasing temperature when exposed to PAHs, and a 

significantly lower dry weight were detected for N2 nauplii exposed to 10 and 100% at 7.5°C. 

For the N3 developmental stage of C. hyperboreus, dry weight of nauplii exposed to the 100% 

concentration of WSF was significantly lower than unexposed nauplii. The variation observed 
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within the N3 stage of C. finmarchicus, and also for the unexposed N3 C. hyperboreus nauplii 

reared at 7.5°C could be explained by the later sampling time of some of these groups, resulting 

in a larger growth of the individuals in these groups due to feeding.  

 

5.6 Implications for Arctic ecosystems  

Early life stages of copepods are the most numerous metazoans on the planet (Turner, 2004) 

and changes in naupliar growth survival will affect the population dynamics, and thereby also 

the food availability for higher trophic levels. The shift in energy source from endogenous to 

exogenous sources has been reported as a critical phase in the naupliar development and may 

explain some of the high mortality rate observed among early life stages of copepods (Pedersen 

et al., 2014).  

 

The increased sensitivity to temperature when exposed to higher PAH concentrations, may lead 

to a depletion of the maternal energy before nauplii reaches the first feeding stage. This was 

observed for the N2 stage of C. finmarchicus and could be explained by the lower lipid content 

of C. finmarchicus nauplii compared to the C. hyperboreus nauplii, leading a faster induction 

of toxic effects by the PAHs.  

 

It is also important that food is available when the nauplius reaches the first feeding stage. 

Plourde et al. (2003) showed that a warmer climate will lead to shorter winter-spawning for C. 

hyperboreus, possibly result in a mismatch between the development of the first feeding stage 

and the phytoplankton spring bloom. Since developmental time is reduced with increasing 

temperature, the C. hyperboreus nauplii may reach the N3 stage before the initiation of the 

spring bloom. However, an earlier spring bloom is also expected to occur in the Arctic due to 

a warmer climate and trends towards earlier phytoplankton blooms have already been observed 

in several areas in the Arctic (Kahru et al., 2011). Therefore, even though the N3 stage of C. 

hyperboreus seemed to be more sensitive to higher temperatures compared to the two non-

feeding stages, the increased metabolic rate may be counteracted by feeding.  

 

The temperature-dependent model developed by Huntley et al. (1992) predicts that increasing 

environmental temperature will decrease the body size of copepods. Because of the warming 

currently occurring in the Arctic, less energy will probably be available in the pelagic food web 

to sustain growth at higher trophic levels that rely on the lipid rich Calanus species. 
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Additionally, considering the increased sensitivity to temperature observed for nauplii 

developed from eggs exposed to petroleum related PAHs, expansion of petroleum activity into 

the Arctic will most likely increase the external stress that these organisms are already facing 

due to increasing temperatures in an area where currently some of the most rapid and severe 

climate change on Earth occurs.  

 

5.7 Methodological reflections  

The experiments conducted in the present study depended on carefully handling of small sized 

animals, and therefore, obtained results could easily be affected by both methodical and 

personal errors. During the experiment, animals got stuck in the pipettes and disappeared 

during measurement of oxygen consumption or when transferred between different 

measurement devises. Also, due to movement of the nauplii during the biometric measurements 

and difficulty in separating the individuals, some nauplii were measured more than once. It was 

therefore difficult to perform accurate measurements and imprecise number of animals resulted 

in altered means and high standard deviations, representing an uncertainty that may have 

affected the results in this study. Additionally, even though the animals were rinsed in 

ammonium formate solution, formation of salt crystals may still have occurred in the samples. 

Because of the small sizes of the animals, crystal formation in the samples will constitute a 

considerable percentage of the total dry weight and could to some degree explain the 

unexpected dry weight of some of the samples observed in this study. Therefore, the result 

must be interpreted with care. The metabolic rates of poikilotherms are known to be ultimately 

governed by body mass (Ikeda, 1985), but due to the inconclusive results for the dry weight of 

both C. finmarchicus and C. hyperboreus in the present study,  the oxygen consumption was 

based on the number of animals in the measuring chamber. Basing the model on number of 

animals, instead of the dry weight may reduce the correlation of the oxygen consumption due 

to variations in body size among the nauplii being measured.  

