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ABSTRACT

The transition from the last pelagic larval stage to the first benthic juvenile stage in the
complex life cycle of marine invertebrates, such as the American lobster Homarus
americanus, a species of high economic importance, represents a delicate phase in
these species development. Under future elevated pCO; conditions, ocean acidification
and other elevated pCO; events can negatively affect crustaceans. This said their effects
on the benthic settlement phase are virtually unknown. This study aimed to identify the
effects of elevated seawater pCO; on stage V American lobsters exposed to seven pCO;
levels. The survival, development time, metabolic and feeding rates, carapace
composition, and mitochondrial function were investigated. Results suggested an
increase in mortality, slower development and a reduction in energetic capacity with
increasing pCO,. Our study points to potential reduction in juvenile recruitment success
as seawater pCO; increases, thus foreshadowing important socio- economic
repercussions for the lobster fisheries and industry.

Key words: Ocean acidification, Carbon Capture and Storage, CO; leakages, fisheries,
metabolic rate, mitochondria, crustacean, energy metabolism, mineralization, moult.
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1. INTRODUCTION

Up to 85 % of all benthic marine species possess complex life cycles (CLC) with distinct
larval stages preceding metamorphosis to the juvenile stages that lead to the adult
phase (Pechenik, 1999). Relevant examples exist across multiple phyla, such as molluscs,
echinoderms, and decapod crustaceans (Eckstrom et al., 2015). Commercially important
crustacean species, namely shrimps, crabs and lobsters, have CLC that include several
developmental stages, associated to distinct habitat occupations, characterised by
distinctive morphological, physiological, and behavioural traits (Charmantier et al. 1991;
Factor, 1995; Spicer and Eriksson, 2003; Spicer and Gaston 1999). Among these
crustaceans, the American lobster, Homarus americanus (H. Milne Edwards, 1837),
possesses three pelagic larval stages followed by an intermediate post-larval stage that
eventually settle on the benthos, marking the success of juvenile recruitment (Incze and
Wahle, 1997). The metamorphic moult to the post-larval stage (stage IV) represents a
pivotal transition between the larval pelagic phase and the juvenile benthic phase
(Factor, 1995; Wahle and Steneck, 1991; Whale 2003). It is critical for recruitment
success for the stage IV post-larvae to settle and successfully moult to the stage V,
considered as the first juvenile stage (Incze and Wahle, 1997). The first stages of lobster
recruitment have naturally high mortality rates, being known to represent a bottleneck
in the lobsters’ life cycle (Wahle and Stenneck ,1991). The number of benthic recruits,
ultimately contributing to the adult population, defines the future viability of natural
populations and the sustainability of stocks, particularly when under harvesting pressure
(Steneck and Wilson, 2001; Wahle and Stenneck, 1991).

With the lobster landed value’s progressive growth to over $ 1,2 billion just in 2016 in
Atlantic Canada according to Fisheries and Oceans Canada (http://www.dfo-
mpo.gc.ca/stats/commercial/sea-maritimes-eng.htm), and landings reaching record
highs above 40 000 million tonnes in the USA in the early 2000’s (Wahle et al., 2011),
the Canadian and American lobster industries prioritize the protection of this resource
after seeing record-breaking population declines in the early 2000’s in some regions
along the coast of both countries (Comeau et al., 2004; Stenneck and Wilson 2001).
Since benthic recruitment begins with the successful settlement of stage IV post-larvae,
the release of individuals during this developmental stage has become a popular
method in an attempt to increase recruitment and future stock abundances (e.g.
Bannister and Addison, 1998; Castro et al., 2001; Comeau et al., 2004). Within the
context of a rapidly changing and often degrading environment, as the consequence of
human activities in coastal areas, the viability of natural populations and harvested
stock may however be under threat in some areas (Cheung et al., 2010). Whilst the
impacts of global warming are already relatively well known on the American lobster
(e.g. Chiasson et al., 2015; Drinkwater et al., 2006), the investigation of the potential
impact of low pH/elevated pCO; conditions on this species is still in its beginning phase
(Caputi et al., 2013, Waller et al., 2016, McLean et al., 2018). This is particularly
important for the critical early life stages in nature (Waller et al., 2016), and even more
so for the survival of post-larval (stage IV) individuals released into the wild for stock
enhancement (Addison and Bannister, 1994).


http://www.dfo-mpo.gc.ca/stats/commercial/sea-maritimes-eng.htm
http://www.dfo-mpo.gc.ca/stats/commercial/sea-maritimes-eng.htm
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It is therefore important to better understand the potential impacts of emerging global
change drivers (IPCC 2014), such as ocean acidification (OA) and other extreme elevated
pCO; events (e.g. extreme coastal events and leakages from carbon capture storage
(CCS) systems), on the survival of this economically important species.

Ocean acidification is the result of anthropogenic atmospheric CO; uptake since the
beginning of the industrial revolution, leading to an increase in seawater pCO; and
[HCOs7], and a lowering in seawater pH and [COs?] (Zeebe and Wolf-Gladrow, 2001;
IPCC, 2014). According to the IPCC (2014) under RCP 8.5 climate scenario, an increase in
atmospheric CO; to approx. 500 ppm by 2050 and 1000 ppm by 2100 will correspond to
a drop in the open ocean pH to 7.95 and 7.75 respectively (Portner et al., 2014). In
coastal areas, pH fluctuations already go beyond average global predicted values for
seawater pH and pCO; (Duarte et al., 2013; Hoffman et al., 2011), as the result of many
processes, such as coastal influx of freshwater and human-induced coastal
eutrophication that causes high respiration in the water column and in the benthic
communities (Waldbusser et al., 2013). Besides, the potential construction of CCS in our
oceans, as an attempt to slow down the negative impact of climate changes (Blackford
et al., 2009; Blackford et al., 2015), may represent a local driver for increase in seawater
pCO2 which may further affect marine benthic organisms in the case of accidental
fissures in these systems (Blackford et al., 2009; Donohue et al 2012; Small et al 2016;
Widdicombe et al., 2015). Furthermore, oceanic currents and stratification can easily
trap water masses rich in CO, produced by a CCS leak (Phelps et al., 2015), making the
construction of these facilities a serious risk and an additional threat to marine
biodiversity and ecosystem functioning (Blackford et al., 2015; Christen et al. 2013).
Our aim was to investigate the effects of the exposure of post-larval (stage IV) of the
American lobster to a seven-level gradient of elevated seawater pCO; on the life history
and physiological traits of the next life stage: stage V, the first juvenile stage. Seawater
pCO, conditions tested here ranged from current to future seawater pCO; scenarios
occurring in coastal areas and estuaries, as well as future OA conditions, and CCS
leakages. Post-larval stage IV individuals of the American lobster were raised in seven
pCO:; levels in order to observe the implications of pre-exposition throughout the moult
process on the stage V juveniles. Survival, development, structure, metabolism, feeding
rates, and energetics of the juvenile lobsters were measured along the experimental
pCO; gradient. In addition, we characterised the vertical physical and chemical profiles
of female lobster habitat parameters (i.e. temperature, pH, and salinity) in situ over the
locality from which berried females had been collected (Shediac station, NB, Canada), in
order to help developing the discussion of our laboratory experiment results, whilst
improving our understanding of the natural pCO; profiles experienced by lobsters.
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2. MATERIALS AND METHODS

