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Abstract

Climate change together with anthropogenic eutrophication have led to, and will lead to, shifts in a number of
abiotic factors in the oceans, such as temperature, carbon dioxide [CO,], pH, oxygen saturation and salinity. These
stressors will act simultaneously on marine organisms and may have synergistic, additive or even antagonistic
effects on physiological performance and tolerance. As such, multiple stressor experiments are crucial to gain a
better understanding of future vulnerability of species, populations and ecosystems.

Early life stages of invertebrates are generally considered most vulnerable to environmental stress, but only a few
studies have concerned brooding species such as the Norway lobster (Nephrops norvegicus), which is a benthic
species, of great ecological and commercial importance. The benthic stages (adults, juveniles and embryos) spend
most of their time in soft sediment burrows where they may be afflicted by low pH, hypoxia and in turn an
increased Mn?" concentration while the subsequent pelagial stages (Zoea I-11I) are exposed to elevated seawater
temperature and fluctuations in salinity. This poses the question: Is the Norway lobster already at it tolerance limit
or can it tolerate additional climate change related stress?

This thesis comprises four studies primarily on embryonic development but also on larval, juveniles and egg-
bearing female Norway lobsters. In Paper I, a potential combined effect of long-term (4 months) exposure to
ocean acidification (OA) and elevated temperature on embryonic physiology was investigated. Although the
Norway lobster embryos rarely encounter the highest temperature tested (18°C) naturally, they were found to be
tolerant to the treatment with no combined effects on development rate, metabolic rate or the level of oxidative
stress. In Paper II an easy-to-use quantitative tool for the development staging of the Norway lobster embryos was
described. Qualitative variables was fitted to the quantitative scale of amount yolk and tested against elevated
temperature and OA. There was an insignificant trend of the morphological characters appearing at a lower
amount yolk in the OA and 18°C combination. In Paper III, climate change impacts of salinity and OA tolerance
in zoea larvae were studied. Tolerance to hyposalinity treatment decreased quickly with age as newly hatched zoea
I larvae were more tolerant than older. However, when allowed to acclimate, tolerance and thus survival to low
salinity increased. The surviving larvae of the lowest longer-term salinity treatment (17 PSU) were lighter than
those exposed to higher salinities >21 PSU. Exposure to OA affected survival in some broods of zoea larvae
negatively but not others, indicating genetic variation in OA tolerance. When larvae were starved, the mortality
was also greater in OA indicating differences in energy usage. In Paper IV a higher level of OA was tested for 2
months, together with 1 week of exposure to hypoxia or manganese, on different life stages. Hypoxia drastically
reduced oxygen consumption rate in all life-stages tested. Hypoxia in combination with OA also reduced
metabolic rate further in embryos. Heart rate was however higher in embryos exposed to hypoxia, independent of
OA but exhibited a more regular rhythm when exposed to the combination of hypoxia and OA. Females exposed
to OA had a slightly increased oxygen consumption rate, but this effect was only significant in the combination
with Mn?>". Conversely, the combinations of OA and Mn*" reduced metabolic rate of embryos. Despite the
decreased metabolic rate, we found no significant effect on embryonic development rate in the combinational
treatments. However, development rate was significantly lower in the control than in hypoxia and Mn*'. This
contradiction need to be further investigated.

In conclusion, all life stages tested seemed relatively resilient to OA alone but life-stage dependent effects were
seen when treatments were combined, such as the opposite response to OA and Mn*" in embryo and female
metabolic rate. Previous research has shown brooding females to sense and adjust ventilation of their eggs in
unfavorable conditions. If the responses seen in Paper IV was a result of an elevated fanning was not in the scope
of this thesis but should be investigated. The synergistic effects observed in this thesis would have been
overlooked in a single stressor experimental set-up, which emphasise the great need for additional multiple-
stressor studies. Finally, the highest increase in pCO, (600 patm) tested (Paper IV) still represents a moderate
scenario for the end of this century, since different models predict an increase of between 500-1000 patm pCO,
(IPCC, 2013). Thus, the effects observed could be an underestimation of the future impact of OA. In many places
the Norway lobster currently lives close to the tolerance limit of the early life stages. As such, the geographic area

of suitable abiotic habitat for the Norway lobster may be severely affected in a near future.
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Klimatforandringar och havskraftans tidiga utveckling

Havskriftan &r en nyckelart, savél kommersiellt som ekologiskt. Den lever hela sitt vuxna liv
pa mjuka havsbottnar ddr den syresétter sedimentet med sitt grdvande och skapar darmed
livsrum for manga andra arter. Honan bér sin rom (dgg) i 6-10 ménader och stannar under
storre delen av den tiden inuti sin hala dar miljon kan vara tuff med perioder av syrebrist, lagt
pH och hog koncentration av mangan. Néar larverna sedan klackts simmar de upp i
vattenmassan och kommer dér i kontakt med varierande salthalt och hoga temperaturer. Efter
nagra veckor atervinder larverna ner till havsbotten och slér sig ner som postlarver/juveniler.
Den hir avhandlingen handlar om hur framfor allt den tidiga utvecklingen, embryon och
larver, paverkas av dessa yttre faktorer men ocksd en del om hur dggbirande honor och
juveniler paverkas och hur de kan forvintas klara framtida milj6forandringar orsakade av oss
ménniskor.

