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Abstract

Calanus finmarchicus were reared from eggs to adults at 12°C and 16°C with non-limiting food in combination

with ambient (600 patm) and high (1100 gatm) pCO,. These conditions are likely to be encountered by the spe-
cies at the southern margins of its biogeographical range by the end of the century. Dry weight (DW), carbon
(C) and nitrogen (N) mass, oil-sac volume (OSV), fatty acid composition (FA), and oxygen consumption rates
(OCR) were measured on newly molted stage CV copepodites and recently molted adult females. By focusing our
measurements on these precise events in the life cycle, we were able to obtain a more accurate comparison of
growth and respiration across treatments. Copepods raised at 12°C had a significantly greater DW, OSV, and C
and N mass than those raised at 16°C High pCO,, independent of temperature, was associated with a further
increase in the DW and C content of the copepods. Interactive effects of temperature and pCO, resulted in a larger
OSV at low temperature and high pCO,. Mass-specific respiration rates were significantly lower at lower tempera-
tures and elevated pCO, suggesting that the increase in mass (DW, C, and OSV) resulted from reduced metabolic
cost. The composition of fatty acids in the copepods varied mainly with temperature. Two fatty acids varied with
pCO;: 16:0 tended to decrease with higher pCO, and 18:3n—3 tended to increase with higher pCO,. These obser-

vations suggest that elevated pCO,/lower pH in future oceans may have a beneficial effect on C. finmarchicus.

The addition of anthropogenic carbon into the atmosphere
has caused the oceans to warm and acidify, but the joint
effects of these changes remain unclear for the majority of
marine species (Caldeira and Wickett 2003; Browman 2017).
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Changes in pH and temperature are not uniform across the
marine environment. Higher latitudes are experiencing both
sharper decreases in pH and more rapid increases in tempera-
ture than lower latitudes (Fabry et al. 2008). Over the past sev-
eral decades, the North Atlantic has warmed more rapidly
than the global average, including notable heat waves in 2012
and 2018 (Pershing and Stamieszkin 2020). Although temper-
ature is a well-studied determinant of growth, development,
and survival in crustaceans (Ross and Quetin 1988;
Anger 2001; Quinn 2017), studies of responses to an elevated
partial pressure of carbon dioxide (pCO,) are fewer and more
recent. It has become clear that responses to these two envi-
ronmental drivers are species and life-stage specific, and that
their effects can be interactive (reviewed by Whiteley 2011;
Gledhill et al. 2015; Wang et al. 2018).

The planktonic copepod Calanus finmarchicus is a dominant
contributor to mesozooplankton biomass in the North Atlantic
Ocean and is a foundational species in the subarctic North
Atlantic ecosystem (Melle et al. 2014; Pershing and
Stamieszkin 2020). Early life stages of C. finmarchicus serve as
food for fish larvae and older, lipid-rich, stages nourish
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planktivorous forage fish (Heath and Lough 2007; Buren
et al. 2014; Lindegren et al. 2018; Staudinger et al. 2020), and
the endangered North Atlantic right whale (Record et al. 2019).
The species’ success lies, in part, in its ability to overwinter from
late summer to mid-winter in order to survive this period of high
predation and low food availability. To survive without food
C. finmarchicus accumulates a large reserve of lipids during the
spring-summer (Sargent and Henderson 1986; Hirche 1996;
Jonasdottir 1999) and transitions to a semi-dormant state with
reduced metabolic activity at depth over winter. Its ability to
accumulate lipids is key to winter survival and preparation for
egg production the following spring. The lipid content of
C. finmarchicus can reach up to 73% of their total dry weight;
thus, it is a key food source for higher trophic levels in late
spring through fall (Heath and Jénasdottir 1999).

Although C. finmarchicus is sensitive to temperature increases,
experiments conducted on copepods under predicted end-of-
century pCO, concentrations have not generally produced
adverse effects on physiological processes controlling birth and
individual growth rates (Bailey et al. 2016, 2017; Runge
et al. 2016 and references cited therein). Results of experiments
in which C. finmarchicus was reared from egg to adult at 12°C
suggested that increased pCO, enhances growth rate. Specifi-
cally, prosome length and body mass, in terms of carbon, nitro-
gen and dry weight, was marginally higher at 1200 patm CO,,
although imprecision in the measurement of copepod body size
at precisely the same age-within-stage across treatments pre-
cluded a definitive conclusion about a possible positive effect
(Runge et al. 2016). The experimental approach used in the work
reported here was designed to isolate a single developmental
stage (CV) and assess the impact of temperature and pCO, on
the growth, vital rates, and C, N, and lipid deposition during
that stage. This novel method minimizes a source of variability
that arises from sampling rapidly growing individuals of varying
and unknown age within a single developmental stage. This
source of error is particularly acute for C. finmarchicus during
stage CV because the mass of an individual nearly doubles
between the start and end of this stage. To address this, we mea-
sured biological endpoints on newly molted stage CVs (within
12 h) and again once the copepod molted to stage CVI (within
12 h). Comparing biological endpoints from animals within nar-
row age limits makes it possible to identify small differences
between treatments.

The possibility that higher temperature and elevated pCO,,
have direct and interactive effects on the vital rates is under-
studied (Breitburg et al. 2015; Wang et al. 2018). Here, we pre-
sent the results of an experiment designed to test whether
moderately elevated pCO, levels and temperature affect the size,
lipid accumulation, and respiration rates of C. finmarchicus.

