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The Arctic region is undergoing rapid and significant changes, characterized by

high rates of acidification and warming. These transformations prompt critical

questions about the resilience of marine communities in the face of

environmental change. In the Arctic, marine zooplankton and in particular

calanoid copepods play a vital role in the food web. Changes in environmental

conditions could disrupt zooplankton communities, posing detrimental

consequences for the entire ecosystem. Copepod early-life stages have been

shown to be particularly sensitive to environmental stressors since they represent

a bottleneck in the life cycle. Here, we investigated the responses of 4-day old

Calanus hyperboreus nauplii when exposed to acidification (pH 7.5 and 8.1) and

warming (0 and 3°C), both independently and in combination. Naupliar

respiration rates increased when exposed to a combination of acidification and

warming, but not when exposed to the stressors individually. Moreover, we

found no discernible differences in lipid content and fatty acid (FA) composition

of the nauplii across the different experimental treatments. Wax esters accounted

for approximately 75% of the lipid reserves, and high amounts of long chain fatty

acids 20:1 and 22:1, crucial for the reproduction cycle in copepods, were also

detected. Our results indicate a sensitivity of these nauplii to a combination of

acidification and warming, but not to the individual stressors, aligning with a

growing body of evidence from related studies. This study sheds light on the

potential implications of global change for Arctic copepod populations by

elucidating the responses of early-life stages to these environmental stressors.
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1 Introduction

The Arctic region is rapidly changing, experiencing the highest

rates of ocean acidification (OA) and warming on a global scale

(AMAP, 2018). The occurrence of these environmental stressors

frequently amplifies the impact of pre-existing pressures in the

region, such as fluctuations in salinity or the discharge of

environmental contaminants (Gunderson et al., 2016; AMAP,

2021). The physical changes resulting from acidification, solar

radiation and warming can trigger changes in natural marine

communities (e.g. changes in community composition, altered

recruitment processes), potentially leading to cascading effects at

the ecosystem level. In the Arctic region, many studies investigating

the impact of climate change on ecosystem structure and

functioning have focused on coastal ecosystems around Svalbard

(Hop et al., 2019a, Hop et al., 2019b), as these areas experience the

greatest variability in physical parameters. However, fewer studies

have examined the responses of open-ocean organisms in Arctic

waters to environmental changes (Ramondenc et al., 2022).

In the Arctic, marine zooplankton are a crucial element of the

food web, connecting primary producers and predators, and any

changes in their community composition and biology could have

far-reaching consequences for the energy flow towards higher

trophic levels (Falk-Petersen et al., 2007). Arctic copepods

represent a critical food source for carnivorous zooplankton and

fish, such as polar cod (Boreogadus saida), capelin (Mallotus

villosus) and Arctic char (Salvelinus alpinus), and seabirds such as

little auk (Alle alle)(Karnovsky et al., 2003; Falk-Petersen et al.,

2007; Hop and Gjøsæter, 2013). The predominantly herbivorous

copepods of the genus Calanus dominate the zooplankton biomass

in the Arctic (Falk-Petersen et al., 2009; Daase et al., 2021). Calanus

hyperboreus is the most important zooplankton species in terms of

biomass in the Central Arctic Ocean (CAO, Ershova et al., 2021),

although it is also present in marginal seas, such as the northern

Barents Sea.

To endure the characteristic prolonged periods of food

limitation associated with the Polar Night, Arctic copepods can

undergo seasonal vertical migrations (diapause) and have multi-

year life cycles (Daase et al., 2021). Successful reproduction of C.

hyperboreus depends on energy reserves that the females pass onto

their offspring via egg development. This species is a capital breeder,

meaning that it relies entirely on its internal lipid reserves to fuel its

reproduction (Falk-Petersen et al., 2009; Varpe, 2012). Calanus

hyperboreus accumulates sufficient lipid stores to overwinter and

can reproduce during winter, independent of the ice-algae and

phytoplankton spring blooms (Hirche, 1997; Halvorsen, 2015;

Daase et al., 2021). Egg production can occur from November to

May (Halvorsen, 2015). At hatching, nauplii rely on stored lipid

energy reserves to cover their metabolic costs during non-feeding

stages (nauplii I to II) and will utilize the spring or summer blooms

for growth and further development once these become available

(Falk-Petersen et al., 2009; Jung-Madsen et al., 2013).