 

The present study used the approach of laboratory in vivo experiments as tools to study the 

impacts of PAH exposure on the development in the early life stages of C. finmarchicus and 

C. hyperboreus at different temperature regimes. Laboratory in vivo experiments permit close 

monitoring during the rearing of animals and allow well-controlled environmental conditions 

(e.g. temperature, food). Further, these conditions can be maintained constant throughout the 

experiment. Such experiments are therefore a fundamental tool for understanding the effects 
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of environmental variables on marine zooplankton. However, caution is required when 

extrapolating laboratory results to the field (Almeda et al., 2011) because the conditions in the 

laboratory may induce stress on the individuals or change the behaviour compared to that in 

the natural environment (Harris et al., 2000). Compared to the individuals used in the exposure 

experiment on C. hyperboreus which originated from wild-caught females, individuals used in 

the experiment on C. finmarchicus have been maintained at the research facilities of NTNU 

SeaLab for approximately 13 years and are therefore well adapted to laboratory conditions. 

Also, C. finmarchicus were exposed to the WSF of PAHs for 24 hours, while C. hyperboreus 

were exposed for 48 hours, making a direct comparison difficult. Nevertheless, handled with 

the necessary caution, the results from the present study should be regarded as valuable new 

information in a research field of great economic and environmental concern.  

  

5.8 Conclusions    

The present study indicates that the early life stages of C. finmarchicus and C. hyperboreus are 

more affected by temperature than by short term exposure to environmentally relevant 

concentrations of 11 PAHs. Increasing temperatures lead to reduced developmental time for 

embryo and nauplius, while the oxygen consumption increases. Although this study did not 

provide any significant effects on growth for the C. finmarchicus nauplii, the significant 

increased metabolic rate of the N2 nauplii can cause energy depletion for this non-feeding 

stage. The increased temperature sensitivity observed for the N3 stage of C. hyperboreus could 

potentially be compensated by increased feeding. The results did not reveal a clear effect of 

PAH exposure but the increased sensitivity of temperature on the metabolic rate of both species 

when exposed to PAHs shows that the impacts of PW have to be assessed in the context of 

climate change. Additionally, the reduced growth of exposed C. hyperboreus N3 nauplii could 

potentially reduce the energy availability for higher trophic levels.  

 

These finding expand the limited knowledge regarding the early life stages of C. finmarchicus 

and C. hyperboreus and the results may benefit the management and the industry in minimising 

the risk of environmental impacts from the ongoing expansion of offshore petroleum activities 

in the Arctic.  
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Appendix A 

Figure A1 Developmental stages in C. hyperboreus (A) and C. finmarchicus (B). 1: Eggs; diameter before hatching is about 145 m for the C. finmarchicus 

(Marshall and Orr, 2013) and 270 m for the C. hyperboreus (Sømme, 1934). 2: N1; two thin, relatively short, widely separated spines on the posterior end 

of the body (), three thin setae on the extremities on each antennule (). 3: N2; slightly more elongated body shape, two thin, long, and closely gathered 

spines on the posterior end of the body (), antennule strucutre similar to N1 (). 4: N3; two pairs of short spines and one pair of long spines on the posterior 

end of the body (), red matter inside the gut (algae) indicates start of exogenous feeding.  
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Appendix B 

Table B1 C. finmarchicus. Regression statistics on oxygen consumption. Regression coefficient (mg O2/L min-1) with R-squared values for 

replicates (n) in the different WSF concentrations and treatment temperatures for all development stages.  

 

C. finmarchicus 

7.5C 10C 12.5C 

Egg Egg Egg 

n a (10a) R2 n a (10a) R2 n a (10a) R2 

4 10.20 0.99 4 4.57 0.88 4 9.28 0.94 

N1 N2 N3 N1 N2 N3 N1 N2 N3 

n a 

(10a) 

R2 n a 

(10a) 

R2 n a 

(10a) 

R2 n a 

(10a) 

R2 n a 

(10a) 

R2 n a 

(10a) 

R2 n a 

(10a) 

R2 n a 

(10a) 

R2 n a 

(10a) 