Methods

The experiment was conducted at the Austevoll Research
Station, Institute of Marine Research, Norway (60.086°N,
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5.262°E). The experimental design was full-factorial, con-
sisting of two nominal temperatures (12°C and 16°C) and
three replicate tanks at each of two pCO, treatments: ambient
(at seawater source) and high (nominally 1100 patm) at each
temperature. The source of seawater was the station’s flowing
seawater system, which draws water from the adjacent
Bjornafjord at a depth of 160 m. The ambient pH (yps) of sea-
water at the intake depth is ~7.95, corresponding to a pCO,
of ~590 patm. In the laboratory’s preparation room, a high
pCO, stock seawater solution was maintained at a pH of ~5.8.
This stock solution was mixed into holding tanks (100 L) to
create seawater targeting the nominal treatment pCO, level.
The pH levels in the treatment tanks were maintained at pre-
set pH levels by adding stock solution to the tank using dosage
pumps controlled by feedback from pH electrodes/controllers.
The ambient control and pCO, treatment water in the holding
tanks were then pumped to three header tanks for distribu-
tion to the ambient pCO, and treatment pCO, tanks in each
of two temperature-controlled laboratories set at 12°C and
16°C, respectively. The 40-L experimental tanks, identical
for all replicates, were 44 cm in diameter and made of high-
density polyethylene. The inlet tube into each experimental
tank was fitted with a 60-mm mesh nitex screen, cleaned
periodically to prevent contamination. The flow rate of
water into the experimental tanks varied between 5 and
12 L h™! giving a retention time of 3.3-8 h for the water in
the tank. The water in the experimental tanks drained
through a screen (70 um) placed over a perforated 35-mm
diameter plastic standpipe running the height of the tank.
This setup ensured very low exit flow rates at any point
along the tube. The size of the exit screen was increased to
150 mm during the experiment because the copepods
increased in size and would not be washed out with a larger
mesh size. Early life stage copepods in close vicinity of the
exit pipe could easily swim away and were not sucked into
the drain pipe. This system provided a sufficiently gentle
environment for rearing copepod life stages while
maintaining high water replacement within the tanks and
stable pCO2 treatment levels. Details of the system are pro-
vided in Runge et al. (2016). The realized experimental con-
ditions are provided in Table 1.

Procedures for initiation of the experiment followed the
method described in Runge et al. (2016). Briefly, copepods
were collected using light traps (500 pm mesh) deployed at
15-20 m overnight off the dock of the Austevoll Research Sta-
tion in late April 2015. Approximately 1000 female
C. finmarchicus were sorted under a binocular microscope and
distributed among several 10-L egg separation chambers.
Examination of the interior margin of the PS5 basipod
(Frost 1974) in a subsample of the females indicated that < 5%
of the females were the sibling species, Calanus helgolandicus.
The females were fed a stock algal culture consisting of 60%
Rhodomonas baltica, 25% Skeletonema costatum, and 15%
Chaetoceros mulleri (by carbon content) at a concentration
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Table 1. Mean carbonate chemistry during the 6-week incubation. Total alkalinity (A7) and total inorganic carbon (C;) were measured every 3-4 d in each repli-

cate tank. Nutrient data from Runge et al. (2016) ambient control. Inorganic carbon, pCO,, and pHror) Were calculated using CO2sys V2.1. N = 108 and 83 for
cold and warm controls and treatments, respectively; numbers in parentheses represent mean standard error. Temperature (mean + SD; n = 43), salinity (mean

+ SD; n = 43) were measured daily and spec-pH (mean £ SD; n = 10) was measured twice a week.

PH(Tot)
calculated

pCOZ
CcO, calculated
7.91 (0.004)

032

Ar N P i Cr HCO3~
Mol kg™") (uMolkg™") (uMolkg™") (uMolkg™") (uMolkg™") (uMolkg™ ") (uMolkg™") (uMol kg-")

Temp

Treatment
(pCOy)

(uatm)

(°C)
12.3 (0.05)

1.2 2.3 7.0 2192(1.4) 2056 (2.0) 113.4(0.8) 23.2(0.2) 566 (5.5)

2341 (2.0)

Control

“Ambient cold”
Treatment

669 (37.2) 7.86 (0.02)

1.2 2.3 7.0 2272(5.0) 2044 (8.4) 118.5(3.4) 24.2(1.4)

2337 (2.4)

12.0 (0.05)

“High cold”
Control

1.2 2.3 7.0 2187 (6.3) 2159 (6.5) 71.7(2.6) 41.7(1.2) 1019 (29.4) 7.68 (0.01)

2340 (1.9)

16.3 (0.08)

“Ambient warm”

1200 (12.5) 7.62 (0.01)

2339 (1.5) 1.2 2.3 7.0 2276 (1.3) 2162 (1.4) 71.1(0.6)  43.5(0.5)

16.3 (0.03)

Treatment

“High warm”
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sufficient to support maximum feeding rates (>600 ug C L™1).
Egg laying rates after several days were ~40 eggs female ' d~'.