Early-life stages of marine invertebrates are known to be

particularly vulnerable to environmental changes, and any impacts

on these stages can have significant consequences for entire

populations (Byrne, 2011). To fully comprehend the fate of marine
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ecosystems under future scenarios of change, it is crucial to

understand how early-life stages respond to environmental

stressors (Byrne, 2012). In the Arctic, changes in environmental

parameters could alter the conditions that C. hyperboreus nauplii

encounter after hatching, with potentially negative consequences for

their survival. This could happen either directly, through changes in

larval physiology or metabolism, or indirectly, through alterations in

the timing and availability of their preferred food (Espinel-Velasco

et al., 2018). This is especially important if changes in spring bloom

phenology are expected in future scenarios (Falk-Petersen et al.,

2007). Depletion of larval energy reserves prior to reaching feeding

stages or before the food becomes available could change recruitment

patterns, potentially leading to significant consequences for the

ecology of the species. For example, C. hyperboreus nauplii from

regions where the females overwinter at depths greater than 2000 m,

such as the Fram Strait or the CAO, will need to actively swim

upwards in order to reach the surface in time for the spring bloom

(Jung-Madsen et al., 2013). Changes in metabolism or lipid energy

reserves could compromise the timing of reaching the surface,

potentially leading to adverse impacts on survival.

Arctic Calanus species have been the focus of numerous studies

examining the effects of OA and warming on their physiology,

including works by Lewis et al. (2013); Hildebrandt et al. (2014);

Thor et al. (2016); Bailey et al. (2017a); Bailey et al. (2017b) and

Thor et al. (2018). Although most research on calanoid copepods in

the Arctic has focused on adult and late larval stages (CIV and CV),

a few studies have explored the impacts of environmental stressors

on naupliar stages and have indicated sensitivity to either

acidification (Lewis et al., 2013) or warming (Jung-Madsen et al.,

2013), individually, and only a handful of observations revealed

interactive effects (e.g. warming and pyrene; Jortveit, 2022).

In this study, we conducted an exploratory assay to investigate

the interactive effects of acidification, singularly and in combination

with warming on 4-day old C. hyperboreus nauplii from females

collected in the Barents Sea. We hypothesized that C. hyperboreus

nauplii would be sensitive to both acidification and warming, and

that this would be evident through altered respiration rates. To our

knowledge, this is the first study investigating the responses of C.

hyperboreus naupliar stages to multiple environmental stressors.
2 Materials and methods

2.1 Copepod collection and nauplii
hatching

Mesozooplankton, including C. hyperboreus, was collected

using a Bongo net (with opening 0.28 m2 and mesh size 180 mm)

equipped with a non-filtering cod end. During The Nansen Legacy

seasonal cruise Q1 in March 2021, vertical net hauls were conducted

at station P4 (79.75°N, 34.00°E) on the shelf (Figure 1), at a depth of

~300 m (bottom depth 332 m), as reported by Gerland et al. (2022).

The collected samples were placed in a 60 L bucket filled with sea

water acclimatized to the in-situ temperature. Gravid females of C.