Forandringar i miljén sker stindigt men aldrig tidigare har den marina fysiska miljon
fordndrats sa snabbt som den gor idag. Sedan den industriella revolutionen har allt mer
koldioxid sldppts ut i atmosfiren, framforallt genom forbrénning av fossila brénslen. Detta
leder bl a till ett allt varmare klimat, uppvirmda och forsurade hav. Overgddning ér idag den
storsta orsaken till perioder av syrefattiga havsbottnar men globala klimatforandringar med
storsta sannolikhet forstirker effekten i framtiden.

I avhandlingens Del I studerades embryonal tolerans for hog temperatur och havsforsurning
genom 4 méanaders exponering av dggbarande honor for olika kombinationer av temperatur
och pH. Varje méanad mittes dggens syrekonsumtion, hjartfrekvens och proteinskador
(oxidativ stress). Embryonal utvecklingshastighet rdknades ocksd ut genom att maéta
minskningen i forhallandet mellan dggula och dgg Over tid. Trots att havskriftans tidiga
utveckling sdllan i naturen exponeras for den hogsta undersokta temperaturen (18°C) visade
det sig att de var tiliga. Negativa effekter kan dock visa sig i ett senare utvecklingsskede
varfor ytterligare fysiologiska méatningar och experiment som foljer utvecklingen genom fler
stadier dr onskvirda.

Avhandlingens Del II fokuserade pa att beskriva de morfologiska karaktérer som uppkommer
under embryots utveckling och nér dessa uppkommer i férhallande till hur mycket gula dgget
innehaller. Syftet var att forbéttra befintliga beskrivningar och stadieindelningar for att skapa
ett littanvint verktyg for aldersbestimning av dgg/embryon. I Del II testades ocksda om
sekvensen av de beskrivna karaktdrerna kan forskjutas till foljd av att ha utvecklats i hog
temperatur (18°C) och havsférsurning (-0.4 pH enheter). En sadan trend kunde urskdnjas men
skillnaden var inte statistiskt signifikant.

I avhandlingens Del III flyttades fokus till havskréftans nésta livsstadium, den frisimmande
zoealarven. Har studerades tolerans for lag salthalt och havsforsurning under
larvutvecklingen. Nyklédckta larver var mer toleranta for akut lag salthalt dn dldre larver men
toleransen Okade nér larverna tilldts acklimatisera sig till behandlingen. Hogst 6verlevnad
efter en tid hade larverna som exponerats for 21 PSU jamfort med i 17 och 32 PSU. Larver
som exponerades for den ldgsta salthalten vigde mindre dn larver exponerade for de hogre
salthalterna. En trend av 6kad dmnesomsittning med sjunkande salthalt sags ocksd men
kunde inte styrkas statistiskt. En minskad kroppsvikt tyder dock pa att det kostar mer energi
for en havskréftlarv att leva i lag salthalt och detta kan potentiellt medféra negativa
konsekvenser pé sikt. I Del III exponerades larver ocksa for forsurat vatten. Har kunde man
se att nagra kullar klarade behandlingen sdmre &n ovriga, vilket tyder pa genetiska skillnader i
tolerans. Larvernas tolerans for havsférsurning minskade ocksa om de fick svilta vilket tyder
pé en hogre energidtgang i forsurat vatten. Larver som utsattes for forsurat havsvatten och
svilt sdgs ocksé do tidigare én larver i kontrollvatten. Precis som i den laga salthalten berodde
antagligen detta pa en hogre energiatgang i forsurat vatten.



Del IV idgnades aterigen at embryonal fysiologi men inkluderade dven juveniler och honor.
Hir exponerades havskriftor for havsforsurning och syrebrist eller mangan i ca 2 ménader.
Syrebrist hade den storsta enskilda effekten pé alla inkluderade livsstadier med sénkt
amnesomsittning som foljd. Alla livsstadier tolererade forsurat vatten utan nagon storre effekt
men nér havsforsurning kombinerades med syrebrist eller mangan ségs effekter som var
specifika for respektive livsstadium. Honorna dkade sin d&mnesomséttning i kombinationen
havsforsurning och mangan medan embryona hade motsatt respons med en sénkt
amnesomsittning. Embryona upplevde ockséd en ytterligare sinkt syrekonsumtion nér
syrebrist kombinerades med havsforsurning vilket inte sdgs i honor eller juveniler.
Aggbirande honor kan genom #ndring av sitt beteende dka syresittningen av sina igg men till
en hogre kostnad och detta kan vara en forklaring till det motsatta forhallandet som sags i
kombinationen havsforsurning och mangan. Honans beteende lag dock inte inom ramen for
denna avhandling, men bor utredas i framtiden.