2.1 Physical and chemical characterisation of lobster habitat

Vertical physical and chemical profiles of female lobster habitat parameters (i.e.
temperature, pH, and salinity) were measured directly from nine daily in situ seawater
samples over in Shediac station (NB, Canada) using a Conductivity-Temperature-Depth
(CTD) oceanographic sensor. Seawater samples were collected in 500 mL borosilicate
bottles, poisoned with a saturated solution of HgCl, and stored before being analyzed,
following standard operating procedures described in Dickson et al. (2007). Stored
samples were analyzed within three months of collection. The dissolved inorganic
carbon (DIC) was determined using gas extraction from an acidified sample with a
coulometric quantification of the CO; released (Johnson et al., 1985). The total alkalinity
(TA) was determined by open-cell potentiometric titration with a five-point method
(Haradsson et al., 1997). Certified Reference Material supplied by Professor Andrew
Dickson, Scripps Institution of Oceanography, San Diego, USA, was analyzed in duplicate
every 20 samples for accuracy. CTD-pH measurements were calibrated against pH values
that were calculated from DIC and TA measurements from water samples. Since only
nine water samples per profile were collected, the relationship between total alkalinity
and salinity was calculated for each year between 2012 and 2016 in order to get total
alkalinity profiles. The pCO; and saturation states were then calculated using pH and
total alkalinity.

2.2 Specimen collection, transport and maintenance

Lobstermen from the Maritimes Fishermen’s Union captured egg-bearing female
lobsters (H. americanus; H. Milne Edwards, 1837) using benthic lobster traps off the
coast of the Acadian peninsula (NB, Canada) in the Baie des Chaleurs of the
Northumberland Strait (47°46'47"N 64°42'49"W) in May 2016. Ovigerous females were
held on land in highly aerated 500 L tanks supplied with mechanically and biologically
filtered seawater from the Baie des Chaleurs (T = 20 °C, pH = 8.0, salinity = 28) at the
Homarus Inc.-Coastal Zones Research Institute (Shediac, NB). Hatched individuals were
transferred to 20 L kreissels containing recirculated mechanically and biologically
filtered seawater and fed frozen Artemia (Hikari, Kyorin Co. Ltd, Kanschai City, Japan)
twice daily. Larvae were reared communally to the stage IV. Immediately after moulting
to stage IV, 2 000 stage IV post-larval lobsters (considered 0 days (d) old for this
experiment) were transported by car in aerated coolers (Coleman 48-Quart Cooler,
Brampton, ON, Canada) to Fisheries and Oceans Canada’s Biological Station laboratory
in Saint Andrews (NB, Canada) within 6 h. Seawater conditions were monitor during
transport to be maintained as stable as possible around culturing conditions.

2.3 Experimental design and CO; manipulation system

In order to test the impacts of post-larval exposure to elevated pCO; levels on the life
history and physiology of juvenile lobsters, post-larval (stage IV) lobsters were exposed
to a gradient of current and future pCO; scenarios. The latter were chosen based on
current global ocean conditions (400 puatm) to predicted pCO; values between now and
the end of the century (600, 800, 1 000 uatm, IPCC 2014), ecologically relevant coastal
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pCO; fluctuations (1 200 puatm, Waldbusser & Salisbury 2013), and levels potentially
achieved from industrial accidents involving carbon capture storage (CCS) leakages (2
000 and 3 000 uatm, Rastelli et al., 2016).

Upon arrival, specimens were transferred gently and kept individually in basket-like
containers that were 3.5 in diameter (Net Pots, Canadian Wholesale Hypotonics, Elie,
MN, Canada) rafted at the water surface of 500 L tanks (1 m diameter x 0.70 m depth),
i.e. the replicate units of the different seawater pCO; levels. Post-larval stage IV lobsters
were split into the 24 CO-enriched tanks, the elevated pCO; treatments, and the four
control treatment tanks (without any pCO; regulation) with 15 indiv. per tank,
corresponding to 60 indiv. per condition. Four replicate 500 L tanks per pCO; level were
used. Within the 72 h following transfer, dead individuals were replaced before testing
the biological effects of post-larval exposure at elevated pCO; levels on stage V juvenile
lobsters.

Incoming water entering the two header tanks responsible for filling each experimental
tank was supplied from Brandy Cove in the Passamaquoddy Bay (NB, Canada), passing
through a series of sand filters (20 um), a UV-treatment, heated at 18 °C, mimicking the
optimal temperature for growth and survival of juvenile lobster from Baie des Chaleurs
in the laboratory (Daoud et al., 2014) and bubbled with ambient air. Header tanks were
bubbled with ambient air to oxygenate incoming seawater. Daily measurements of
salinity (see next section for daily measurements) remained relatively constant
throughout the experiment at 31.5 (+ 0.02) on average.

The pCO; treatments were maintained using a pH regulation system (IKS, AquaStar,
Karlsbad, Germany) equipped with a glass electrode per tank to measure pH every 5
min. From the measured pH in each tank, the IKS system individually released CO; gas
into the seawater, maintaining the desired pH level for all six conditions tested in this
study. IKS pH levels were calibrated daily from independent pH measurements made in
each of the tanks (see next section for daily measurements) Furthermore, all tanks were
air bubbled to maintain oxygen saturation and equipped with a water pump (Maxi-Jet
400, Marineland Aquarium Products, Cincinnati, OH, USA) to facilitate water mixing and
to maintain homogeneous water chemistry within the tanks.

