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Abstract 

As Arctic sea temperatures rise and sea ice declines, boreal species are becoming more abundant in these waters. Generally, both 

inter- and intra-species variations show larger body sizes at higher latitudes and in colder climates. Continued Arctic amplification 

may lead to shifts in the size and composition of marine plankton, with cascading effects throughout the ecosystem. This study exam- 
ines the metabolic rates of three common zooplankton species, Calanus finmarchicus , C. glacialis , and Metridia longa , across different 
temperatures (0 ◦C, 3 ◦C, and 6 ◦C) to understand these dynamics. Results showed a distinct decrease in aerobic scope with rising tem- 
peratures for all three copepod species, indicating potential fitness reductions in w armer w aters. Larger copepods exhibited higher 
aerobic scopes than smaller ones at all temperatures; however, this advantage diminished at 6 ◦C, suggesting that smaller body sizes 
may confer metabolic benefits at higher temperatures. Conversely, larger sizes are favored in colder waters. These findings help explain 

the increase of smaller boreal species in warming Arctic seas and why colder Arctic conditions favor larger individuals. 
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Introduction 

Temperature is a key predictor of metabolic rate and deter- 
mines the range limit and abundance of species. Metabolic 
rate, a measure of energy used by an organism per unit of 
time, is largely influenced by temperature and activity level.
The intense warming of the Arctic, known as Arctic amplifi- 
cation, which contributes to sea ice loss and significant ocean 

warming, will impact the Arctic marine ecosystem (Renaud et 
al. 2018 , Griffith et al. 2019 ). A key question is how plankton 

communities will respond physiologically and consequently 
restructure due to increased sea temperatures. There is no clear 
consensus on how to interpret the effects of temperature on 

metabolic rates in terms of fitness, such as growth, reproduc- 
tion, and survival (Pörtner 2001 , Pörtner and Farrell 2008 ,
Lefevre 2016 , Jutfelt et al. 2018 ). Within a temperature range 
that is not directly harmful to an organism, predicting the or- 
ganism’s optimal temperature is challenging. This is partly be- 
cause metabolic rates are plastic, and the advantage of having 
relatively low or high rates depends on the context (Burton et 
al. 2011 ); low rates are beneficial for conserving energy, while 
high rates are advantageous for growth and reproduction if 
resources are sufficient. Therefore, it is difficult to determine 
what metabolic rate implies in terms of fitness without consid- 
ering the context of the organisms’ life history and surround- 
ing environment. 

It has been suggested that the difference between maximum 

(an active animal) and minimum metabolic rates (an animal at 
rest), known as aerobic scope, can indicate a species’ temper- 
ature preferences (Pörtner and Farrell 2008 ). The greater the 
aerobic scope, the higher the species’ performance or fitness.
© The Author(s) 2024. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License 
reuse, distribution, and reproduction in any medium, provided the original work 
herefore, within a range of temperatures, the temperature 
ith the greatest aerobic scope is considered the most opti-
al for the organism (Pörtner and Farrell 2008 ). One theory
osits that the fitness of aquatic ectotherms scales with aero-
ic scope, as it represents metabolic performance above main- 
enance levels (i.e. above minimum metabolic rate) and indi- 
ates how much of the animal’s metabolism can be allocated to
tness-enhancing activities such as growth, reproduction, and 

ehavior (Pörtner 2001 , Pörtner and Farrell 2008 ). The frame-
ork of partitioning metabolic rate across temperatures pro- 

ides a practical approach to investigate the effects of warm-
ng on aquatic ectotherms (Rubalcaba et al. 2020 , McKenzie
t al. 2021 ). However, this approach is not always straight-
orward; in some organisms, the greatest aerobic scope may
ccur near lethal temperatures, and aerobic scope can also
e higher outside the organism’s natural temperature range 
Lefevre 2016 , Jutfelt et al. 2018 ). 

There are many definitions and terms used to describe the
ifferent levels of metabolic rates expressed by a single indi-
idual (e.g. Burton et al. 2011 , Clark et al. 2013 , Morozov
t al. 2018 ). Here, we define resting metabolic rates (RMR)
s the rates of an inactive organism with no ongoing diges-
ion (Karlsson and Søreide 2023 ). In contrast, active metabolic
ates (AMRs) are expressed by an individual that performs 
trenuous activity, such as escaping a predator (or being han-
led by a researcher), or during the digestion of large meals
Skjoldal et al. 1984 , Clark et al. 2013 , Karlsson and Søreide
023 ). 
Some definitions of metabolic rate are highly stringent, fo- 

using on the absolute lowest or highest rates an individual
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Figure 1. Photos in panel (a) show how the copepod species appear 
under a microscope at 1.6x magnification, lying on their right side. The 
photos ha v e been cropped, and a 2 mm scale bar is added belo w each 
photo for reference. All individuals were of the copepodid stage 5 (C5) 
de v elopment al st age, which is the last st age before becoming adults. 
Panel (b) displa y s the distribution maps of the three copepod species, 
where Metridia longa has the widest distribution, o v erlapping with the 
ranges of both Calanus finmarchicus and C. glacialis . C. finmarchicus 
generally has a more southern distribution range, while C. glacialis has a 
more northern pan-Arctic distribution range (Klek o wski and W ęsławski 
1991 ). Panel (c) presents the size distributions of the three calanoid 
copepod species included in this study. M. longa is the smallest, C. 
finmarchicus is intermediate in size, and C. glacialis is the largest. The 
size distribution in panel (c) is depicted both as a frequency histogram 