The experiment was designed as a three-way full factorial
ANOVA with copepod stage (new CV, representing the cumu-
lative effects up to stage CV, and new CVI, representing effects
during stage CV), temperature (12°C and 16°C) and pCO,
(600 and 1100 patm) as independent variables. Each treatment
had three replicate tanks (total—12 tanks). Beginning on
30 April, 2015, one replicate of the 600 pCO, treatment and
one replicate of the 1100 pCO, treatment within the 12°C
treatment was inoculated with C. finmarchicus eggs. Over the
next 2 days, the second and third replicate tanks were inocu-
lated. This was repeated for the 16°C tanks. The 12°C tanks
were inoculated first to account for the longer development
times at the lower temperature. This inoculation procedure
ensured that all of the tanks received eggs from the same pop-
ulation of females and the staggered start dates gave the
research team of four to six people sufficient time to sample
and analyze each tank over the 45-d experiment. The inocula-
tion procedure involved immersion (except for a lip above the
surface to prevent escape of females) of several 0.75-1 egg sepa-
ration chambers into a tank over a 24-h period, allowing
females to produce eggs, which entered the tank through the
Nitex-screened floor of the chamber. Fach tank was provided
with ~10,000-15,000 eggs to provide enough adults for analy-
sis assuming a 60% hatching success at these temperatures
and pH (Preziosi et al. 2017), natural mortality, and removal
of animals for sampling. The egg separation chambers, and
each tank throughout the course of the experiment, were sup-
plied with food ad libitum composed of the algal mixture
described. The algal mixture used to feed the copepods was
the same for all experimental tanks. The algae was introduced
into the 40-L rearing tanks using a peristaltic pump system as
described in Runge et al. (2016).

Measurement of tank conditions and analysis of carbonate
chemistry closely followed protocols established in experi-
ments conducted in the previous year, reported in Runge et al.
(2016). Temperature and salinity in the tanks were measured
daily with a handheld multimeter (Cond 340i conductivity
meter: WTW). The pH level in each exposure tank was mea-
sured daily in a 100 mL sample using a Mettler Toledo pH
meter equipped with a Mettler Toledo InLab ExpertPro pH-
probe, calibrated with 4.00, 7.00, and 9.00 buffers (Certipur
buffer solutions, Merck KGaA), traceable to standard reference
material from NIST (NBS) (Andersen et al. 2013). The daily
electrode pH (mV) was corrected to the spectrophotometri-
cally determined pH (pHtot; see below) by plotting the mV
from the pH electrode as a function of the (pHspec). The
PH(rory was measured spectrophotometrically twice per week
(Hitachi U-2900 dual-beam) using the pH-sensitive indicator
dye m-cresol purple (Sigma-Aldrich) following SOP (standard
operating procedure 6b: Dickson 2007). Carbonate chemistry
was determined from total dissolved inorganic carbon (CT),
total alkalinity (AT), temperature, salinity, and nutrients
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(Runge et al. 2016). The nutrient samples for this experiment
were lost, so we used nutrient data from the previous experi-
ment (Runge et al. 2016) conducted under similar conditions.
Carbonate chemistry parameters including pH(T) calculated
using CO2SYS2.1 (Lewis et al. 1998) with the standard set of
carbonate system equations and constants of Mehrbach et al.
(1973) after applying the refit of Dickson and Millero (1987).

The copepods were fed the stock algal mixture, which was
cultured in large-volume plastic bags (Bacaplast) at 22°C in
the phytoplankton culture facility at the Austevoll Research
Station. Daily subsamples from the batch cultures were coun-
ted and sized using a Z2 Beckman Coulter Counter. The food
mixture was distributed from a 5-L reservoir to each tank
using a peristaltic pump to maintain a nominal concentration
of 600ug CL™'; taking into account the average water
exchange rate of 10 L h™'. Phytoplankton cell concentrations
in each tank were monitored daily using a Moxi-Orflo cell
counter with s-cartridges (Moxi-Orflo). Additional procedural
details are provided in Runge et al. (2016).

The stage composition of C. finmarchicus in each tank was
tracked daily by removing a subsample of animals and identi-
fying them to stage. When the population in a tank started to
reach the target stage CV, ~100 CIV individuals were sorted
and isolated in a separate chamber within the tank. At the end
of a 12-h incubation period, newly molted CV animals from
this batch were either photographed and processed for further
biometric measures or transferred to chambers for respiration
rate measurements. Methods for photographic assessment of
prosome length (PL) and oil sac volume (OSV), determination
of dry weight (DW), and measurement of carbon and nitrogen
mass are described in detail in Runge et al. (2016). In this
study, the animals that were photographed were the same ani-
mals on which the other measurements were made. While PL
and OSV were measured for each animal, it was necessary to
combine two to five animals in a sample to measure body
mass, C and N. A total of 332 CV and 278 CVI copepods
(23-30 animals per tank) were measured for PL and OSV. A
total of 345 CV and 334 CVI (27-29 animals per tank) were
measured for DW, C, and N. We report results as the morpho-
logical and physiological state at newly molted stage CV. The
remaining newly molted CV copepods were maintained in the
treatment tanks until ~20% of the population became adult
females. At that point, newly molted adult females were col-
lected, photographed, and processed for further biometric
measurements, or transferred to chambers for respiration rate
measurements. By using the time of molt as a marker to iden-
tify age-within-stage, this novel method decreases variability
by restricting measurements of body mass and vital rates to
specific times during the copepod’s development.

Oxygen consumption rates (OCR) of newly molted stage
CV and adult females were made within 1 and 3 d, respec-
tively, of molting. Copepods were collected from control and
treatment tanks and sorted under a binocular microscope.
Two to three copepods were transferred to experimental
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chambers (~4.8 mL) filled with seawater (containing no air
spaces) from their respective tanks. Experimental chambers
were sealed with a ground glass top in which there was a small
hole (0.4 mm) to accommodate an oxygen-sensitive micro-
electrode. Dissolved oxygen concentrations were measured with
a Clark-type oxygen microelectrode (Unisense). The electrode
was calibrated with 0.2-um filtered seawater bubbled for a mini-
mum of 1 h to set the 100% dissolved oxygen calibration point.
The anoxic calibration point (0% O,) was determined by placing
seawater into a silicone tube that was immersed in a solution of
0.1 M sodium ascorbate and 0.1 M sodium hydroxide for over
4 h. Oxygen measurements were made at the respective treat-
ment temperature in a ThermoScientific water bath (Model A10B
with thermostat SC100 + 0.01°C). Oxygen concentrations
within the chambers were measured every 2 s for up to 1.5 h.
Oxygen concentration never decreased by more than 20% below
saturation. Control chambers without animals were used to
monitor oxygen changes due to microbial/algal respiration. Oxy-
gen consumption was computed as the difference between the
beginning and end of the incubation, corrected for changes in
the control bottles. Data were normalized per unit DW obtained
from direct measurements.