R2 

Ctrl 4 3.15 0.85 4 2.65 0.83 4 4.27 0.80 4 4.21 0.84 4 4.47 0.81 4 3.72 0.95 4 5.86 0.80 4 5.85 0.86 4 5.49 0.86 

10% 4 7.55 0.88 4 2.15 0.76 4 3.63 0.87 4 4.38 0.67 4 3.67 0.81 4 6.90 0.90 4 5.36 0.82 4 5.21 0.81 4 5.36 0.79 

50% 4 3.38 0.82 4 2.08 0.71 4 3.33 0.85 4 4.53 0.74 4 4.02 0.84 4 7.22 0.95 4 5.59 0.88 4 6.62 0.90 4 6.84 0.91 

100% 4 7.07 0.95 4 1.91 0.70 4 5.05 0.92 4 6.07 0.88 4 2.97 0.79 4 7.55 0.97 4 6.72 0.84 4 5.21 0.76 4 5.37 0.86 
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Table B2 C. hyperboreus. Regression statistics on oxygen consumption. Regression coefficient (mg O2/L min-1) with R-squared values for 

replicates (n) in the different WSF concentrations and treatment temperatures for all development stages. 

 

C. hyperboreus 

3C 7.5C 10C 

Egg Egg Egg 

n a (10a) R2 n a (10a) R2 n a (10a) R2 

4 0.78 0.40 4 0.51 0.30 4 0.98 0.63 

N1 N2 N3 N1 N2 N3 N1 N2 N3 

n 

a 

(10a) R2 n 

a 

(10a) R2 n 

a 

(10a) R2 n 

a 

(10a) R2 n 

a 

(10a) R2 n 

a 

(10a) R2 n 

a 

(10a) R2 n 

a 

(10a) R2 n 

a 

(10a) R2 

Ctrl 4 5.32 0.94 4 7.96 0.94 3 9.27 0.96 3 8.15 0.79 3 8.35 0.96 3 14.68 0.98 4 5.48 0.79 - - - 3 12.39 0.97 

10% 4 6.33 0.86 4 4.07 0.94 3 7.09 0.74 3 5.93 0.81 3 9.83 0.94 3 15.52 0.99 4 3.20 0.85 - - - 3 17.24 0.99 

50% 4 5.25 0.87 4 4.07 0.94 3 3.99 0.90 3 5.68 0.88 3 7.45 0.97 3 11.89 0.97 4 8.26 0.89 - - - 3 8.85 0.92 

100% 4 3.81 0.82 4 6.12 0.87 4 6.00 0.96 3 6.63 0.92 3 8.89 0.95 3 11.10 0.98 3 6.68 0.92 - - - 3 17.66 0.96 
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Appendix C 

Table C1 Egg hatching success (%) for C. finmarchicus and C. hyperboreus (mean  SD).   

 C. finmarchicus   C. hyperboreus 

  25 h 36 h 48 h 61 h    67 h 91 h 115 h 

7.5C Ctrl 0 0 74  5 81  13  3C Ctrl 2  3 40  9 98  3 

 10% 0 0 72  10 93  3   10% 0  0 57  15 91  3 

 50% 4  3 0 64  11 81  8   50% 0  0 45  18 95  7 

 100% 0 0 57  4 70  10   100% 0  3 50  22 97  6 

10C Ctrl 0 44  10 83  2 85  5  7.5C Ctrl 3  3 100  92  3 

 10% 0 39  5 83  4 93  3   10% 0  0 98  3 93  8 

 50% 0 47  8 81  7 85  9   50% 0  0 (2) 93  6 93  8  

 100% 5  5 32  8 82  8 92  2   100% 0  3 92  8 95  5 

12.5C Ctrl 0 70  16 76  2 88  3  10C Ctrl 0  0 93  8 100  

 10% 2  3 71  12 80  6 88  7   10% 0  0 (2) 97  8 96  6 

 50% 2  3 60  5 84  4 81  16   50% 3  3 95  5 95  5 

 100% 0 55  1 92  9 84  5   100% 3  3 98  3 100  
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Appendix D 

Table D1 Summary of temperature conditions and developmental time in all nauplii experiments conducted on C. finmarchicus and C. 

hyperboreus.  