and as a kernel density estimate, which provides a smoothed version of 
the histogram. 
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an express, i.e. the “true” minimum and maximum rates (Fry
971 , Clark et al. 2013 ). While such rigor is theoretically
deal, it can hinder practical research. Our definitions are more
exible, accounting for spontaneous individual variation in
esting and AMRs. We recognize that such variation is an es-
imable source of error that can ultimately enhance the relia-
ility of conclusions. Instead, we prioritize designing experi-
ents where the environment is standardized and predictable

or all organisms (Falconer and Mackay 1996 ). 
Since metabolic rate is a fitness trait, it can be used to inves-

igate temperature tolerance and compare temperature adap-
ations between species and populations. Variation in fitness
raits is a key component of adaptation, where genetic vari-
tion within a population is linked to its adaptive potential
Falconer and Mackay 1996 , Karlsson and Winder 2020 ).
his potential for adaptation in metabolic rate is subject to
atural selection, leading to differentiation between popula-
ions or species and resulting in local adaptation (Falconer and

ackay 1996 , Karlsson and Winder 2020 ). Consequently, it
s likely that species or populations from colder areas are less
olerant of higher temperatures than those from warmer ar-
as, and vice versa (Seth et al. 2013 ). This suggests that boreal
pecies may benefit from increasing Arctic Sea temperatures,
otentially expanding their range and numbers at the expense
f Arctic species (Gluchowska et al. 2016 , Weydmann et al.
017 ). 
The effect of temperature on metabolic rate is mass-

ependent, with larger individuals experiencing a greater in-
rease in metabolic rate as temperature rises (Fossen et al.
019 ). Additionally, the reduction in aerobic scope is more
ronounced in larger individuals compared to smaller ones,
ausing larger individuals to lose relatively more fitness as
emperatures increase (Rubalcaba et al. 2020 ). Consequently,
arming can influence both inter- and intra-species composi-

ion among individuals of different sizes, leading to cascading
ffects on population and community structures (Lindmark
t al. 2018 ). Understanding size-temperature interactions is
herefore crucial for predicting how warming will affect pop-
lations, especially in the Arctic, where copepods tend to be
arger than those in boreal regions (Renaud et al. 2018 ). 

The aim of this study is to determine the effect of tem-
erature and body mass on the metabolic rate of three com-
on Arctic zooplankton species. The mesozooplankton com-
unities in the Arctic and Sub-Arctic Seas are dominated by

alanoid copepods, with Calanus finmarchicus , C. glacialis ,
nd Metridia longa being three of the most abundant species
Daase et al. 2008 ). These three copepod species largely co-
ccur in the European Arctic but have different geographic
istribution preferences. The largest of the three, C. glacialis ,
s a distinctly Arctic species, while the slightly smaller C. fin-
archicus is a boreal species transported northwards to Sval-
ard and the Arctic Ocean by the warmer North Atlantic cur-
ents (Choquet et al. 2017 ). The smallest species, M. longa ,
as the largest geographical distribution, completely overlap-
ing the range of the two Calanus species, but is more abun-
ant in oceanic, Atlantic-influenced seas (size and geographic
ange distribution shown in Fig. 1 a–c; source: Klekowski and
 ęsławski 1991 ). 
Metabolism depends on organisms’ feeding and life strate-

ies (Hagen 1999 ). The three species are omnivorous filter
eeders but primarily rely on phytoplankton when available.
he two Calanus species create a current that draws in par-

icles suspended in the water column, while M. longa is a
ruise feeder and actively swims through the water column
hile creating a feeding current and intercepting food (Kiør-
oe 2011 ). The Calanus species store large amounts of fat and
nter dormancy to sustain themselves during the long dark
inter without feeding (Falk-Petersen et al. 2009 , Clark et
l. 2012 ). The Calanus winter dormancy is commonly termed
iapause, but individuals are not so dormant that they stop
esponding to external cues (Coguiec et al. 2023 ), e.g. indi-
iduals still flee from a pipette upon capture. However, other
ues, such as temperature and food that would under other
ircumstances trigger activity, may have reduced or no effect
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Figure 2. B ath ymetric map of Sv albard illustrating the locations of the 
three sampling stations in Isfjorden. Black lines indicate the borders 
betw een w ater and land, while gra y lines sho w ele v ation. T he inset map 
displa y s the location of the Svalbard Islands north of Scandinavia. 
B ath ymetric data were sourced from the “marmap” package (Pante et al. 
2023 ) and plotted using the “sf” and “ggplot2” packages (Wickham 

2016 , Pebesma and Bivand 2023 ). 
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(Hopkins et al. 1984 , Ingvarsdóttir et al. 1999 , Morata and 

Søreide 2015 ). In contrast to the Calanus species, M. longa 
store less fat and remain active throughout the winter, feeding 
opportunistically (Hopkins et al. 1984 ). Independent of their 
body sizes, we therefore expected different metabolic rates due 
to their varying life histories and activity levels (Karlsson and 

Søreide 2023 ). 
The size range of copepods in this study presents more than 

a 30-fold difference in body mass ( Fig. 1 c), providing an op- 
portunity to investigate the interactive effects of mass and tem- 
perature. As warming is expected to have more adverse effects 
on larger organisms than on smaller ones, we anticipated a 
reduction in aerobic scope with size due to increasing RMRs 
with increasing body mass (Rubalcaba et al. 2020 ). Further- 
more, based on their geographic preferences, we expected C.
glacialis to have a narrower aerobic scope at higher temper- 
atures, as this species is primarily exposed to lower tempera- 
tures, making it theoretically less tolerant to higher tempera- 
tures compared to the other two ( Fig. 1 b). 