Stage CV and adult females from the control and treatment
containers were sorted under a binocular microscope for anal-
ysis of fatty acids. The selected individuals were frozen in lig-
uid nitrogen, stored at —80°C and then vacuum freeze-dried
and shipped to the laboratory of M. Arts (Ryerson University,
Canada) for analysis. Fatty acids were analyzed according to
methods described in Hixson et al. (2016). Briefly, copepods
were freeze-dried, weighed to the nearest microgram, and then
total lipid was extracted using a slightly modified Folch et al.
(1957) method, as described in McMeans et al. (2012). Each
sample was extracted x3, using 2 mL of 2:1 (vol/vol)
chloroform : methanol and pooled, after which polar impuri-
ties were removed by adding 1.6 mL NaCl solution (0.9%
wt/vol) (which was discarded following centrifugation). The
resulting lipid-containing solvent was concentrated to 2 mL
and 2 aliquots (100 uL each) were removed and evaporated to
dryness to quantify total lipid gravimetrically. Fatty acids in
the lipid extracts were derivatized to fatty acid methyl esters
(FAME) using sulfuric acid as the catalyst (Christie 2003). The
FAME were then extracted x2 using hexanes: diethyl ether
(1 : 1; vol/vol), after which they were dried under a gentle
stream of extra dry nitrogen gas. The FAME were separated
and analyzed using a gas chromatograph (GC) (Shimadzu-
2010 Plus) equipped with an SP-2560 column (Sigma-Aldrich).
All solvents used in the extraction and FAME derivatization
procedures were of high-purity HPLC grade (>99%). The FAME
were identified and quantified by retention time matching
and a five-point calibration curve, respectively, using a refer-
ence standard (GLC-463, Nu-Chek Prep, Inc.). A known con-
centration of five alpha-cholestane (C8003, Sigma-Aldrich)
was added to each sample prior to extraction to act as a surro-
gate internal standard to estimate extraction and instrument
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recovery efficiency. Individual fatty acid contents were
expressed as percent (molar) of total quantified (FAME). These
data were arcsin square root transformed prior to statistical
analysis.

Statistical analysis

Data were tested for normality (Shapiro-Wilk) and equal
variance before testing for differences between the treatments
(SigmaPlot V.11). If the data met the assumption of the
ANOVA they were tested using a three-way full factorial
ANOVA with replication (three tanks). Biological endpoints
examined in the ANOVA included prosome length, OSV, DW,
carbon (C) and nitrogen (N), mass. Patterns in biological vari-
ables and interactions with treatments were examined at the
beginning of stages CV and recently molted CVI. Prosome
length was included as a cofactor in the models to account for
the size effect when evaluating DW, OSV, C, N. Separate
models were calculated for each stage (early CV and late CV
[recent molt to CVI]). OCR was normalized to C and was ana-
lyzed according to stage.

Fatty acid (FA) data were analyzed using discriminant anal-
ysis (DA). The aim was to investigate which individual FA con-
tributed to the separation of pCO, treatment-temperature
groups (four groups) rather than for predictive purposes. The
number of variables (FA) in the analysis were reduced to be
less than the sample size of the smallest group. To do this, we
carried out an initial DA including all of the analyzed FA (21),
then removed the ones that had lower contributions. We then
picked the FA that were most ecologically relevant for the
copepods. Assumptions of homogeneity of variance were satis-
fied (Bartlett test, p >0.05). Data departed slightly from the
assumption of multivariate normality which was evaluated
graphically (QQ plot). An unsaturation index (UI) was calcu-
lated as the sum of the product of each fatty acid times its
number of double bonds. All statistics and data analyses were
calculated using the statistical software R (R Core Team 2019)
and JMP (JMP, Version 16, SAS Institute Inc., 1989-2021). The
significance level was p < 0.05.

Results

The experimental conditions were monitored daily during
the 29 d (16°C) to 37 d (12°C) long experiment (Table 1). Food
concentration in each tank was maintained above 600 ug
CL~'. Temperature and pCO, were maintained at nominal
levels with low variability (Table 1). Mean pH was within 1%
of cold ambient and warm treatment values.

Development rate of C. finmarchicus was significantly faster
at 16 than at 12°C (ANCOVA: p < 0.01, Fig. 1) but there was
no difference in developmental rates between pCO, concen-
trations within temperature treatments (Fig. 1). Development
time to the midpoint of stage CIV (stage 9.5; Fig. 1) and Stage
CV (stage 10.5; Fig. 1) was 24 and 29 d, respectively, at 12°C
and 19 and 24 d, respectively, at 16°C.
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All biological endpoints were significantly different
between the beginning of stage CV and the beginning of CVI
(Table 2, S1-S5). CVI copepods were significantly longer
(PL), heavier (DW), contained more C and N, and had a
larger oil sac volume (OSV). At 12°C and 600 gatm pCO2
copepods increased in PL from 2.0 mm at CV to 2.36 mm at
CVI, an increase of 18%. During this single stage, copepods
also increased 86% in DW, 71% in C, 47% in nitrogen, and
93% in OSV. At 16°C, copepods showed a similar increase in
all of the biological endpoints. However, at the beginning of
the CV stage, copepods were significantly smaller at 16°C
and despite the rapid growth during the CV stage, they
remained significantly smaller than the animals raised at
12°C. Because of the large increases in all of the biological
endpoints, it was critical to design the experiment such that
differences due to treatment effects were within a well-
prescribed stage increment. In the following paragraphs, we
compare the same biological endpoints within 12 h of
reaching each stage so that the cumulative effects of temper-
ature and pCO,—independently and/or in combination—
could be discriminated.