hyperboreus were carefully extracted from subsamples using

tweezers and transferred into separate petri dishes filled with 15
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mL of filtered seawater. These females were incubated in the dark

for 10 days at 0°C. Every 48 h, half of the water in the petri dishes

was replaced with filtered seawater at the same temperature. Eggs

produced during the incubation period were counted every 24 h and

transferred to new petri dishes until hatching (The Nansen Legacy,

2022). The nauplii hatched over a 4-day period were collected and

pooled in a larger (2 L) glass jar with filtered seawater until the start

of the incubation experiments. By that time, the nauplii were most

likely N1 (with mean developmental time = 2.8 - 3.1 days, stage

duration 2.3 - 2.5 days at 5°C; Jung-Madsen et al., 2013). The first

two naupliar stages of C. hyperboreus do not feed, therefore no

feeding took place prior to the start of the incubations. No abnormal

nauplii were detected nor removed from the pool of larvae for the

subsequent experiments.
2.2 Measurements of metabolic rates and
closed-bottle incubations

Using the pool of hatched larvae, we conducted parallel

measurements of metabolic rates as well as short-term bottle

incubations to test the responses of the nauplii to acidification and

warming. The experimental treatments consisted of a full factorial

combination of pH and temperature as follows: i) low pH (7.5) + low/

ambient temperature (0°C), ii) high/ambient pH (8.1) + low/ambient

temperature (0°C), iii) low pH (7.5) + high temperature (3°C), iv) high/
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ambient pH (8.1) + high temperature (3°C). The pH treatments were

achieved by manually introducing gaseous CO2 into filtered seawater

and corrected with filtered seawater at ambient pH until reaching the

desired pH for each of the target temperatures, previously to

introducing the larvae. Salinity, pH and temperature were manually

checked with a handheld probe (Hanna pH meter HI98191).

To measure metabolic rates, 240 randomly-selected individuals

were chosen from the pool of hatched nauplii. Respiration

measurements were conducted using the Loligo® Microplate

Respirometry System (MicroPlate™ software version 1.0.4) with

24 × 500 mL multiwell plates (Loligo Systems, Denmark). The plates

were previously calibrated with filtered (0.2 mm) seawater at the

target temperature and salinity 34. Calibration was carried out using

water supersaturated in oxygen (100% O2 air-saturation content)

and water depleted of O2 through the addition of sodium sulphite

(0% air saturation). For the measurements, three nauplii were

introduced into each well with water at the target treatment by

means of a small pipette. Four wells in each plate served as a control,

containing only filtered seawater, to calculate the background rate.

The metabolic rate measurements were performed in the dark in

incubators at a constant target temperature (0°C or 3°C) for 12 h.

After measuring the metabolic rates, we visually inspected nauplii

from each plate (treatment) for survival based on movement.

For the incubation assay we randomly selected 1440 nauplii from

the pool of hatched individuals. Short-term incubations were

conducted in triplicate using 200 mL brown glass bottles,
FIGURE 1

Location of the P4 station in the Barents Sea sampled during The Nansen Legacy seasonal cruise in March 2021, where Calanus hyperboreus
females were collected for this study. The coloured lines indicate the type and direction of water masses (blue: Arctic; red: Atlantic), whereas the
grey shadowing indicates depth. The current data were plotted in R using GGOceanmaps package and shapefiles from Natural Earth Data (Vihtakari
et al., 2019; Vihtakari, 2022) and bathymetry data from NOAA (Amante and Eakins, 2009; NOAA, 2009).
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representing one of the four experimental treatments. Nauplii were

added to each replicate at a density of ~0.6 ind. mL-1. The bottles were

kept in the dark in incubators at the target temperature for 24 h. After

the incubation, all larvae from each treatment were extracted and

checked for survival, and the remaining individuals were stored in

Eppendorf tubes, freeze-dried, and kept at -80°C for lipid content

analysis. To assess their body condition (i.e., level of stored lipids), the

lipid content and fatty acid composition of the copepod nauplii were

analyzed at the Alfred Wegener Institute in Bremerhaven, Germany

(see Supplementary Material and supporting data: 10.21334/

npolar.2023.edc957ac; Espinel-Velasco et al., 2023a). The relative

proportions of wax esters (main storage lipids of Calanus spp.) were

estimated from the relation of fatty acids to fatty alcohols.
2.3 Statistical analyses