Materials and methods 

Sampling 

Sampling took place in Isfjorden, a large fjord with several 
side arms located in West Spitsbergen ( Fig. 2 ). Three locations 
in Isfjorden were sampled during the autumn of 2020, from 

14 September to 2 October: the inner part, Billefjorden (BAB,
78.65 

◦N, 16.658 

◦E); the central part, Karlskronadjupet (ISK,
78.321 

◦N, 15.163 

◦E); and the outer part, close to Grønfjor- 
den (ISG, 78.129 

◦N, 14.003 

◦E). The fauna becomes progres- 
sively more Atlantic, and the water temperature warmer, fur- 
ther out in Isfjorden and closer to the shelf break near the West 
Spitsbergen Current (WSC), which brings warm Atlantic wa- 
ter to the Arctic (Skogseth et al. 2020 ). Temperatures in Isfjor- 
den range between −1.8 

◦C and 6 

◦C during summer and be- 
tween −1.8 

◦C and 1.5 

◦C during winter (Skogseth et al. 2020 ).
In Billefjorden, the innermost part of Isfjorden, two shallow 

sills prevent warm, dense Atlantic water origin from the WSC 

to enter. Sea temperatures around −1 

◦C persist year-round be- 
low 100 m depth in Billefjorden (Skogseth et al. 2020 , Søreide 
et al. 2022 ). Here, C. glacialis strongly dominates ( > 90%) 
over C. finmarchicus (Arnkværn et al. 2005 , Gabrielsen et al.
2012 ), while the two Calanus species are present in more com- 
parable numbers in the central and outer parts of Isfjorden 

(Gluchowska et al. 2016 , Hatlebakk et al. 2022 ). The oceanic 
M. longa is generally scarce in the fjord’s inner parts but be- 
comes increasingly abundant closer to the Atlantic waters of 
the Fram Strait (Diel 1991 , Gluchowska et al. 2016 ). Conse- 
quently, M. longa could not be sampled in Billefjorden, as their 
numbers were too low here. 

Samples were collected using a WP3 net with a 1 m 

2 open- 
ing and 1 mm mesh size (UNESCO 1968 ), hauled vertically 
from 20 m above the seafloor to the surface. (Station depths 
were 191, 274, and 272 m for BAB, ISK, and ISG, respec- 
tively.) Immediately after the haul, the animals were gently 
transferred to 30 l buckets filled with ambient seawater. Once 
in the laboratory, the animals were further diluted with am- 
bient water in 100 l buckets and kept in a cold room at 0 

◦C.
The primary objective during storage was to maintain the an- 
imals’ health by ensuring high water quality, which involved 

daily checks for foul odors and the removal of gelatinous and 

macro-zooplankton from the buckets. 
xperimental setup and measurements of 
etabolic rates 

e investigated the effect of temperature on metabolic rate 
t 0 

◦C, 3 

◦C, and 6 

◦C ( Table 1 ). All individuals were juve-
ile copepods at the copepodid stage 5 (C5), the final juvenile
tage before adulthood. The C5 was identified by counting 
he number of segments on the urosome, following the de-
cription provided by Klekowski and W ęsławski ( 1991 ). By
xclusively using copepods at the C5 developmental stage,
e eliminated variance due to life stage, which can influence
etabolic rate (Karlsson and Søreide 2023 ). The main reasons

or using C5 copepods in this experiment were that they are
ighly abundant during this part of the season in comparison
o adults; meanwhile, they are sufficiently large, and hence,
ndividually consume enough oxygen to be detected by our 
nstruments. 

Since adaptation and acclimatization may occur along the 
emperature gradient in Isfjorden (Skogseth et al. 2020 ), we
sed 179 individuals from three locations along this gradient 
nd included location as a covariate in our analyses. Addi-
ionally, each individual was incubated three to four times at
ach temperature ( Table 1 ), allowing us to cross each indi-
idual over the temperature range. This approach ideally re- 
ults in more accurate measurements of temperature effects by 
ontrolling for individual variation (Bolker et al. 2009 ). Con-
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Table 1. Number of sampled individuals per species and sampling station in Isfjorden, Svalbard. 