Prosome length (PL), at the beginning of the stage CV, and
the beginning of CVI was significantly higher in copepods
reared at 12 than at 16°C (Fig. 2; Table 2, S1; p <0.001, for
both stages). At the beginning of CV, copepods at 12°C were
on average 7% longer than when reared at 16°C. At the begin-
ning of CVI, copepods at 12°C were on average 6% longer
than when reared at 16°C. Neither stage showed a significant
direct pCO, effect on PL (p = 0.28) .

Temperature and pCO, had a significant direct and interac-
tive effect on DW. Strong temperature effects produced
heavier copepods at 12°C and at elevated pCO, at both cope-
pod stages (Table 2, S2; p<0.001, for both stages). At the
beginning of CV and CVI, copepods reared at 12°C were on
average 29% and 27% heavier, respectively than at 16°C. Ele-
vated pCO, alone also produced larger copepods, independent
of temperature. CV and CVI stage copepods were on average
11% and 10% larger, respectively, when reared at high pCO,
compared to ambient pCO2. When combined, lower tempera-
tures (12°C) and elevated pCO, resulted in copepods that were
44% and 38% heavier, respectively, than at high temp and
ambient pCO, (Table 2). Plotting DW as a function of PL
shows that the increased DW was independent of the
increased PL (Fig. 3.). The copepods at low temperatures and
high pCO, did not just get longer, they also became heavier
(DW) at a given PL.

OSV showed a significant response to temperature and an
interactive effect between temperature and pCO, (Table 2, S3).
At 12°C, the OSVs were 67% and 43% larger than at 16°C
for the CV and CVI, respectively. There was an interactive
effect of elevated pCO, and temperature on OSV. At 12°C,
copepods in the high pCO, treatment had significantly higher
OSV (41% and 39% larger for CV and CVI, respectively) than
at low pCO,. When normalized to PL (OSV/PL; Fig. 4), the
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© 12°C, Ambient pCO,
A 12°C, High pCO,
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Age (Days Post Hatch)

Fig. 1. Stage progression of C. finmarchicus. OA controls, and treatments
shown by weighted stage value. The weighted stage value determined at
each sampling date is equal to the sum of each stage fraction multiplied
by its weight (N1 =1, N2 =2, N3 =3..C1 =7,C2=28,C3 =09...
C6 = 12). Red lines: warm (16°C); blue lines: lower (12°C) temperatures.
Circles: ambient CO, (~600 patm; pH 7.85); diamonds: high pCO,
(~1100 patm; pH 7.65) treatments. Values are fit with a polynomial with
intercept at 0 and analyzed with ANCOVA on log-transformed data. The
statistical analysis excludes slower development in early (<4) and late
(>10) stages in order to achieve normal distribution of residuals. Water
chemistry for all treatments is provided in Table 1.

OSV of the newly molted CV and CVI stages was significantly
larger at the lower temperature. Thus, copepods at the same
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temperatures. In contrast, there was no direct effect of pCO,
on the OSV/PL (p = 0.6).

Carbon (C) showed a similar response to temperature and
pCO, as DW. Total C content for both copepod stages was
higher at 12 than at 16°C. The C content was 42% and 27%
greater at 12 than at 16°C for the CV and CVI, respectively
(Table 2). Elevated pCO,, independent of temperature,
increased the C content of the copepods by an additional 15%
and 8%, respectively. When normalized to PL (Fig. 5), the C of
the newly molted CV stage was significantly larger at the
lower temperature and higher pCO,. Thus, copepods at the
same PL had larger C content when reared at lower tempera-
tures and higher pCO,.

In contrast to C, there was a significant effect of tempera-
ture on nitrogen content but no independent effect of pCO,
(Supplementary Table S5). At 12°C, CV and CVI had 20% and
11% greater N than at 16°C.

There was a significant stage, temperature, and pCO, effect
on mass-specific oxygen consumption rates (MS-OCR). MS-
OCR (nmolO, h™! ug C') was higher in stage CVs than in
the stage CVIs (newly molted CVI-adult females) (three-way
ANOVA; Fy 23 = 58.5; p<0.001; Fig. 6). MS-OCR was signifi-
cantly higher at 16 than at 12°C for both stages (three-way
ANOVA; F; 53 = 178.1; p <0.001—verified with a post hoc
test; Supplementary Table S6). MS-OCR increased by 48-68%
when temperature increased from 12°C to 16°C, for both
stages. In contrast, increased pCO, significantly decreased MS-
OCR (three-way ANOVA; F; ,3 = 10.3; p<0.01). Early stage
CV showed a ~30% (12°C) and 25% (16°C) decrease in MS-
OCR at the higher pCO,. The MS-OCR for CVIs’ decreased by
14% at 12°C and increased by ~5% at 16°C.