Data visualization and statistical analyses were performed with

R v. 4.0.3. and RStudio v.1.4.1103 (R Core Team, 2021). The

analysis and calculation of the metabolic rates were performed

using the RespR package (Harianto et al., 2019). The main effects

and interactions of pH and temperature on naupliar respiration

were tested with a two-way ANOVA followed by a post-hoc Tukey’s

test (p < 0.05 was considered significant). The Levene’s test was used

to test for homogeneity of variances (conditions met).
3 Results

Individual naupliar respiration rates ranged from 0.055 ngO2

ind.-1 h-1 (low pH and low temperature treatment) to 11.37 ngO2
Frontiers in Marine Science 04
ind.-1 h-1 (low pH and high temperature treatment; Figure 2 and

supporting data 10.21334/npolar.2023.ece3e9bb; Espinel-Velasco

et al., 2023b).

Individual naupliar respiration rates were not significantly

influenced by pH (F1 = 0.799, p = 0.374) or temperature alone

(F1 = 1.352, p = 0.248). The statistical analyses point towards a

significant effect of the interaction of both factors in the observed

respiration rates (F1 = 8.784, p = 0.004). Metabolic rates measured

in nauplii kept at pH 7.5 and 3°C were significantly higher

compared to their counterparts in 0°C (p = 0.023) and their

counterparts in pH 8.1 and 3°C (p = 0.038).
4 Discussion

The results of our investigation indicated increased respiration

rates of C. hyperboreus nauplii when exposed to a combination of

warming and acidification, but not when exposed to the stressors

individually. This suggests a sensitivity to the interactive effect while

being more resilient to each of the stressors alone. To our

knowledge, very few studies investigate the responses of early

naupliar stages of Arctic Calanus copepods to multiple stressors.

While there have been some investigations on the effects of

acidification (Lewis et al., 2013; Bailey et al., 2017b) or

temperature (Jung-Madsen et al., 2013) on nauplii, there is a

scarcity of studies that look at the effect of multiple stressors on

these nauplii.

The responses of calanoid copepods to ocean acidification

appear to be dependent on the taxa and life-stage (Wang et al.,

2018). For example, hatching rates in Acartia steueri and Acartia

erythraea decrease following an exposure to OA (Kurihara et al.,
FIGURE 2

Individual oxygen uptake rates of Calanus hyperboreus nauplii (in ngO2 h-1) relative to the pH (colors) and water temperature (°C). The box-and-
whisker plot displays the median (horizontal bar), interquartile range (box), and minimum/maximum values excluding outliers (whiskers). Outliers
were defined as values beyond 1.5 times the interquartile range. The sample size was n = 240. The individual data points have been added on top of
the boxplots and have been slightly offset for clarity.
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2004), while vertically migrating adult Calanus spp. seem to be only

marginally affected by high pCO2 (Lewis et al., 2013). In Calanus

finmarchicus females, OA did not affect egg production or cause

biomass loss, but impacted naupliar hatching rate (Mayor et al.,

2007). Studies focusing on Calanus glacialis have shown that ocean

acidification increases metabolic rates and decreases ingestion rates

in copepodite stage IV, but not in stage V (390 and 3000 µatm

pCO2, Hildebrandt et al., 2014; ~ 800 µatm pCO2, Thor et al., 2016).

In contrast, in C. glacialis females, no negative responses have been

shown on metabolic rates, gonad maturation rate, or mortality after

long term incubations (several months at 390 and 3000 µatm pCO2;

Hildebrandt et al., 2014). However, OA can cause delayed hatching

and reduced overall hatching success, although egg production

remains unchanged (pH ~ 6.9, Weydmann et al., 2012).

Increased temperatures can also have various effects on calanoid

copepods, including altered fecundity (5 to 25°C; Hirst and Kiørboe,

2002; Bunker and Hirst, 2004), reduced grazing rates (10 and 14°C

in female C. finmarchicus; Van Dinh et al., 2019), and increased

oxygen consumption rates and sublethal stress (in diapausing C.

hyperboreus females at 0, 5 and 10°C; Hildebrandt et al., 2014).