Species 
Sampling 
station 

Number of 
individuals 

Measurements at 
0 ◦C 

Measurements at 
3 ◦C 

Measurements at 
6 ◦C 

C. finmarchicus BAB 17 204 (4) 204 (4) 204 (4) 
C. glacialis BAB 20 234 (4) 240 (4) 240 (4) 
M. longa BAB 0 − − −
C. finmarchicus ISK 32 288 (3) 288 (3) 288 (3) 
C. glacialis ISK 20 180 (3) 180 (3) 180 (3) 
M. longa ISK 19 171 (3) 171 (3) 171 (3) 
C. finmarchicus ISG 18 162 (3) 162 (3) 159 (3) 
C. glacialis ISG 19 171 (3) 171 (3) 171 (3) 
M. longa ISG 34 306 (3) 306 (3) 306 (3) 

Calanus finmarchicus and C. glacialis were the only species present in Billefjorden (BAB), the innermost part of Isfjorden. In contrast, all three species, including 
M. longa , were found at Karlskronadjupet (ISK) in the central part of Isfjorden, and at Grønfjorden (ISG) near the fjord’s mouth, bordering the WSC (warm 

Atlantic water). Metridia longa was absent at BAB, so additional individuals were sampled at ISG to make the sample sizes of each species comparable. The 
measurement columns display the total number of measurement series, which includes individual × repeated measurements × type of measurement (AMR, 
RMR, and aerobic scope) per temperature and station. The number of repeated measurements per individual is shown in parentheses. Initially, there were 
four repeated measurement series, but this was later reduced to three as four were deemed excessive. 
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equently, individual identity was used as a random effect in
ur analyses. We also included the number of repeated mea-
urements, ranging from 1 to 4, as a covariate, as repeated
easurements may affect the metabolic rate data. This was
one to estimate the variation that could result from repeated
andling of both the instrument and the copepods. 
Oxygen measurements were taken using a sensor dish

eader (microplate system from Loligo 

®). This optical instru-
ent measures oxygen concentration from sensor spots (e.g.
arlsson and Søreide 2023 ). A transparent glass dish with 24
ells is placed on top of the dish reader. Each well contains a

ensor spot, enabling the simultaneous reading of 24 oxygen
oncentrations. Twenty wells per dish were used for copepods,
hile four wells containing only seawater served as controls to
easure background respiration. Two sensor dish readers op-

rated simultaneously, allowing 40 individual measurements
t a time. 

Just before the experiment, the copepods were gently sieved
ut of their large holding tanks into a shallow tray contain-
ng ∼2 cm of seawater. To keep the copepods cold, the tray
as placed on ice, and the initial sorting before the experi-
ents was conducted in a cold room at 6 

◦C. From the tray,
opepods were selected one by one using a pipette and trans-
erred into a bowl of 0.45 μm filtered, air-saturated seawater
t 0 

◦C. This intermediate step reduced the risk of introducing
ther organisms into the wells. The copepods were then pipet-
ed into the wells of the glass plate, each filled with 500 μl of
ir-saturated, 0 

◦C seawater filtered through a 0.45 μm filter.
ach well, except the empty control wells, contained one cope-
od. The wells were sealed from the air with silicone padding,
eld in place by a heavy plastic-coated metal plate. The glass
ishes were placed on the sensor dish readers, which were in
urn placed in an incubator set to the experimental tempera-
ure. All experiments began at 0 

◦C, the holding temperature,
nd were gradually increased in increments of 3 

◦C to a max-
mum of 6 

◦C. 
Between repeated measurements, the copepods remained in

heir wells while the seawater from the previous temperature
xperiment was removed with a pipette. Enough water was
eft in the well to prevent the copepod from drying out, and
he wells were then refilled with an excess of air-saturated wa-
er, forming a cap over the wells. This procedure of remov-
ng and adding seawater was repeated twice before the wells
ere sealed again. Thus, the water in the wells was completely

hanged between measurements without removing the cope-
ods. The filtered seawater used in the experiments was kept
nside the same incubator where the experiments took place
nd was continuously aerated with air stones. 

Between temperature changes, the copepods remained in
heir wells inside the incubator overnight to acclimatize to the
 

◦C increase. The temperature was always increased in incre-
ents of 3 

◦C from the initial 0 

◦C (0 

◦C, 3 

◦C, and 6 

◦C). For
n individual copepod, the entire experiment typically con-
luded within 3 days, with one temperature treatment per day.
hen logistical constraints prevented consecutive lab work,

he experiments took longer, though this was the exception.
fter the experiments, the copepods were photographed and
laced in pre-weighed tin cups. They were then freeze-dried
t −50 

◦C and 0.2 mbar for at least 12 h in a LABCONCO
reeZone tray dryer. The copepods were then weighed on a
ettler-Toledo XPR microbalance with 0.001 mg readability.

he dry weight of the copepods was used as a covariate in the
nalyses of metabolic rate. 

ata handling 

he statistical software R was used for data handling and
nalysis. Oxygen measurements ranged from 39 to 76 min
more than half of the measurements were 76 min long), and
eadings were taken every 5 s. For each individual measure-
ent, an asymptotic curve was fitted to the raw data using
 linear regression model that expressed the change in phase
alue as a function of time, incorporating both a linear and
ogarithmic term: phase = time + e time . Predictions and ex-
rapolations of the fitted curves were extended to 76 min to
nsure that all curves were of equal length. Each curve was
hen interpolated to have a predicted phase value every 15 s,
nsuring uniformity in length and data points across curves.
he phase values were converted to oxygen concentrations
sing the calibration values of the sensor spots. The relation-
hip between phase values and oxygen concentration is linear,
o a two-point calibration with oxygen-depleted and oxygen-
aturated seawater was performed to determine the corre-
ponding phase value-to-oxygen ratio (Karlsson and Søreide
023 ). This calibration was conducted for each of the three
emperatures, as the oxygen concentration of air-saturated
eawater decreases with temperature (349, 323, and 300 μmol
 