While we found no significant differences in mean FA con-
centrations between treatments (ANOVA, p > 0.4; Supplementary

PL contained

sacs when

reared at

lower

Table S7; Supplementary Fig. S1), some overall patterns appeared

Table 2. Effects of temperature (12°C and 16°C) and pCO, (~600 and 1100 pxatm) on the means of body size measurements of stage
CV C finmarchicus, from entrance to exit molts. PL: prosome length (mm); DW: dry mass (ug); C: carbon mass (1g); N: nitrogen mass
(ug); OSV: Oil sac volume (mm?). Reported values are means (+£SD) from three replicate tanks).

At molt to CV At molt to CVI
12°C Ambient High Ambient High
PL (mm) 2.00 + 0.04 2.06 + 0.03 2.36 + 0.03 2.41 + 0.04
DW (ug) 9424125 113.6 £17.0 175.4 +22.0 221.3 + 33.1
C (u9) 44.5 + 4.70 55.9 4+ 9.81 76.3 + 6.89 92.8+9.27
N (49) 9.36 + 0.68 10.01 £+ 0.58 13.73 +£1.49 15.27 +0.98
oSV (mm3) 0.029 + 0.008 0.041 + 0.008 0.056 + 0.012 0.078 + 0.020
16°C Ambient High Ambient High
PL (mm) 1.91 £+ 0.05 1.90 + 0.04 2.27 +0.06 2.25 + 0.04
DW (ug) 79.0 + 4.09 82.0 £ 9.05 160.3 + 11.28 152.8 +9.78
C (ug) 34.1 +1.51 36.6 + 3.70 68.2 + 6.36 64.5 + 7.88
N (u9) 7.55 +0.74 8.51 £ 1.70 13.42 +£1.12 12.65 + 0.56
oSV (mm?) 0.021 + 0.001 0.021 + 0.006 0.048 + 0.008 0.046 + 0.009
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Fig. 2. Prosome length (PL) of C. finmarchicus reared at low and higher temperatures (12°C, 16°C) and pCO, levels of ambient (600 patm) and high
(1100 watm) concentrations. Uppercase letters indicate pairwise differences; bars that have different letters are statistically different (Tukey’s post hoc,

p < 0.05, following ANOVA; Supplementary Table S1).
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Fig. 3. (a) Dry weight (DW) of C. finmarchicus reared at lower and higher temperatures (12°C, 16°C) and pCO; levels of ambient (600 yatm) and high
(1100 watm) concentrations. Uppercase letters indicate pairwise differences; bars that have different letters are statistically different (Tukey’s post hoc,
p < 0.05, following ANOVA; Supplementary Table S2). (b) Dry weight (DW) as a function of prosome length (PL) for C. finmarchicus reared at lower and
higher temperatures (12°C, 16°C) and pCO;, levels of ambient (600 patm) and high (1100 patm) concentrations. Left panel is CV, right panel is CVI.
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Fig. 4. Oil sac volume (OSV) normalized to prosome length (PL) of C. finmarchicus reared at lower and higher temperatures (12°C, 16°C) and pCO,
levels of ambient (600 yatm) and high (1100 gatm) concentrations. Uppercase letters indicate pairwise differences; bars that have different letters are sta-
tistically different (Tukey’s post hoc, p < 0.05, following ANOVA; Supplementary Table S3).

in a discriminant analysis (DA). In a DA of nine prominent FA
(Fig. 7a), differences between ambient and pCO, treatments were
discriminated mainly by the first discriminant function (LD1)
and temperature differences were discriminated mainly by LD2.
The two FA that contributed the most to pCO, treatment (LD1)
were 16:0 and 18:3n—3 (ALA) while 16:0, 18:1n—-9, and
18:2n—6 contributed the most to temperature differences (LD2).
The CA (cold, ambient pCO,) group was well separated from the
three other groups (CH, WA, and WH) (Fig. 7b). Examination of
LD2 indicates that the colder conditions were mainly associated
with an increase in 16:0, 18:3n—6, and 18:1n—9. The higher
temperature, and pCO, conditions were mainly characterized by

increases in 18:2n—6 and a decrease in 18:1n—9 and 18:0. Differ-
ences in pCO, treatment were only evident at lower
temperature—groups were clearly separated on the plot (Fig. 7b).
While the warmer temperature groups overlapped. These differ-
ences in pCO; in the cold condition were mainly characterized
by 16:0 and 18:3n—3: copepods raised at higher pCO, had a rela-
tively higher 18:3n—3 and a lower 16:0, while the opposite was
true for copepods raised at ambient pCO,. There was a large over-
lap between both higher temperature treatments, whereas the
low temperature-high pCO, treatment (CH) was characterized by
relatively higher concentrations in 18:3n—6 and 18:1n—-9 com-
pared to the CA. The wunsaturation index (UI) was not

D
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Fig. 5. Carbon (C) content normalized to prosome length (PL) of C. finmarchicus reared at lower and higher temperatures (12°C, 16°C) and pCO, levels
of ambient (600 patm) and high (1100 patm) concentrations. Uppercase letters indicate pairwise differences; bars that have different letters are statisti-
cally different (Tukey’s post hoc, p < 0.05, following ANOVA; Supplementary Table S4).
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Fig. 6. Mass-specific oxygen respiration rate (MS-OCR) of CV and CVI C. finmarchicus reared at lower and higher temperatures (12°C, 16°C) and pCO,
levels of ambient (600 patm) and high (1100 xatm) concentrations. Uppercase letters indicate pairwise differences; bars that have different letters are sta-
tistically different (Tukey’s post hoc, p < 0.05, following ANOVA; Supplementary Table S6).

significantly different among ambient and treatment conditions
with respect to both temperature and pCO,.