These responses also seem to be taxa- and stage-specific. For

example, increased temperature (5, 10 and 15°C) upregulates heat

shock proteins in C. finmarchicus but not in C. glacialis (Smolina

et al., 2015).

In contrast to the straightforward reactions to individual

stressors, the way marine species respond to multiple stressors

can be intricate and dependent on the specific taxon, on life stage

and on the strength of the stressor itself (e.g. concentration level).

Numerous studies have suggested that acidification and warming

can produce synergistic effects, distinct from the additive responses

observed in single-stressor situations. Multiple studies have

explored the impacts of various stressors, such as warming,

acidification, and increased pollution, on copepod survival,

growth, development, fecundity, egg production rate, hatching

success, and feeding (e.g. Zervoudaki et al., 2014; Garzke et al.,

2016; Horn et al., 2016). Although a plethora of research has been

conducted in this field, Arctic species have received relatively little

attention. From the literature available, it is apparent that these

stressors can have synergistic effects on copepod populations,

resulting in negative impacts on reproduction and population

growth rates. For instance, long-term investigations on adult C.

glacialis and C. hyperboreus revealed a synergistic effect of ocean

acidification (390 and 3000 µatm pCO2) with ocean warming (0, 5

and 10°C), but no effect of acidification alone (Hildebrandt et al.,

2014). Another study explored the combined effects of ocean

warming and exposure to the oil compound pyrene on C.

finmarchicus and found that the combined stressors negatively

impacted the copepod’s survival and growth (100 nM pyrene at 0

and 10°C, Grenvald et al., 2013).

Our observations showed no clear response to acidification,

concurrent with previous studies on Calanus nauplii: Bailey et al.

(2017b) studied naupliar development in wild populations of C.

glacialis and found unaffected respiration rates under ocean

acidification (pCO2 320 to 1700 µatm), as well as development

and growth, although this was compensated by altered gene
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expression (Bailey et al., 2017a). However, Lewis et al. (2013)

found lower survival and seemingly greater sensitivity to

manipulated OA conditions (pCO2 1000 matm) predicted for the

year 2100 in Calanus spp. nauplii compared to the adults in a short-

term exposure experiment. Similarly, exposure to acidification (over

5000 ppm CO2) resulted in an increase in naupliar mortality in the

copepods Acartia steueri and A. erythraea (Kurihara et al., 2004).

Reasons behind these discrepancies include differences in

experimental design, geographical variations (European vs.

Canadian Arctic), and variations in the parameters used to

measure responses.

Conversely, our observations of unchanged respiration as a

response to warming contrast with a study on C. hyperboreus

nauplii respiration under warming conditions, where authors

found a clear sensitivity to warming alone in early-larval stages,

which might affect future recruitment (Jung-Madsen et al., 2013).

One explanation for these discrepancies could be differences in the

experimental design (we tested 0°C and 3°C, while they tested 0, 5

and 10°C; we tested short-term exposure [24h] while they tested

long-term exposure [40 days]), as well as geographical differences

(we used C. hyperboreus collected in the northern Barents Sea,

whereas they tested individuals collected in Eastern Greenland).

Different populations of copepods may have varying degrees of

tolerance to environmental stressors. For example, geographically-

distinct populations of C. glacialis showed physiological differences

in OA responses (Thor et al., 2018).

Our results indicated a sensitivity of the nauplii to the combined

exposure to acidification and warming through a significant impact

on the metabolic rate of the nauplii, as demonstrated by increased

oxygen uptake. This could be due to increased energy requirements

when exposed to warming, leading to less energy available to cope

with acidification. These observations support the notion that

responses to multiple stressors in marine invertebrates,

particularly during early-life stages are more complex than just

additive. For example, in a recent multiple-stressor study by Jortveit

(2022), it was observed that temperature (5°C) increased the lethal

sensitivity of C. glacialis nauplii to pyrene, while other exposure

combinations did not significantly affect naupliar survival.