−1 at 0 

◦C, 3 

◦C, and 6 

◦C, respectively). 
For every 24 readings per dish, there were four control

ells. The average oxygen concentration of these control wells
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was calculated for each time point i (in 15-s increments). The 
next step was to calculate the difference between the starting 
oxygen concentration and the concentration at time i . Ideally,
the control wells should maintain the same oxygen concentra- 
tion throughout the experiment, resulting in a flat line. How- 
ever, due to background respiration and sensor drift, this was 
not the case. To account for these factors, the difference in 

oxygen concentration in the control wells at time i was added 

to the oxygen concentrations measured in the wells with cope- 
pods. This adjustment was made to remove changes in oxy- 
gen levels that were not caused by the copepods’ metabolic 
rates. The oxygen concentration from the control was added 

because the oxygen curve in the wells with copepods was arti- 
ficially steepened by background respiration and sensor drift.
Adding the oxygen flattens the curve, correcting for these ar- 
tifacts. Alternatively, if the correction had been applied to the 
metabolic rates, the control rates would have been subtracted 

from the copepod rates. 
After adjusting for control oxygen levels, the data were ana- 

lyzed using rolling regressions fitted with the R “zoo” package 
(Zeileis and Grothendieck 2005 ). This method estimates a re- 
gression coefficient for each 5-min interval along the curve,
continuing until < 5 min remain, at which point the analysis 
terminates. In other words, the regression is calculated from 

points i , i + 1, … up to the end of the time window. 
The rolling regression analysis produced 286 coefficients of 

metabolic rate per repeated measurement. AMR and RMR 

were estimated from these values using density estimation 

with the R package “mclust” (Scrucca et al. 2023 ). At the be- 
ginning of each measurement, the copepods were agitated by 
the handling procedure, leading to initially higher metabolic 
rates that decreased over time (Karlsson and Søreide 2023 ).
These elevated rates were identified as AMR, while the later 
lower rates were considered RMR. Various definitions and 

terms exist for measuring metabolic rate (e.g. Burton et al.
2011 , Clark et al. 2013 , Morozov et al. 2018 ). The key to our 
experiments is that the environment was consistent and con- 
trolled, allowing for comparisons of individuals within this 
study in a common setting (Falconer and Mackay 1996 ). 

The function “densityMclust” in the “mclust” package per- 
forms cluster analysis and estimates a set of probability den- 
sity distributions for the observed normally distributed data.
Since the activity level of the animals is unknown, this anal- 
ysis assumes that both AMR and RMR for each individual 
are measured with normally distributed errors (Chabot et al.
2016 ). The means of these normal distributions were taken 

as point estimates for AMR and RMR. Finally, subtracting 
RMR from AMR yields the aerobic scope, which can serve 
as a potential fitness metric (Pörtner and Farrell 2008 ). Thus,
three estimates were obtained for each individual during each 

repeated measurement: AMR, RMR, and aerobic scope. 
The original units of μmol O 2 l −1 min 

−1 were converted 

to μmol O 2 day −1 by appropriately scaling to the volume of 
water in the well and multiplying by 60 (min) × 24 (h). 

Mixed model analysis 

Metabolic rate ( μmol O 2 day −1 ) was analyzed using a mixed 

model implemented with the “lmer” function from the lme4 

package (Bates et al. 2015 ). The model was structured to ad- 
dress our experimental hypotheses (Equation 1 ). We exam- 
ined the effect of body mass on metabolic rate across different 
temperatures through a three-way interaction involving mass,
ype of metabolic measurement (three levels: AMR, RMR, and 

erobic scope), and temperature (continuous variable: 0 

◦C,
 

◦C, and 6 

◦C). Additionally, the species-specific rates across
emperatures were analyzed through a three-way interaction 

etween species (three levels: C . finmarchicus , C . glacialis , and
. longa ), type of metabolic measurement, and temperature. 
Additionally, the effects of sampling station (three levels: 

AB, ISG, and ISK), repeated measurement (continuous vari- 
ble: 1, 2, 3, and 4), and measurement time (continuous vari-
ble: ranging from 39 to 75 min) were included in the model.
oth metabolic rate and mass were log-transformed to reduce 
eteroscedasticity and account for the non-linearity between 

ate and body mass. Model effects were calculated as partial
egressions using the “effects” package and plotted with the 
ggplot2” and “patchwork” packages (Wickham 2016 , Fox 

nd Weisberg 2018 , 2019 , Pedersen 2023 ). The “lmer” model
ormula was specified as follows: 

log 
(
metabolic rate 

) ∼ station + repeated measurement 
+ measurement time + log 

(
dry weight 

)

× metabolic measurement × temperature 
+ species × metabolic measurement × temperature 
+ ( temperature | species : unique ID ) . 