2.4 Physical and chemical monitoring and characterisation of seawater in the
laboratory experiment

Seawater physical and chemical parameters (i.e. temperature, salinity, pH on the total
scale (pHr), and dissolved oxygen) were monitored daily over the duration of the
experiment using a pH meter (SevenGo Portable pH Meter, Mettler Toledo, Mississauga,
ON, Canada) calibrated with Tris HCl buffer (Dickson et al., 2007) and an oxygen meter
(SevenGo Portable Dissolved Oxygen Meter, Mettler Toledo). Over the course of the
experiment, water samples were collected weekly in each treatment for TA, DIC, and pH
measurements following the method described above. The carbonate chemistry (i.e.
pCO,, [HCOs37], [CO37], DIC, Q ara, Q cal) of the seawater in each pH / pCO; condition (Table
1) was calculated in R (version 3.0.1) using the “Seacarb” package (Gattuso et al., 2015)
by combining the average weekly alkalinity and salinity with daily measurements of
temperature (T °C) and pHr made over the course of the experiment.
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For the laboratory experiment, detailed measurements and calculated values of the
physico-chemical seawater parameters are depicted in Table 1 below. Salinity remained
constant in all tanks throughout the experimental period at 31.5 £ 0.02 units,
temperature remained constant in all quadruplicates of the seven pCO; treatments
(between 17.97 + 0.014 and 18.12 + 0.089 °C), and DO remained constant n all
quadruplicates of the seven pCO2 treatments (between 98.14 + 1.2 and 109.1 £ 0.8 %).
The pH and pCO; for each treatment remained relatively constant throughout the
course of the experiment, fluctuating slightly above or below the targeted level. The
measured carbon species, such as HCO3, COs, and DIC remained relatively constant
throughout the course of the experiment, with little variation. Measured TA levels were
constant throughout each experimental tank, with very little variation between
treatments. Calculated omega ratio for aragonite and calcite were well above saturation
levels between 400 and 1 200 uatm pCO; treatments, and under-saturated at the 2 000
and 3 000 puatm pCO; level.

2.5 Determination of survivorship and development periods

Individual lobsters were checked daily to record mortalities and evidence of a stage
change (e.g. shed carapace). Dead individuals were removed immediately to avoid
bacterial accumulation and contamination in the tanks. The moulting date presumed for
stage IV lobsters was the same day as their arrival. The intermoult period to the stage V
moult (IP) was then determined in number of days using the following formula:

(qu) IP: MIV_ MV

Where My is the moulting date at stage IV and My is the moulting date to stage V
observed in the experimental tanks

2.6 Determination of feeding rates and routine metabolic rates

Routine metabolic rates (RMR), defined here as oxygen consumption rates during rest
activity when lobsters are mostly immobile and not disrupted by light, noise, or physical
disturbances, were used as proxies of metabolism for the juvenile lobsters at stage V
across pH/ pCO; condition. Feeding rates (FR) and RMR were determined for each pCO;
condition in eight (i.e. two per tank) freshly moulted stage V individuals, which moulted
the same day, per seawater condition.

In order to determine FR, individuals were not fed for 24 h and then fed pre-weighed
and seawater-soaked blocks of herring, Clupea harengus, as their food. Non-ingested
food was removed and immediately weighed after 1 h in the containers with each
selected individual in order to calculate the FR per individual as mg h™! g wet body mass
as follows:

1

AH

(Eq.2) FR = WBM X At
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Where A H is the mass (mg) of consumed herring, WBM is the wet body mass (g) for
each individual stage V juvenile lobster, and A t is the elapsed time during food
consumption.

Hereafter, the same individuals were deprived of food again for 24 h removing digestion
bias on the metabolism in preparation for the determination of RMR (Speakman and
McQueenie, 1996). Following this procedure, individuals in each tank were then
carefully placed in 16 mL borosilicate glass vials (Vials w/ Cap 1.5 drams, VWR
International Ltd, Ville Mont-Royal, QC, Canada). Vials were sealed with mesh and
rubber bands in order to prevent the lobsters from escaping, while allowing for
sufficient water flow in the vial during a 12 h period. During this time, the lobster could
adjust to the vial, thus reducing stress from the handling and introduction to the new
environment. One control vial per pCO; condition was used to investigate the potential
microbial respiration in the seawater. These contained seawater from the tested tank
and were manipulated identically to all other vials. Following the 12 h adjustment
period, the mesh was replaced by lids in order to seal the vials with the appropriate
seawater pCO; as in the corresponding experimental tanks. The vials containing both
juveniles and the blank samples were moved using an 18 °C water bath to an infrared-
illuminated, temperature-controlled room at 18 °C. Each vial was equipped with a
stirring rod that was isolated from the lobsters by a mesh to ensure homogenous
oxygen concentrations throughout the vials once sealed shut. All sealed vials were kept
in water basins over magnetic stirrer plates (Mix 15, 2Mag AG, Munich, Germany) to
activate stirrers in each vial, thus the mixture of the internal seawater.

Preliminary trials showed linear oxygen consumption above 70 % O saturation, and
RMR measurements were stopped before reaching such limit. O, concentration (umol L
1) were measured using a non-invasive fiber-optic system (Fibox 4, PreSens, Regensburg,
Germany) composed of an optical fiber, a temperature probe and reactive oxygen
sensor spots glued inside the vials and calibrated according to the manufacturer
instructions with 0 and 100 % buffers. Measurements were recorded at the beginning
and end of the incubation period as the oxygen consumption has been proved linear.
RMR (umol Oz h?) for individual stage V juvenile lobsters was calculated following the
Eqg. 2 and corrected by the blank control vials to remove oxygen consumption due to
microbial activity.

A0y XV
At

(Eq.2) RMRyiq =

Where RMRyial is the oxygen consumption inside the vial, A O; is the difference between
the initial and final [02] (umol Oz h'?), V is the volume of the vial (L), and A t is the
incubation time (h) for each individual stage V juvenile lobster.

After each measure, the lobster was photographed using a binocular (M80, Leica
Microsystems GmbH, Wetzlar, Germany) under at magnification x7.5 with a picture
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acquisition system (IC80 HD, Leica Microsystems GmbH) for morphometric
measurements, blotted dry with wipes (KimWipe, Kimtech Science, Brampton, ON,
Canada) and weighed to obtain the wet body mass. They were then dissected using non-
metal tools (White Plastic Tweezers, Swiss Precision Instrument Inc., Garden Grove, CA,
USA) into two sections (cephalothorax and claws, and abdomen and telson), which were
frozen and stored at - 80 °C using liquid nitrogen separately to preserve the carapace
and tissues for further analyses.

2.7 Determination of morphometrics

Photographs of stage V juvenile lobsters used to determine for FR and RMR were
analyzed using ImageJ Software (ImagelJ 1.45s, National Institute of Health, Madison,
WI, USA) to investigate effect of elevated pCO; on growth and body proportions. Seven
morphological characteristic lengths were measured. The rostrum length (1), starting
from behind the eye to the tip of the rostrum structure, the dominant claw’s pollex (2),
starting from the joint to the tip of the structure, and the dactylus (3), starting from the
joint to the tip of the structure. The thorax length (4), from the junction to the abdomen
to the junction with the rostrum, the abdomen length (5), starting from the junction of
the first segment to the thorax to the tip of the last segment that joins with the telson.
Finally, the telson length (6), starting at the junction with the abdomen to the tip of the
structure was measured. The total lobster length was calculated from adding the
measured lengths of structures 4, 5, and 6. The measurements of cephalothorax and
abdomen lengths were also used in order to determine ratio changes of these two
sections across pH/ pCO; conditions.