However, since our study was focused on short-term exposure,

we did not measure survival as an endpoint, and it is therefore not

possible to compare both studies.

Negative impacts on physiological endpoints, such as changes

in metabolic rates from exposure to stressors such as acidification,

may be attributed to constraints in the energy budget (Pedersen

et al., 2014). As a result, potential scenarios of environmental

change may increase energy demands, which could affect the

natural communities of Calanus copepods with potential negative

effects on higher trophic levels.

As most of the copepod congeners, C. hyperboreus stores lipids

primarily in the form of wax esters (Falk-Petersen et al., 2009;

Supporting data 10.21334/npolar.2023.edc957ac; Espinel-Velasco

et al., 2023a). Nauplii have large oil droplets at hatching, which

sustain them during their non-feeding stages until the spring

bloom. In contrast to other studies (e.g. pteropods: Lischka et al.,

2022), our study found no differences in lipid content and fatty acid
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(FA) composition of the nauplii between the different experimental

treatments. This is expected since lipid-reserve mobilization in

Calanus nauplii is slow after a long period of starvation (Daase

et al., 2011), and our exposure duration was short. The FA

composition observed in our nauplii is consistent with previous

investigations on Arctic C. hyperboreus, with wax esters comprising

~75% of the lipid reserves. This observation concurs with analyses

of C. hyperboreus nauplii collected east of Greenland (85-90% WE;

Jung-Madsen et al., 2013). Moreover, we observed high relative

proportions of long chained fatty acids 20:1 and 22:1, which are key

elements for the reproduction cycle in copepods (see supporting

data: 10.21334/npolar.2023.edc957ac; Espinel-Velasco et al., 2023a).

Given that the decrease in lipid during the naupliar development is

most likely due to the nauplii metabolizing the lipid reserves to

cover their energy requirements, changes in the amount of lipids

passed on from the mothers, or changes in energy requirements of

the larvae, could have significant implications for the recruitment of

the species. A warmer Arctic ocean with smaller mothers

(Halvorsen, 2015) could lead to earlier spawning and smaller

nauplii. Moreover, warmer temperatures alter the larval

development and increase the metabolism (increasing carbon

requirements), as well as decrease the duration of starvation that

the nauplii can survive, potentially affecting the timing to reach the

spring bloom. Therefore, a synergistic effect of warming and

acidification could imply that nauplii may not survive a potential

mismatch with the ice break-up and resulting phytoplankton

bloom, which would have detrimental effects on the species

recruitment (Søreide et al., 2010; Daase et al., 2013).

In recent years, molecular techniques such as metabolomics

have emerged as a powerful tool to study the physiological

mechanisms that organisms use to cope with environmental

stressors. Combining these new techniques with traditional

measurements can provide a more comprehensive understanding

of the potential responses of Arctic zooplankton communities to

future changes. For instance, a recent study by Thor et al. (2022) has

demonstrated the usefulness of metabolomics in elucidating the

metabolic pathways and responses of copepods to environmental

stressors (through changes in cellular metabolism). Therefore,

incorporating these molecular techniques into future experimental

investigations could shed light on the underlying mechanisms that

govern the physiological responses of Arctic organisms to

multiple stressors.

While there is a growing body of literature on the responses of

early life stages of Arctic zooplankton to combined stressors, many

questions remain unanswered. The limited research on the effects of

combined environmental stressors on Arctic copepods, including C.

hyperboreus, highlights the need for further experimental

investigations to fully comprehend their physiological responses in

potential future Arctic scenarios. Future work should include long-

term investigations that could help understand not only responses,

but also discern resilience of the Arctic ecosystems (Griffith et al.,

2019). Early-life stages remain an important element to consider, as

they can act as a bottleneck for the development of the species. By

furthering our understanding of how these organisms respond to

environmental stressors, we may be better equipped to mitigate the

effects of climate change on these vital ecosystems.
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