(1) 

In the above log–log regression, both the independent vari-
ble dry weight and the dependent variable metabolic rate are
ogged. Back-transforming these predictions would involve 
xponentiating both variables. This approach can sometimes 
ead to biased interpretation of the summary statistics of the
inear model compared to the original scale estimates. Hence,
e do not present P -values from this model. Instead, confi-
ence intervals presented in the figures were used to assess
significance.”

ime-specific analysis of metabolic data 

he rolling regression analysis produced 286 coefficients of 
etabolic rate per repeated measurement, each regression was 

alculated using data points collected at 15-s intervals, span- 
ing a 5-min rolling window from time 0 to 71.5 min, i.e.
1.5/0.25 = 286. After 71.5 min, the analysis terminated as
he regression exceeded the available data bounds. For each 

f our 179 individuals ( Table 1 ), we calculated the mean
etabolic rate of the repeated measurements at time i at each

emperature. Resulting in a data frame of 286 (time) × 179
individuals) × 3 (temperature) = 153 582 observations of 
etabolic rate. 
This data frame was split by time, producing 286 smaller

ata frames, each containing time-specific measurements of 
etabolic rate. While metabolic rate values were unique to 

ach time frame, variables such as species, temperature, and 

ry weight remained constant across data frames. Using these 
ime-specific data frames, we fit identical linear regression 

odels to evaluate the explanatory power of different vari-
bles (species, temperature, and dry weight) for metabolic rate 
ver time. 
By using the built-in R function “lapply,” we fitted 286 lin-

ar models and extracted the adjusted R 

2 values. Each model
sed log-transformed metabolic rate as the response variable,
nd the explanatory variables included log-transformed dry 
eight, temperature, and species. Five model sets were fitted: 

1) all variables (species, temperature, and dry weight), (2) dry
eight only, (3) species only, (4) temperature only, and (5) a
ull model (intercept only). 
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In addition, we calculated the average metabolic rate over
ime for each temperature and species. For temperature, we
rst averaged repeated measurements per individual at each
ime point, then calculated the average across all individu-
ls at each temperature and time. For species, we averaged
cross temperature treatments at each time point for individ-
als within each species. 

enetic species identification of Calanus 

here is no consensus on how to visually distinguish between
. finmarchicus and C. glacialis , as the two species are mor-
hologically very similar (Choquet et al. 2018 ). However, we
sed red pigmentation in the urosome to differentiate between
he species before the experiment, based on insights from a
revious study where red pigmentation was observed only
n the urosome of C. glacialis (see Fig. 2a and b in Karls-
on and Søreide 2023 ). After the experiment, the species of
alanus were genetically identified as described by Karlsson
nd Søreide (2023) , using a DNA extraction technique out-
ined by Montero-Pau et al. (2008) and primers described by
molina et al. (2014) . The genetic analysis confirmed that all
ndividuals were correctly classified based on the red pigmen-
ation of the urosome. 

esults 

he three-way interaction between species, temperature, and
etabolic measurement revealed contrasting metabolic rates

cross species ( Fig. 3 a–c). Metridia longa exhibited higher
MRs and a greater aerobic scope compared to C. finmarchi-
us and C. glacialis . Generally, AMRs remained fairly con-
tant across temperatures for all species, while RMRs steadily
ncreased with temperature, thereby reducing the aerobic
cope. 

The three-way interaction between dry weight, temper-
ture, and metabolic measurement showed that AMRs in-
reased with dry weight but were relatively consistent across
emperatures and, hence, were not significantly affected by the
nteraction between temperature and dry weight ( Fig. 4 a–c). In
 c  
ontrast, RMRs increased more with dry weight at 6 

◦C than
t 0 

◦C. This led to a greater increase in aerobic scope with
ncreasing dry weight at 0 

◦C than at 6 

◦C. 
The three main effects—sampling station ( Fig. 5 a), repeated
easurements ( Fig. 5 b), and measurement time ( Fig. 5 c)—all
ad small non-significant effects on metabolic rate. Metabolic
ates were higher in copepods sampled at Grønfjorden (ISG),
he station most influenced by warm Atlantic water, compared
o those sampled at Karlskronadjupet (ISK) in the middle of
sfjorden and Billefjorden (BAB), the innermost station with
old Arctic waters. Metabolic rates decreased with repeated
easurements but increased as measurement time increased.
ccounting for the effect of sampling station, repeated mea-

urement and measurement time could be important for calcu-
ating partial regressions, so that the predictors of interest be-
ome more comparable, although in this particular case, these
hree variables had minimal effects on metabolic rates. 

The adjusted R 

2 values of models containing dry weight
nd species increased steadily from the start of the experi-
ent, peaking just after 10 min ( Fig. 6 a). In contrast, mod-

ls that included only temperature as a variable exhibited the
pposite trend, with near-zero values up to 10 min, followed
y a steady increase. After ∼10 min, the adjusted R 

2 values
or models containing dry weight and species ( Fig. 6 a and b)
egan to decline, while those for models including tempera-
ure ( Fig. 6 a and c) continued to rise. Thus, species and dry
eight were more influential initially, whereas temperature
ecame increasingly important as the measurement period
rogressed. 

iscussion 

his study compared the metabolic rates of high-latitude
opepods of different body mass and life strategies to investi-
ate the effects of increasing temperatures, ranging from 0 

◦C
o 6 

◦C. Predicted temperature increases in the Arctic are ex-
ected to lead to smaller species becoming more dominant
ith cascading marine ecosystem impacts (Renaud et al. 2018 ,
øller and Nielsen 2020 ). Our findings on aerobic scope indi-

ate that larger copepods have a greater fitness reduction with
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rising temperatures than smaller ones. An effect that may be 
further amplified when considering other traits, such as the 
increased visibility of larger zooplankton to predators in an 

ice-free warmer environment that also accommodates more 
migratory fish predators (Langbehn and Varpe 2017 ). Factors 
that all increase the mortality risks of large-bodied zooplank- 
ton relative to smaller ones. 