2.8 Determination of carapace mineral content

The effects of low pCO; levels on carapace mineral content were determined using the
whole cephalothorax carapace of all stage V juvenile lobsters at all pCO; conditions.
Chemical analyses on the carapace of the stage V juvenile lobsters were performed at
the Laboratoire de Chimie Marine et Spectrométrie de Masse at the Institut des
Sciences de la Mer de Rimouski (ISMER) at the University of Quebec in Rimouski
(Rimouski, Canada). Previously frozen cephalothorax carapace samples were removed
from the rest of the upper body using plastic dissection tools (White Plastic Tweezers,
Swiss Precision Instrument Inc.) to avoid element contamination from metal tools and
freeze dried (T =-50 °C) for 12 h to remove any residual moisture (Freezone Freeze Dry
Systems, Labcono, Kansas City, MO, USA). Samples were then weighed on a high
precision microbalance (MX5 Analytical Micro-balance, Mettler Toledo). Hereafter, they
were digested in a mixture of pure nitric acid and peroxide hydrogen (375 pL : 125 pulL)
(TraceSelect grade, Sigma Aldrich, St. Louis, MO, USA) at room temperature for 24 h and
after short periods warming in a water bath. Samples diluted in ultrapure water were
analyzed by inductively coupled plasma (ICP) interfaced to a quadruple mass
spectrometer (MS - ICP-MS, Agilent 7500c with micro flow nebulizer, Agilent
Technologies, Santa Clara, CA, USA) equipped with an autosampler (ASX 520, Teledyne
CETAC, Omaha, NB, USA). Element signals were acquired for 200 msec per mass, and
three acquisitions were realized. Element quantification ([Sr?*], [Ca%*], [Mg?*], [Na*], and
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[K*]) was performed in normal mode with a ten-point external calibration using multi-
element reference material (Multi-Element 5, Sigma Aldrich, St. Louis, MO, USA) with a
concentration range between 0.10 and 50 for [Sr?*] and 1.00 and 500 ng mL™! for other
elements. Performances of the method and instrument stability were assessed
repeatedly by the analysis of a quality control solution of known metal concentration
during the course of analysis coupled with a procedural blank. Control of the system,
acquisition and data processing were carried out with the Agilent ChemStation software
(Agilent Technologies).

2.9 Assays of energy metabolism enzymes

Frozen abdomen tissues of the same sampled individuals used for carapace mineral
content were used to determine enzymatic activities. Lactate dehydrogenase (LDH) and
the Electron Transport System (ETS) activities were measured in order to infer anaerobic
(LDH) and aerobic (ETS) responses or adjustments to environmental conditions All
solutions used were mixed following the protocol from Thibeault et al. (1997) for LDH
activity and from Lanning et al. (2003) for ETS activity. Frozen abdomen tissues were
separated from the carapace in a polystyrene petri-dish, weighed, crushed, and diluted
in one parts tissue and 50 parts 100 mM potassium phosphate buffer at pH 7.0 and 8.5
for LDH and ETS, respectively, in two 2 mL microtubes over ice to create a homogenate
tissue dilution. Duplicate wells for each individual lobster were mixed in a polystyrene
well plate (96-Well Assay Microplate, Fisher Scientific) with reaction solutions for the
LDH and ETS and passed through a well plate reader (2104 EnVision Multilabel Plate
Reader, Perkin Elmer Inc, Waltham, MA, USA) providing the reaction slopes of the
solution absorbance (at 340 and 490 nm, respectively). All well readings were performed
at 18 °C to mimic seawater experimental conditions. LDH and ETS enzyme activities (U
mg protein!) were calculated with the extinction coefficient of 6.22 mL cm™ umol* for
NADH and 15.9 mL cm™ pmol* INT.

Protein content was determined for each tissue dilution using the Bicinchoninic Acid
Protein Assay Method (Krohn et al., 1985) with BSA for a standard curve.

2.10 Statistical analyses

Best-fit curve approach, using as references the linear, logarithmic, two-order
polynomial, three-order polynomial regressions types to optimize the representation of
the trends observed, was used to determine the effect of exposure to increasing pCO>
levels on the life history and physiological traits of stage V juvenile recruitment.

Data were first tested for the assumption of normal distribution with a Shapiro-Wilk
test, and then verified for variance homogeneity using Levene’s test. Once assumptions
were met using a global model that included all measured variables throughout the
experimental period, the random variable “tank”, representing the four replicate tanks
for each pCO; level tested, was analyzed in the complete model as a random factor, and
removed in all cases because it was never found to be significant (p > 0.05). Three
significant covariates (p < 0.05) were included in final models for most analyses to take
into account differences between individuals and scientific methods: (1) wet body mass
was used as a covariate for FR, RMR, and mineral quantification, (2) total body length
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was used as a covariate for all morphological trait lengths except for the total body
length and the cephalothorax-abdomen ratio, (3) temperature (recorded during the O;
measurements) was used as a covariate for RMR. Out of the statistically different
models (P > 0.05), the one with the best AIC and R? was selected as the final best-fit
curve for each measured trait.
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3. RESULTS

3.1 In situ physical and chemical profiles of lobster habitat

The physical environment in which post-larval American lobsters are present, between
May and November, ranges from the surface to the seabed throughout the water
column (Factor, 1995; Spicer et Eriksson, 2003; Whale, 2003; Whale and Steneck, 1991).
The vertical profiles of temperature, salinity, pHr, pCO2, and seawater saturation states
with respect to aragonite and calcite (omega), indicate that the environment in which
stage IV post-larvae evolve is varying, and highly fluctuating (Fig. 1, Fig. 2) in time and
depth.
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410  Fig. 1. Time series of physical and chemical seawater vertical profiles over the months of
411  May to November, during which the highest abundance of post-larval (stage 1V) and

412  juvenile (stage V) American lobsters occur in the wild in this region. The vertical profiles
413  of salinity (sal), and temperature (T °C) were obtained from in situ CTD-measurements,

414  while the pH in the total scale (pHt), CO2 partial pressure: pCO; (tatm), saturation state
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of seawater with respect to calcium (omegacal), and saturation state of seawater with
respect to aragonite (omegaara) were calculated using total alkalinity (TA), dissolved
inorganic carbon (DIC), and pH measurements from 2013 (top) and 2015 (bottom)
seawater samples.
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Fig. 2. Vertical profile of salinity, pHr, and omegacai, ara time series over a period of four
years (2012- 2016) obtained from in situ seawater CTD-measurements of salinity and
temperature and laboratory calculations from total alkalinity (TA), dissolved inorganic
carbon (DIC), and pH.