Discussion

C. finmarchicus increased in PL by 18% and its DW and
OSV increased by ~100% from recently molted (<24 h) CV to
recently molted (<24 h) CVI stage of development. Thus,
small differences in the age of the copepods within a stage is a
potential source of large variability in size-dependent vital rate
measurements. Isolating newly molted CV and CVI stage
copepods for measurements reduced the variability that arises
from sampling rapidly growing individuals of unknown age
within a developmental stage. By comparing biological end-
points, we were able to assess the impact of temperature and
pCO, on the growth, metabolism, C and N mass, and lipid
accumulation during this rapidly changing developmental
stage. Our results confirm the preliminary finding reported in
Runge et al. (2016) of a significantly larger body mass of
C. finmarchicus reared at lower temperatures (12°C) and at
higher pCO, concentration. As development times were indis-
tinguishable between pCO, treatments, these results demon-
strate that C. finmarchicus growth rates during CV were
significantly higher under elevated pCO, (lower pH) condi-
tions. Overall, lower temperatures and higher pCO, produced
heavier (DW) adult females with a larger oil sac volume (OSV)
and a concomitant increase in both C and N content. These
results support the conclusion that the scope for growth for
C. finmarchicus is more favorable at lower temperatures in the
high pCO, treatment. C. finmarchicus, like other crustaceans,
generally is more negatively affected by warming than by
decreased pH (Runge et al. 2016; Waller et al. 2017; Pedersen
and Hanssen 2018). However, this study also finds increased
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pCO, interacts with cooler temperature to produce heavier
and more lipid rich adults.

This result represents one of the few reported positive
effects of OA on physiological rate processes in a planktonic
copepod. Engstrom-Osta et al. (2014) observed that egg pro-
duction rates of Acartia bifilosa increased at low pH (7.6
decreasing to 7.2) relative to the ambient controls (7.9 decreas-
ing to 7.5). However, the incubation exposures were short
(38-42 h) and the effects of temperature and longer-term
exposure were not investigated. McLaskey et al. (2019)
observed that Acartia hudsonica nauplii developed faster at ele-
vated pCO, (1200 patm) at 12°C but not at 17°C, although
this result could not be conclusively attributed to pCO, in iso-
lation. In longer-term rearing experiments, Pedersen et al.
(2014) suggested that the scope for growth of stage CV
C. finmarchicus at a pCO, of 1100 yatm was approximately
22% higher (their fig. 2: mean of three tanks) than at ambient
levels (420 patm), although the result was not statistically
significant.

There are at least three possible mechanistic explanations
for the increased DW, C, and lipid content of copepods raised
at higher pCO,; (1) Increased ingestion and/or assimilation
rates; (2) decreased energetic costs of maintaining the same
metabolic rate; or (3) pCO,-related increase in food quality
that translated into higher growth. These mechanisms are not
necessarily mutually exclusive.

While we did not measure ingestion rates in this study, pre-
vious work showed no effects of OA on ingestion rates of
C. finmarchicus (Hildebrandt et al. 2016; Runge et al. 2016),
C. glacialis (Hildebrandt et al. 2014), or in A. hudsonica
(McLaskey et al. 2019).

Our data support the hypothesis that high pCO, lowers
metabolic costs, resulting in increased growth and lipid



Fields et al.

LD2 (34%)

Positive effect of CO, on Calanus

(a)
*18:2n-6
2
18:0°
*16:4n-9°
22:6n-3"
"18:3n-3
0
18:1¢-
*18:3n-6
24
"18:1n19°
"16:0°
8 4 0 4
LD1 (63%)
(b)
47 WH
2

<

<

e

a

O 09

24

LD1 (63%)

CA: 12°C, Ambient pCO, -a CH: 12°C, High pCO;

$96

WA: 16°C, Ambient pCO,

- WH: 16°C, High pCO,

(Figure legend continues on next page.)



Fields et al.

storage. Portner et al. (2004) suggested that decreased extracel-
lular pH reduces ion channel pumping. Decreasing extracellu-
lar pH slows down the rate of H+ equivalent ion exchange by
both Na/H'- and Na'- dependent Cl /HCO®* -transporters
which are responsible for the regulation of the intracellular
acid-base status. Less sodium needs to be pumped by the Na*/
K*-ATPase, thus diminishing the energy requirements of acid-
base regulation. We observed lower MS-OCR at lower tempera-
tures and higher pCO,. The added benefit of elevated pCO2,
however, was undetected (masked) at higher temperatures. At
16°C, the MS-OCR for the newly molted CVs was ~ 50%
higher than at 12°C. Assuming a respiratory quotient of 0.82
(Tkeda 1985; Uye 1991; Schukat et al. 2013;), an average C
content per copepod of 50.2 and 35.4 ug C at 12°C and 16°C,
respectively, early CVs would respire ~ 18% of their body car-
bon per day (BC d™') at 12°C and 36% at 16°C. This implies
that the lower metabolic costs at 12°C conserved resources
that fueled more rapid growth and higher lipid storage. Ele-
vated pCO, at 12°C further decreased the MS-OCR of the CVs.
At 12°C and ambient pCO, levels, 21% of the BC d~! was
respired and at high pCO, only 15% of the BC d~' was
respired. A similar effect of pCO, was found at 16°C at which
percentage BC d™' consumed decreased from 43% to 30%
from ambient to high pCO,. This lower metabolic rate at
12°C, coupled with high pCO,, led to significantly larger (PL),
heavier (DW), and higher lipid reserves (OSV) by the time the
animals molted to CVI (adult females). At the CVI stage, tem-
perature showed a similar effect on metabolic rate. At 12°C,
CVIs respired 10% BC d ™! while at 16°C that increased to 26%
BC d~!. At 12°C, elevated pCO, lowered MS-OCR, but at 16°C
there was no added effect of increased pCO,. The lower meta-
bolic cost appears to occur within a relatively narrow range of
higher pCO, and ambient temperatures (Pedersen and
Hanssen 2018).