We found that while the AMR remained relatively stable 
across the temperature range, the RMR increased, leading to 

a decrease in aerobic scope with increased temperature. This 
pattern, which reflects a reduced energy budget for aquatic 
life in warmer waters, is also recognized by Rubalcaba et al.
(2020) . As temperatures rise from 0 

◦C to 6 

◦C, the oxygen sat- 
uration point decreases by 14%, from 349 to 300 μmol l −1 .
Therefore, as temperatures increase, aquatic animals require 
more oxygen, even as it becomes less available. Although oxy- 
gen limitation is not generally an issue in Isfjorden (Saghravani 
et al. 2024 ), stratification caused by summer freshwater inputs 
from snow and ice melt can occur, particularly in sheltered 

fjords (Skogseth et al. 2020 ). For instance, Billefjorden (BAB),
in the innermost part of Isfjorden, has a sill that prevents water 
mixing (Skogseth et al. 2020 ), which may lead to relatively low 
xygen concentrations near the bottom. In contrast, the other 
wo stations, Grønfjorden (ISG) and Karlskronadjupet (ISK),
re likely well-oxygenated. Nevertheless, the oxygen levels at 
hese stations remain well above the threshold for hypoxia 
n marine systems, which is 62.5 μmol l −1 or 2 mg l −1 (Diaz
001 ). To exemplify, we can do a rough estimate based on
he RMRs of the largest copepods, which ranged between 0.1
nd 0.3 μmol O 2 day −1 in this study. A 100 l barrel of sea-
ater saturated at 0 

◦C could support ∼6800 copepods for 2
eeks before hypoxia would occur assuming a metabolic rate 
f 0.3 μmol O 2 day −1 . 
There are various ways to estimate the metabolic rates of

opepods. Earlier “water bottle” experiments often relied on 

ooled measurements of multiple individuals per replicate,
ven for large adults (Ikeda et al. 2001 ). However, as tech-
ology advances, there is a growing shift toward measuring 
ingle individuals. Despite this progress, the metabolic rates 
f the earliest life stages, such as nauplii, remain too low to be
stimated individually (e.g. Holmes-Hackerd et al. 2023 ). Dif-
erences in methodology and measurement units across studies 
ake direct comparisons challenging (discussed in Holmes- 
ackerd et al. 2023 , Karlsson and Søreide 2023 ). Many
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tudies report metabolic rates in carbon units, converting oxy-
en consumption to carbon using a respiratory quotient, due
o the close relationship between oxygen consumption and
arbon sequestration (Steinberg and Landry 2017 ). 

For example, “water bottle” measurements compiled by
keda et al. (2001) reported oxygen consumption rates of
.367, 0.482, and 0.466 μmol O 2 day −1 for females of C.
nmarchicus , C. glacialis , and M. longa , respectively, at tem-
eratures of 0 

◦C, 2.3 

◦C, and 0 

◦C. These values are slightly
igher than those found in our study, keeping in mind that
ates may change due to temperature, season, methodology,
nd the copepods’ life stage. In contrast, Ingvarsdóttir et al.
1999) reported in situ oxygen consumption rates for C. fin-
archicus at 0 

◦C in January at 0.094 μmol O 2 day −1 , which
re more comparable to our findings. These values from Ikeda
t al. (2001) and Ingvarsdóttir et al. (1999) were standardized
y us to a copepod dry weight of 0.346 mg, which is the av-
rage mass of the copepods in our study, and was used for the
redictions shown in Fig. 3 . 
Metridia longa exhibited a higher AMR than C. finmarchi-

us and C. glacialis . Similar results were observed in a pre-
ious experiment conducted during the polar winter, which
lso compared the metabolic rates of these species (Karlsson
nd Søreide 2023 ). This difference likely stems from the vary-
ng winter activities of these species, with Calanus spp. typ-
cally entering a resting state, while M. longa remains active
nd feeds opportunistically on the limited food available dur-
ng winter (Hopkins et al. 1984 , Gislason 2018 , Jónasdót-
ir et al. 2019 ). Since this experiment was conducted during
eptember and October, which in this region is the onset of
he polar night, Calanus spp. was likely in its winter state
Freese et al. 2017 , Hatlebakk et al. 2022 ). The visually in-
pected Calanus individuals had empty guts; meanwhile, M.
onga occasionally had visible fragments of ingested particles.
he Calanus species overwintering strategy of reduced activ-

ty is the key driver of the species distinct metabolic rates in
his study. However, it is likely that all three species would
ave more similar AMRs if these experiments were conducted
n spring. As spring initiates egg production and feeding in
alanus as well as M. longa , two functions known to greatly

ncrease metabolic rates (Kiørboe et al. 1985 , Morata and
øreide 2015 ). 

When temperature increases, the RMR eventually reaches
he AMR, and no energy is left for anything other than basic
aintenance and survival (Pörtner and Farrell 2008 , Rubal-

aba et al. 2020 ). This occurs when the temperature rises to
 point where the aerobic scope is zero and the animal can
o longer cope. According to our results, the aerobic scope
s greatest at 0 

◦C and decreases as the temperature rises and
as the lowest at 6 

◦C. At 6 

◦C, the copepods had not reached
n aerobic scope that indicates that 6 

◦C is dangerously high.
n Isfjorden, where the copepods were sampled, surface tem-
eratures rarely exceed 6 

◦C and get progressively colder with
epth (Skogseth et al. 2020 ). 
For C. glacialis in waters off Svalbard, Alcaraz et al. (2014)

dentified 6 

◦C as the upper thermal limit for functionality, be-
ond which survival becomes unlikely. Although we observed
 reduction in fitness with increasing temperatures, our results
either confirm nor refute the findings of Alcaraz et al. (2014) .
evertheless, local populations of C. glacialis can be found in

jords along the Norwegian mainland, where temperatures ex-
eed 6 

◦C (Choquet et al. 2017 ). Similarly, C. finmarchicus is
ound in fjords on the Scottish west coast, where the entire
ater column sometimes exceeds 10 

◦C, and these copepods
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still accumulate fat deposits at such temperatures (Clark et al.
2012 , Coguiec et al. 2023 ). 