Table 1 (next page). Mean (+ SE) measured and calculated (indicated with an asterix *)
seawater physico-chemical parameters in control and experimental conditions over the
course of the experiment. The number of daily measurements: n, temperature: T,
salinity: sal, DO: dissolved oxygen, pH in the total scale: pHr, CO; partial pressure: pCO,,
bicarbonate ion concentration: HCO3, carbonate ion concentration: COs’, total dissolved
inorganic carbon: DIC, total alkalinity: TA, saturation state of seawater with respect to
aragonite: Q ara, saturation state of seawater with respect to calcite: Q cal.



437

pCO: 400 600 800 1000 1200 2000 3000
n 111 112 112 106 109 108 106
T
(°C) 17.97+ 18.10 + 18.12 18.08 + 18.09+ 17.97+ 18.00+
0.012 0.12 0.089 0.11 0.11 0.014 0.012
Sal
31.5+0.02 31.5+0.02 31.5+0.02 31.5+0.02 31.5+0.02 31.5+0.02 31.5+0.02
DO
(%) 98.14 98.48 98.86 108.1 99.17 109.1 98.91
+1.2 +1.4 +1.1 +0.9 +0.9 +0.8 +0.9
pHr
7.97 7.89 7.8 7.73 7.67 7.39 7.17
+0.02 +0.06 +0.10 +0.10 +0.10 +0.12 +0.11
*pCO2
(uatm) 473.27 586.42 + 760.89 + 912.31 + 1047.97+ 2116.89+ 3513.59+
2.63 11.47 22.35 27.12 25.60 65.32 98.08
*HCO3
(umol kg?) 1815917 + 1858.850 + 1904.612 + 1935.822 + 1958.731 + 2039.756 + 2075.362 +
0.0211 2.617 3.536 3.662 3.391 2.028 1.764
*COs
(tmol kg?) 129.192 + 111.878 + 93.403 + 80.733 71.517 + 38.797+ 24.330 £
0.576 1.134 1.530 1.613 1.466 0.854 0.672
*DIC 1961.605 + 1991.037 2024.367 2048.187 + 2066.558 + 2152.344 + 2222.062 +
(tmol kg?) 0.791 1.836 2.740 2.894 2.696 3.347 4.239




445

446

447

448

449

450

451

452
453

*TA
(pmol kg)

*Q ara

*Q cal

2135.872
0.640

2.028 +
0.00895

3.161+
0.0139

2135.896 +
0.635

1.758 =
0.0176

2,738
0.276

2135.896

0.635

1.467
0.0239

2.285 %
0.0373

2135.743 +

0.668

1.268
0.0252

1975+
0.0393

2135.822 +

0.651

1.123 %
0.0230

1.750 =
0.0358

2135.796 +

0.657

0.609 +
0.0134

0.949 +
0.0209
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439

2135.524 +

640 440

0.382 441
0.0106
442

0.595 443
0.0164
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454  Table 2. Mean (£SE) life history and physiological traits: survival rate, intermolt period (IP), feeding rate (FR), routine metabolic rate
455  (RMR), abdomen length (AL), cephalothorax length (CL), telson length (TL), cephalothorax-abdomen length ratio (CL : AL), carapace
456  [Mg?*], and electron transport system — lactate dehydrogenase ratio of mitochondrial function (ETS : LDH) under seven pCO; levels
457  for stage V juvenile of the American lobster Homarus americanus.

458
pCO2 (Latm) 400 600 800 1000 1200 2000 3000
51.28 60.52 45.71 50.00 39.02 37.84 36.59
+8.11 +8.040 +8.54 +8.70 +7.71 +8.083 +7.62

Survival (%)

P ) 17.69 17.71 18.41 17.85 17.73 19.054 19.051
+0.42 +0.39 +0.37 +0.40 +0.36 +0.36 +0.56

131.15 153.03 74.93 199.33 241.19 139.85

1 -1

FR(mgg™ h™) +32.72 +42.12 +24.50 +13.86 NA +40.33 +33.18
RMR (zamol ) 1.0647 0.775 0.615 0.705 0.791 0.812 0.767
Hmo +0.185 +0.0734 +0.141 +0.0699 +0.124 +0.152 +0.147

AL (mm) 5.467 5.504 5.301 5.0766 4.923 5.307 5.0134
+0.230 +0.292 +0.295 +0.247 +0.192 +0.316 +0.260

4.624 4.644 4.773 4.651 4.638 5.0290 4.848

+0.183 +0.148 +0.147 +0.0778 +0.0546 +0.161 +0.118




CL (mm)

TL (mm)

CL: AL

[Mg*]
(ng mg?)

ETS : LDH

2.898
+0.138

0.856
+0.0569

16440
1618

0.718
+0.0698

2.853
+0.110

0.852
+0.0361

17772
1924

0.775
+0.0384

2.964
+0.119

0.909
+0.0277

15977
+881

0.844
+0.0503

2.792
+0.151

0.928
+0.0349

16756
+1056

0.892
+0.0514

2.661
+0.0510

0.948
+0.0307

18182
+765

1.237
+0.110

2.598
+0.102

0.958
+0.0535

19225
+1145

1.367
+0.0540

459
2.648
+0.123
0.979

+0.0411

NA

NA
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3.2 Survivorship and development periods
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Fig. 3. Relationship between seawater pCO; levels (400, 600, 800, 1000, 1200, 2000,
3000 watm) and survivorship of stage V juveniles of the American lobster, Homarus

americanus (x SE). The black dots represent the mean survival measured with + SE error
bars. The linear model prediction of survival is shown by the blue line and the 95 % C.1.
by the dotted black lines.

The effects of exposure to the seven-level elevated pCO; gradient on mean lobster
survivorship are presented in Fig. 3 and summarised in Table 2. All mortalities recorded
were a result of mortality during or immediately following the moulting process of stage
IV to stage V. Stage V lobster juvenile’s mean survival was highest at the 600 puatm pCO:
level and lowest at the 1200 puatm pCO; level (60.52 + 8.04 and 39.02 + 8.08 %,
respectively, see Table 2). Mean survival decreased significantly with increasing pCO, (Z
1 264 = — 2.043, P =0.041), which was best described by a linear regression (Fig. 3).
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Fig. 4. Relationship between seawater pCO; levels (#atm) and intermoult period (IP,
days) in stage V American lobsters. The black dots represent individual IP recorded
across pCO; levels. The linear model prediction is shown by the blue line and the 95 %
C.l. of the model by the dotted black lines.

Stage V Intermolt Period (IP) (mean + SE, Fig. 2, Table 2) was found to be the shortest at

the 400 patm control pCO,, and increased significantly with increasing pCO3 (F 1, 259 =
9.928 P =0.002, R? = 0.037, Adjusted-R? = 0.033), which was best described by a linear
regression (Fig. 4).