C. finmarchicus  C. hyperboreus 

Temperature 

(C) 

Sampling stage Development time 

(days) 

Stage duration 

(days) 

 Temperature 

(C) 

Sampling stage Development time 

(days) 

Stage duration 

(days) 

7.5 N1 1.4 1.6  3.5 N1 6.9 3 

 N2 3 2.1   N2 9.9 4.1 

 N3 5.1 -   N3 14 - 

9.7 N1 1.2 0.9  7.6 N1 3.1 1.9 

 N2 2.1 2   N2 5 3.1 

 N3 4.1 -   N3 8.1 - 

12.3 N1 1.2 0.9  9.3 N1 3.1 1.9 

 N2 2.1 1.5   N2 5 4.1 

 N3 3.2 -   N3 9.1 - 
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Appendix E 

Table E1 C. finmarchicus. Box plot values for egg diameter and naupliar length (µm). n is 

sample size. M: median. UQ: upper quartile. LQ: lower quartile.  

  E N1 N2 N3 

   Ctrl 10% 50% 100% Ctrl 10% 50% 100% Ctrl 10% 50% 100% 

7.5C n 121 103 82 93 84 111 115 111 107 62 72 80 76 

 Max 155 197 196 193 194 210 211 208 208 218 223 222 221 

 UQ 151 194 192 190 190 205 207 205 205 216 220 218 216 

 M 147 190 188 185 185 201 201 201 201 211 213 213 212 

 LQ 144 186 181 181 181 195 196 196 197 207 209 208 207 

 Min 141 180 175 175 177 190 192 192 190 201 205 203 201 

               

10C n 112 68 98 69 87 110 75 118 100 66 81 78 73 

 Max 150 196 197 194 194 208 208 210 208 220 217 217 220 

 UQ 149 191 193 190 190 203 205 206 204 215 214 212 217 

 M 146 184 188 185 185 199 199 201 197 209 210 207 212 

 LQ 143 180 182 179 181 193 195 194 193 204 206 202 207 

 Min 139 174 180 174 177 183 188 188 189 201 203 199 199 

               

12.5C n 73 72 73 89 87 113 116 122 112 71 76 66 66 

 Max 151 196 193 192 195 206 208 204 207 219 219 217 219 

 UQ 148 192 190 189 191 203 203 201 204 214 215 214 213 

 M 146 188 185 184 186 198 199 197 200 210 210 211 209 

 LQ 143 179 182 178 181 193 195 193 193 204 202 206 203 

 Min 140 173 174 173 178 187 190 189 188 196 199 202 200 
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Table E2 C. hyperboreus. Box plot values for egg diameter and naupliar length (µm). n is 

sample size. M: median. UQ: upper quartile. LQ: lower quartile.  

  E N1 N2 N3 

   Ctrl 10% 50% 100% Ctrl 10% 50% 100% Ctrl 10% 50% 100% 

3C n 73 93 100 89 102 112 109 106 76 50 53 60 70 

 Max 189 245 261 259 263 268 267 267 267 286 279 275 278 

 UQ 186 242 239 244 244 264 264 263 264 281 272 273 273 

 M 184 237 232 235 239 258 259 259 259 274 266 265 268 

 LQ 183 230 228 230 234 252 253 252 252 267 256 259 260 

 Min 181 224 224 224 226 241 248 244 244 259 247 252 250 

               

7.5C n 82 63 47 70 52 89 82 83 84 53 57 54 59 

 Max 246 247 244 240 255 273 274 274 276 286 287 289 286 

 UQ 241 242 239 237 244 267 270 269 271 284 283 284 282 

 M 226 234 235 233 237 263 264 264 265 280 279 279 279 

 LQ 205 226 228 226 231 256 260 260 258 276 274 273 272 

 Min 197 222 221 221 224 251 254 254 254 272 270 267 268 

               

10C n 105 106 79 101 68 - - - - 43 57 52 49 

 Max 197 260 255 260 261 - - - - 266 274 273 269 

 UQ 194 254 244 253 254 - - - - 262 268 268 265 

 M 189 240 235 244 249 - - - - 255 259 263 259 

 LQ 186 229 224 232 237 - - - - 246 250 257 249 

 Min 183 217 216 222 231 - - - - 232 241 247 244 
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