Whiteley (2011) concludes that there is considerable vari-
ability in the response of crustaceans to pCO,, but suggests
that species exposed to a broad range of environmental condi-
tions should be better equipped physiologically to tolerate
increased pCO, and lower pH. In those organisms that are tol-
erant to pCO, oscillations, increased pCO, caused a decrease
in metabolic rate (Portner et al. 2004). In general, pCO, con-
centrations increase with depth in the water column in all the
oceans due to the biological pump (Goyet et al. 2000—plotted
by Hofmann et al. 2013). As vertical migrators, older life stages
of C. finmarchicus experience daily change between the ambi-
ent pCO, levels at the surface and higher pCO, levels at depth

Positive effect of CO, on Calanus

(up to 250 m: Plourde et al. 2001) and, in addition, stage CV
C. finmarchicus overwinter for months in deep water. In the
N. Atlantic at the depths at which diapause occurs (500-
2000 m: Heath et al. 2008), pCO, can reach 800-1000 yatm
(Murray 2004).

Although the high turnover rates in the culture tanks mini-
mized exposure of the algal food source to the different pCO2
treatment levels, it is possible that rapid changes in food qual-
ity may have occurred. In laboratory experiments, OA driven
declines in both total FA and the ratio of long-chain polyun-
saturated to saturated FA in the diatom Thalassiosira
pseudonana, grown at high pCO, levels, constrained growth
and reproduction of the copepod Acartia tonsa that were fed
on them (Rossoll et al. 2012). Furthermore, lower quality food,
due to OA, also decreased trophic transfer efficiency from phy-
toplankton to zooplankton by ~ 50% and caused a commen-
surate decrease in zooplankton reproduction rates (Cripps
et al. 2014, 2016). Since 10-20% of essential biomolecules in
primary producers are incorporated into new biomass at the
next trophic level, a decline of food quality in primary pro-
ducers will impact the zooplankton that prey on them. Alter-
nately, in some cases, high pCO, levels may lead to increased
algal growth rates which, in turn, may decrease the negative
effects of OA on invertebrates that feed on phytoplankton
(Li and Gao 2012; Thomsen et al. 2013; Garzke et al. 2016). In
addition, although both temperature and pCO, can affect the
quality and quantity of marine algae (Reum et al. 2015),
accompanying changes in seston community composition,
driven by phosphate and silicate limitation, may also be
affected by pCO, levels (Bermudez et al. 2016). Such changes
in community composition of seston can influence both total
lipid levels as well as the underlying abundance of individual
fatty acids and lipid classes (Bermudez et al. 2016). This is
because seston community composition is a key driver of
overall abundance and distribution of individual fatty acids in
seston (Galloway and Winder 2015). We conclude that,
although differences in the metabolic rate (MS-OCR) of
C. finmarchicus, due to temperature and pCO, are sufficient to
explain the observed changes in copepod size, lipid content,
and growth rate that we observed in the lab, the indirect
effects of climate change (i.e., both temperature and pCO,
drivers) on food quality may mask these results in the field.

C. finmarchicus is a key component of North Atlantic food
webs. Over the last five decades, the species distributional
range in the northeast Atlantic has contracted while the range
of its southern sibling species, C. helgolandicus, has expanded

(Figure legend continued from previous page.)

Fig. 7. (a) Standardized discriminant coefficients, showing weight attributed to each of nine prominent fatty acids and extent of differentiation among
temperature-pCO, treatment conditions: cold-ambient (CA; 12°C, 600 patm), cold-high (CH; 12°C, 1100 patm, warm-ambient (WA; 16°C, 600 patm,
warm-high (WH; 16°C, 1100 patm,) in C. finmarchicus. The greater the coefficient, the larger the contribution of its associated variable to group differenti-
ation. (b) Observations plotted using the two discriminant functions (% variance explained). Ellipses are the 95% confidence interval of the group

means.
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correspondingly (Beaugrand et al. 2002; Strand et al. 2020).
This shift has been linked to rising ocean temperatures
(Hinder et al. 2014). A further biogeographic shift is expected
as temperature continues to increase (Maar et al. 2013). As
ocean temperatures continue to increase, the decrease in the
size of C. finmarchicus, its lipid content, and the concentration
of essential FA in combination with decreasing abundance
(Grieve et al. 2017) will have consequential effects on higher
trophic levels that depend on this copepod as a food source.
In the future ocean, copepods and other planktonic taxa will
need to respond to change, not only in temperature but also
to pCO, and corresponding pH, change in food availability
and quality, as well as other stressors (Breitburg et al. 2015;
McLaskey et al. 2019; Meyers et al. 2019). Pan et al. (2015)
emphasized a need for research on biochemical mechanisms
of response at the cellular level and the limits of their adaptive
capacity as an approach to gaining insight into how the future
ocean environment will affect marine species. The results
reported here are an example of the level of knowledge and
understanding needed to make accurate predictions of future
biological effects of climate change on planktonic copepods.

Data availability statement
Data are available from ResearchGate: 10.13140/RG.2.2.
36766.82242
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