3.3 Feeding rates and routine metabolic rates

20
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Fig. 5. Relationship between seawater pCO; levels ((atm) and feeding rates (FR, mg g

h1) of stage V American lobsters. The black dots represent individual FR measured
across the pCO; gradient investigated. The 2" order polynomial model prediction of FR
is shown by the blue line and the 95 % C.I. of the model by the dotted black lines.

The mean feeding rate (FR) of stage V lobsters (Mean # SE, Fig. 5, Table 2) was
significantly affected across the pCO> gradient investigated (F 7, 35 = 3.376, P = 0.046, R? =
0.170, Adjusted-R? = 0.120), having the lowest rates at the 800 puatm pCO; level and
highest at the 2000 puatm pCO; level: 74.93 + 24.50, 241.19 + 40.33 mg gt h'?,
respectively. The relationship between seawater pCO; and FR was best described by a
second order polynomial regression (Fig. 5). In more detail, FR first increased with
increasing seawater pCO; between 400 and 1 000 uatm followed by a plateau between
1000 and 2000 patm, and finally FR decreased between 2 000 and 3 000 patm.

Mean routine metabolic rates (RMR) of stage V juvenile lobsters (Table 2) ranged
between 1.0647 + 0.185 umol Oz h'! under control conditions and 0.615 + 0.141 umol O3
h at 3 000 uatm of seawater pCO,. However, no significant effect of seawater pCO; on

this variable was detected (F 1,47 = 1.580, P =0.215, R? = 0.166, Adjusted-R? = 0.109).

3.4 Morphometrics

21
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Fig. 6. Relationships between seawater pCO: (tatm) and abdomen length (AL),

cephalothorax length (CL), telson length (TL) in mm, and cephalothorax-abdomen length

ratio (CL:AL) for stage V American lobsters. The black dots represent the morphometri
trait lengths (mm) for individuals across the seawater pCO, gradient tested. The linear
model prediction of the morphometric traits and ratio are shown by the blue line and
the 95 % C.I. of the model by the dotted black lines.
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Mean morphological trait of the juvenile lobsters showed significant effects of pCO,
level for the abdomen length, decreasing with pCO; level (F1,45 = 7.605, P = 0.00851, R?
=0.820, Adjusted-R? = 0.811), for cephalothorax length (CL), increasing steadily with
pCO; level (F 1,45 = 6.446, P =0.0148, R? = 0.512, Adjusted-R? = 0.489), and for telson
length (TL), decreasing with pCO; level (F1,45 = 0.133, P =0.00271, R? = 0.602, Adjusted-
R? = 0.584). These relationships were each best described by a linear regression (Fig. 6).
Stage V lobster juvenile mean cephalothorax-abdomen lenght ratio (CL:AL) increased
with increasing pCO; level (F 1,45 = 6.916, P = 0.0117, R? = 0.136, Adjusted-R? = 0.116),
which was best described by a linear regression (Fig. 6).

3.5 Carapace mineral content

10.5
-
[=T+]
é 10.0 -
oY)
&
—
k5
9.5 A
= ;
9.0 T T T T T T T 1
o o o o o o
o o o o o o
<t © [ee) o N o
x— ~— N
pCO,Juatm)

Fig. 7. Relationship between seawater pCO; (uatm) and on carapace [Mg 2] (ng mg™?) in

stage V American lobsters. The linear model prediction for [Mg?*] is shown by the blue
line and the 95 % C.I. of the model by the dotted black lines.

Due to sample contamination at the 3 000 uatm pCO; level during transportation,
enzyme activities were not measured at this level. Of the mineral component tests, only
[Mg ?*] increased significantly with increasing pCOz (F 1, 35 = 4.611, P = 0.040, R? = 0.174,
Adjusted-R? = 0.123), which was best described by a linear regression (Fig. 7). Stage V
lobsters’ mean [Mg 2*] were lowest at the 800 patm pCO; level and reached a maximum
at the 2 000 uatm pCO; level (Table 2). In addition, there were no significant differences
in carapace ([Sr?*], [Ca?*], [Na*], and [K*] quantifications, nor for the [Ca?'] : [Mg?*] at the
different pCO; tested.
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539 3.6 Electron Transport System (ETS), Lactate Dehydrogenase (LDH), and ETS:LDH
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540
541 Fig. 8. Relationship between seawater pCO; (uatm) and the enzyme activity (U mg

542  protein?) of the electron transport system (ETS), lactate dehydrogenase (LDH), and the
543  ETS-LDH ratio (ETS:LDH) in stage V American lobsters. The black dots represent the ETS
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and LDH activity and the ratio for each individual across pCO; levels. The linear model
prediction for the measure of cellular energy consumption is shown by the blue line
(ETS, LDH, ETS:LDH prediction ~ pCO, ) and the 95 % C.I. of the model by the dotted
black lines.

Due to sample contamination at the 3 000 uatm pCO; level during transportation,
enzyme activities were not measured at this level. Stage V lobster mean ETS activity was
the lowest at the 400 puatm control pCO; level and highest at the 1 200 patm pCO; level
(18.3 +1.05, 29.8 + 3.93 U mg protein™, respectively). The ETS activity increased
significantly with pCO- level (F 1,36 = 19.488, P < 0.001, R> = 0.351, Adjusted-R? = 0.333,
Fig. 8). Stage V lobster juvenile mean LDH activity was the highest at the 400 patm
control pCO; level and highest at the 2 000 puatm pCO; level (26.1 £1.28,21.1+1.22 U
mg protein’, respectively). The LDH activity decreased significantly (F 136 =7.219, P =
0.0109, R? = 0.167, Adjusted-R? = 0.144, Fig. 6). ETS:LDH was the smallest at the control
pCO; level at 0.718 + 0.07 (see Table 2), and highest at the highest pCO; level measured
at 1.36 + 0.05, increasing significantly with pCO> level (F 1,36 = 59.809, P < 0.001, R? =
0.624, Adjusted-R? = 0.614, Fig. 8).
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4. DISCUSSION

Life history and physiological responses of stage V juvenile American lobsters, an
ecologically and economically important marine species with a complex life cycle, was
examined for the first time under a seven-level pCO; gradient ranging from 400 to 3 000
uatm (pHr: 8.1 — 7.1). The negative impacts of the exposure to increasing seawater pCO;
on life history and physiological traits of juvenile lobsters are largely linear. In addition,
the observed relationships between increasing pCO; level and survival, development,
and morphology appear to be explained by the observed increase in aerobic
mitochondrial respiration, as well as changes in feeding rates (FR). We discuss the
potential implications for future benthic recruitment in the American lobster under
ocean acidification (OA), as well as under extreme pCO; events which will occur more
frequently in coastal areas in the future ocean, including the potential leakages from
carbon capture storages (CCS). We conclude on the potential implications of the
reduced energetic capacity of the juvenile lobsters under future elevated pCO; reported
here for the viability of the lobsters populations and the connected fishing industry.