It is possible that the enclosed environment of fjords facil- 
itates the local retention of well-adapted genotypes, thereby 
promoting the evolution of greater temperature tolerance than 

is typically found in oceanic populations. During summer,
copepods migrate vertically, feeding and digesting food near 
the surface and seeking visual shelter at deeper depths. This 
behavior exposes them to a range of temperatures and al- 
lows copepods to regulate their physiology by moving through 

layers of water with different temperatures (McLaren 1963 ).
Since AMR remains similar across temperatures, the tem- 
perature during feeding is less critical. Instead, the tempera- 
ture when the copepod is at rest becomes more important,
which copepods can regulate by descending from the surface 
to colder , deeper water . The temperature when the copepod is 
resting should preferably be cold, then the copepod can allo- 
cate more of its energy budget to building up fat and gonads 
and less to basic metabolism. 

The Calanus species exhibit interspecific Bergmann clines,
where body size increases progressively closer to the North 

Pole (Leinaas et al. 2016 ). Within species, body size also tends 
to increase with latitude (Choquet et al. 2018 ). In this study,
we found that at 0 

◦C, aerobic scope increases more steeply 
with body mass than at 6 

◦C. This means that although larger 
individuals have a greater aerobic scope across all tempera- 
tures, the difference in scope between small and large individu- 
als decreases as temperature rises. Therefore, being smaller be- 
comes relatively more advantageous as temperature increases.

Since water temperature correlates with other parameters,
such as oxygen and food availability, it is challenging to de- 
termine which factors influence body size in accordance with 

Bergmann clines. Whether temperature, oxygen, food season- 
ality, or a combination of these factors drives this size varia- 
tion remains unclear (Allan 1976 , Rubalcaba et al. 2020 , Ver- 
berk et al. 2021 ). However, evidence tends to support temper- 
ature as the primary cause (Campbell et al. 2021 ). The species 
in this study inhabit open temperate and Arctic oceans, where 
oxygen deficiency is likely a minor issue. Therefore, tempera- 
ture, combined with strong seasonality in food availability, is 
the most probable explanation for the Bergmann pattern of 
copepod size in these regions (e.g. Falk-Petersen et al. 2009 ,
Renaud et al. 2018 ). 

Time-specific analysis of metabolic data 

From the analysis of metabolic rate, we observed that the 
AMR remained relatively stable across different tempera- 
tures. This pattern was also visible in the plot of tempera- 
ture specific metabolic rates and adjusted R 

2 values over time 
in Fig. 6 a and c. Metabolic rates were highest at the begin- 
ning of the measurements when the copepods were agitated 

by the handling procedure (Karlsson and Søreide 2023 ). Dur- 
ing this initial period, the explanatory power of dry weight 
and species was the highest, while temperature had little to no 

explanatory power. As the copepods calmed down, the im- 
portance of dry weight and species decreased by the same 
amount it initially increased. Meanwhile, temperature be- 
came progressively more important, as seen in the analysis 
of RMRs. 

The rather slow initial increase in adjusted R 

2 due to dry 
weight and species is likely a delayed response caused by the 
lack of mixing in the wells. By plotting adjusted R 

2 against 
ime, we can gain a better understanding of the events oc-
urring within the sealed chambers during measurement. The 
onsistently low R 

2 values are likely due to the similar body
ize of most individuals and variation in activity levels, which
ay cancel out the effect of size. For instance, at a certain
oint in time, a small individual might be more active than
 larger one, diminishing the expected size effect. A previous
tudy found that activity level had a greater impact than body
ass within a particular range of mass (Karlsson and Søreide
023 ). 

ummary and outlook 

ur results provide mechanistic support for the observed 

hifts toward greater abundances of smaller boreal copepod 

pecies in the Arctic (Renaud et al. 2018 , Møller and Nielsen
020 ). Although larger individuals still possess greater aero- 
ic scopes than smaller ones across our experimental temper- 
ture range of 0 

◦C–6 

◦C, they experience a relatively greater
ecrease in aerobic scope as temperature increases. Conse- 
uently, the ongoing warming of the Arctic diminishes the 
etabolic fitness advantages of being large. When consider- 

ng that larger bodies are more easily seen and hence more
usceptible to predation, combined with changing light con- 
itions as sea ice retreats—creating better opportunities for 
isually hunting predators—the increased mortality risk for 
arge-bodied copepods may become even more challenging.
owever, larger copepods can store relatively more fat, which 

ay help them better endure the short food pulse during the
ummer and the long, unproductive Arctic winter. Food stor- 
ge provides a crucial buffer, but in the long term, the presence
f large copepods in a rapidly warming Arctic remains uncer-
ain. 
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