4.1 Impact of increasing seawater pCO; level on life history traits

The predicted value (blue line) for lobsters’ survival decreased by 24 % between the 800
and 3 000 puatm pCO; conditions. Reduced juvenile survival is a common occurrence
among early life stages of crustaceans exposed to elevated pCO; such as the European
lobster, H. gammarus, (Small et al., 2016), the porcelain crab, P. cinctipes (Carter et al.,
2013; Ceballos-Osuna et al., 2013), the edible crab, Cancer pagurus (Metzger et al.,
2007), and the blue king crab Paralithodes platypus (Long et al., 2017). Stage V juveniles
in this study appear to be most sensitive to stage-long exposure to seawater pCO; levels
that exceed OA predictions. Similarly, post-larval stages reared under OA conditions
(750 patm) displayed a reduction in survival of 18 % (Waller et al., 2016), which is best
explained by the effects of OA on transition metamorphic stage between the last larval
pelagic phase stage and the benthic post-larval stage. This decrease in survival rate with
the pCO; increase is correlated to a prolonged period of vulnerability for the few
surviving juveniles at high pCO; levels, with a prolonged intermoult period (IP) by up to
approx. two days at the highest pCO;. This extension of the duration of the stage IV
phase has also been observed in juveniles of the American lobsters and might highlight
increasing physiological challenges to prepare for the moult to stage V (McLean et al.,
2016). In the wild, this increase of the stage IV IP may extend the time that post-larvae
swim up in the water column and down to the sea bottom, exposing them to broader
abiotic fluctuations, and increasing the mismatches between favourable environmental
conditions and suitable substratum for recruitment, as well as predation risk in the
water column.

While the total length of the juveniles remained unaffected by the exposure to
increasing seawater pCO;, the proportions of measured morphological traits differed
significantly, although slightly, with increasing seawater pCO,. Similarly, the carapace
size of the juvenile blue king crab, P. platypus, was little affected by exposure to OA
seawater pCO; levels, displaying slightly smaller carapace size at 1 600 uatm pCO;
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conditions at specific developmental stages (Long et al., 2017). Another study on
juvenile American lobsters indicated that juvenile lobsters are smaller and grow at a
slightly slower rate in early development at elevated pCO; conditions (McLean et al.,
2016). However, comparing the juvenile lobsters from this study in the 3 000 pCO;
treatment to those in the control conditions, their carapace and their total length were
larger and smaller respectively. The thorax is the region where critical structures are
located, such as the respiratory and circulatory systems, the primary digestive system,
the central nervous system, as well as the reproductive organs (Bliss, 1983). Because the
thorax holds a major part of these fundamental systems and organs, it is an important
region for respiration and gas exchange functions that help to maintain acid-base
balance, as well as for digestion, reproduction, and nervous system functions that are
also imperative for the species survival. Furthermore, the abdomen and telson are
important structures for swimming and manoeuvrability (Factor, 1995). A reduction in
the length of the latter two structures relative to enlarging the thorax may represent a
trade-off in morphological proportions, perhaps in order to increase the gas-exchange
capacity by enlarging the area responsible for maintaining adequate respiratory and
cardiovascular functions, and thus enabling a more effective maintenance of internal
homeostasis (Bliss, 1983). In fact, the juveniles of this study were able to maintain
unchanged metabolic rates across the entire pCO; gradient tested, which may be helped
by the allocation of energy towards enlarging the thorax relative to the abdomen and
telson at high pCO; levels: see also section below on metabolic rates. Besides the
compensatory effects of the enlarged thorax, shortening the abdomen and telson could
have negative functional repercussions (e.g. on predator evasion) from an ecological
point of view. A reduced abdomen length may also have important economical
implication for the lobster fisheries, if these morphological patterns persist into
adulthood.

The mineral composition of the carapace of the juveniles did not drastically change (Fig.
5), as only [Mg?*] content linearly increased with exposure to increasing pCO,. Small et
al. (2010) reported a similar response in carapace [Mg?*] for the chelae of adult velvet
swimming crabs, Necora puber. It appears that such an increase in carapace [Mg?*]
might make the carapace potentially more susceptible to dissolution under future
elevated pCO; (Ries, 2011), leading to negative impacts on carapace structure and
hardness, but also ventilation, food acquisition, mobility and defense of juveniles of the
H. americanus. Furthermore, and in contrast with our results, the European lobster
exposure to elevated pCO3 has been associated with a decrease in carapace [Mg?*] in
both larvae and juveniles (Agnalt et al., 2013; Arnold et al., 2009; Small et al., 2016). This
difference in the mineralogical responses to elevated pCO; further support the idea that
species-specific differences exist for the impacts to future OA and CCS leakages in
phylogenetically closely related species (e.g. Calosi et al. 2013; Seibel et al., 2012).

Altogether, carapace structure and mineralisation are not strongly affected by the
exposure to elevated pCO; conditions and the body proportion favouring the
maintenance of the carapace length relative to the abdomen length may be expected to
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enable the maintenance of adequate respiratory and cardiovascular functions, and thus
appropriate metabolic rates. However, the significant decrease in survival and extension
of the IP along with the increase in pCO,, both considering OA and CCS scenarios, show
patterns of vulnerability in life history traits apparently being explained by underlying
physiological impacts on cellular metabolism and energetics.

4.2 Impact of increasing seawater pCO; on metabolism and feeding rates

Routine metabolic rates (RMR) were maintained across the seven-level seawater pCO;
gradient tested. The ability to maintain RMR under elevated pCO; was also reported for
larvae of the American lobster (Waller et al., 2016), larvae of the Norway lobster,
Nephrops norvegicus (Wood et al., 2014), and juveniles of the porcelain crab,
Petrolisthes cinctipes (Carter et al., 2013) when exposed to future OA conditions. This
ability might be linked to the increase in cephalothorax length, allowing the lobster to
maintain their respiratory capacity in high pCO; conditions. Differently from RMR, the
impact of increasing seawater pCO, on metabolism appears to cause variable
behavioural effects on feeding rates (FR). Initially, FR increased with increasing pCO,,
which was already observed in juvenile American lobsters under exposure to end-
century pCO; scenarios (Waller et al., 2016). Under levels of pCO2 mimicking CCS
leakages, in our study FR decreased towards normal levels, an effect also reported for
the juveniles of the European lobster (Small et al., 2016). Here, reducing FR under CCS
conditions to the level observed at control conditions can be explained either by the fact
that nutritional requirements are satisfied, or that energetic demand exceeds the
energy availability at elevated pCO; levels, limiting digestive ability and preventing
changes in feeding behaviour. It is possible that available energy is allocated to
mechanisms and behaviours responsible for maintaining RMR and FR at elevated pCO;
levels, at the cost of other processes.

Juvenile lobster exposure to increasing pCO; levels elicited a strong positive linear
response on the enzymatic activity in the mitochondrial electron transport system (ETS)
and a slightly weaker negative linear response on the lactate dehydrogenase (LDH)
activity. In marine species, ETS activity is often used as a proxy for energy consumption
in aerobic respiration (Tonn et al., 2016), and LDH is often used as a proxy for anaerobic
glycolytic capacity (Kaplan and Pesce, 1996). Thus, the significant increase in ETS and
decrease in LDH observed here with increasing pCO; are indicative of reorganisation of
energy metabolism apparatus in OA and CCS conditions. This is even clearer when
looking at the strong positive linear response of the ETS/LDH ratio, which suggests that
mitochondrial responses are taking place during the stage-long acclimation of juvenile
lobsters to elevated pCO; levels.

These results could arise from mito-hormetic reactions in stressful conditions (Yun and
Finkel, 2014), brought on by differential gene expression at elevated pCO; levels (Ristow
and Schmeisser, 2014; Schulz, 2007). In such conditions, mitochondrial oxidative stress
can trigger cytosolic signalling pathways that culminate in the multiplication and
increment of mitochondrial content in order to meet the energy requirement imposed
by the exposure to elevated pCO; (Valero, 2014). However, this hypothesis requires

28



695
696
697
698
699
700

701

702
703
704
705
706
707
708
709
710
711
712
713

714

715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737

further validation via the examination on the impacts of elevated pCO; levels on
oxidative stress: production rate of ROS and markers of oxidative stress as products of
peroxidation of lipids, carbonylation of proteins or oxidation of nucleotides (8-
oxoguanosine). Additionally, these measurements should be conducted with parallel
tests of mtDNA content, which is expected to increase as a response to metabolic and
oxidative stress.

In a similar study that examined the effects of an end-century OA pCO; level (710 patm)

on the European lobster’s larval stages, LDH and ETS activity were also measured as
proxies for anaerobic energetic metabolism and energy expenditure, respectively (Rato
et al., 2017). Although the average LDH and ETS concentrations were similar and highly
variable in control and OA conditions, it was presumed that energetic impacts might still
have occurred in response to OA conditions, explaining the growth reduction and the
potential increase in oxidative stress in the specimens (Rato et al., 2017). Like the
European lobster larvae, the morphological changes in the abdomen, cephalothorax,
and telson lengths of the juvenile lobsters in this study could also be related to energetic
trade-offs due to an increase in energy demand at the mitochondrial level.

OA and CCS impacts detected on the mitochondrial processes in the juvenile lobsters of
this study may explain other observed impacts, especially on the maintenance of RMR
with increasing pCO.. For instance, it was suggested that metabolic energy reallocation

towards physiological functions at OA pCO: levels (1 030 and 1 450 patm) could explain

smaller larval sizes in the purple sea urchin, Strongylocentrotus purpuratus (Matson et
al., 2015). In the present study, the observed increase in the juvenile lobsters ETS
activity (i.e. aerobic metabolism), indicates an increase in mitochondrial energetic
capacity under elevated pCO; levels. In the present study, the observed increase in the
juvenile lobsters ETS activity (i.e. aerobic metabolism), indicates an increase in
mitochondrial energetic capacity under elevated pCO; levels, perhaps in order to
allocate enough energy to physiological functions for repair and maintenance at a higher
level of complexity.

Together with negative impacts on the life history traits with increasing seawater pCO;
levels, the cost of mito-hormesis seems to be necessary for maintaining two main
processes in stage V juvenile lobsters: RMR levels and carapace mineral content.
Unfortunately, beyond intermediate pCO; levels used in this study, this response may be
too energetically expensive, becoming lethal for the majority of stage V juvenile lobsters
at the most elevated pCO; levels.

4.3 Integrating laboratory biological responses to in situ In situ lobsters habitat
physical and chemical profiles

The vertical profiles throughout 2012 and 2015 (Fig. 8), and more specifically between
the months of May and November (Fig. 7), indicate that stage IV lobster post-larvae
encounter higher pCO; values as they naturally swim to the benthos in order to settle
for juvenile recruitment. Following the post-larval settlement stage, it is apparent that
newly moulted juvenile lobsters in the benthos may be subject to pCO; values that are
currently already more elevated than the IPCC pCO; predictions for 2050 in the open
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ocean (2014, RCP 2.6, RCP 4.5, RCP 6.0). It is possible that the effects of the first levels of
the pCO; used in this study are less noticeable on the life history and physiology of the

specimens because such pCO; values (between 400 and 800 atm) are already

experienced at this life-stage in the wild. Therefore, the individuals may be already
adapted to these pCO; levels at the post-larval and juvenile phase in development. The
pCOz and omega values become biologically harsher for the crustacean with depth in
the water column with respect to the acid-base regulation capacity (Whitely, 2011), and
consequently, on the energy budget and metabolism (Carter et al., 2013). In the future,
the potential effects of low pH / elevated pCO; levels will be progressively enhanced
with time for the American lobsters, as elevated pCO; levels become a prominent
chemical threat.

4.4 Conclusion

In conclusion, increasing seawater pCO, has mostly negative implications on juvenile
American lobsters, with the most serious impacts on energetic capacity and allocation,
as well as decreased survival rates. Other impacts of elevated pCO; levels include slower
development, altered feeding behaviour, and a significant transformation of the body
proportions and carapace mineral content. These are likely compensatory effects to
attempt to sustain fundamental mechanisms necessary for survival. Relative to OA, CCS
leakage implications on juvenile lobsters display the most serious biological threats,
foreshadowing a high-risk potential on early lobster life history if CCS systems were to
be constructed in the North-West Atlantic shores near American lobsters habitats. By
preventing the successful completion of consecutive developmental phase (Byrne,
2013), the negative impacts of stage-long exposure to increasing seawater pCO; on
juvenile lobster survival may threaten the species recruitment success over time. Thus,
the implication of the exposure to OA and CCS leakages on lobster juveniles may
negatively reduce future population abundances along American and Canadian shores
especially in coastal environments experiencing drastic drops in pH in the water column.
By incorporating the potential of low pH impacts on American lobster recruitment, it
may be possible to better predict population variability and pH vulnerability hot-spots
along the North-West Atlantic coast. This could significantly improve the future plans for
stock management projects and better prepare local fishermen for the future of this
crucial Canadian crustacean.
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