Sammanfattningsvis var alla inkluderade livsstadier relativt motstandskraftiga mot enbart
havsforsurning men tydliga kombinationseffekter pa bade honor och embryon 4r alarmerande
och krdver fortsatta studier. Avhandlingen visar ocksd pa vikten av att kombinera olika
stressfaktorer for att studera ekologiskt relevanta effekter. Den storsta 6kningen av pCO, (600
patm) som testades i Del IV ar fortfarande ett mattligt scenario dé olika modeller forutspéar en
Okning pa mellan 500-1000 patm pCO,innan slutet av drhundradet. Séledes kan resultaten i
denna studie mycket vl vara en underskattning av de framtida effekterna av havsforsurning.
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1 Introduction
1.1 Stress and homeostasis

In our modern society, stress is a widely used term to describe the response to external stressors on
humans, on our physical and psychological health. The external challenges are often related to a heavy
workload combined with little time, which is typical for a PhD. In the aquatic environment, stressors
instead relate to major changes in the physical properties surrounding the organism, e.g. salinity,
temperature, oxygen saturation and pH, which are perceived through various receptors and signalling
pathways. These changes challenge the ability of organisms to maintain a stable internal environment
(homeostasis) and cause a chain of biological reactions, which ultimately lead to a fight or flight response
(Cannon, 1929; Eriksson et al. 2013). Flight is however not always an option, e.g. not for encapsulated
embryos attached to their parent or planktonic larvae that drift with waves and currents. The ability of
these early life stages to maintain homeostasis and to survive periods of moderate to extreme stress is
utterly important for all higher levels of organisation, e.g. populations and ecosystems. Maintaining
homeostasis is energetically costly and could have a negative effect on population fitness.

At the end of the day, the survival of a species is dependent on its ability to continually develop, grow and
reproduce. The outcome will depend on its plasticity and or ability to adapt quickly enough to the
expected environmental changes. However, climate-change related shifts in for example temperature and
pH are now happening at a historically higher rate than what have occurred in the past millions of years
(IPCC, 2013).

1.2 Climate change and future predictions

Climate change together with anthropogenic eutrophication have led to, and will lead to, shifts in a
number of abiotic factors in the oceans, such as temperature, pH, carbon dioxide [CO,], oxygen saturation
and salinity. In this thesis, climate change relates to CO, linked environmental changes. Emission of CO,
is mostly caused by fossil fuel burning, which has increased atmospheric concentration of CO, with more
than 100 ppm since mid 18" century. This level is higher than it has been in at least 800 000 years.
Atmospheric [CO;] is predicted to increase even further, with another 500-1000 ppm by the end of this
century, and up to 2000 ppm by year 2300 (IPCC, 2013).

1.2.1 Climate change and elevated ocean temperature

Global temperature has increased the past 30 years to a level not previously recorded during the latest 160
years (IPCC, 2013). Since the industrial revolution our oceans have absorbed a third of the emitted CO,
and 80% of the heat added to the climate system. This has reduced the greenhouse effect of increased CO,
in the atmosphere (Sabine et al. 2004). However, one side effect of heat absorption is increased oceanic
temperatures, which has been recorded all the way down to 3000 meters depth. Before the end of this
century, the average surface temperature is expected to increase up to 4.8°C, depending on prediction
model used and future CO, emission (IPCC, 2013).

1.2.2 Climate change and ocean acidification

The increased oceanic concentration of CO, has led to a serious shift of seawater carbonate chemistry,
with a decrease in oceanic pH (i.e. —log[H']). This process is named ocean acidification (OA) (see
equilibrium reactions below).

CO,(aq)+H,0O S H,COs (carbonic acid)
H,CO; s H + HCOy (bicarbonate ion)
H'+HCO5 s 2H"+ CO;?  (carbonate ion)

Due to a 3-fold increase in [H'], global oceanic pH has already decreased by 0.1 pH units, since the
industrial revolution, and it is predicted to further decrease by another 0.4 pH units by 2100 (Caldeira,
2003, 2005). The phenomenon of OA has been described, as “global warming’s evil twin” and “the other
CO; problem” (Turley, 2005; Henderson, 2006; Doney et al. 2009).



1.2.3 Climate change and ocean oxygen deficiency

Anthropogenic eutrophication implicates an excessive supply of nutrients, for example from fertilizers
used in agriculture and from sewage effluents as a result of inefficient sewage treatments, transported to
the oceans with run-offs.

Eutrophied systems are susceptible to become oxygen limited, i.e. hypoxic (less than 2 ml dissolved
oxygen/L water) or even anoxic (0 ml dissolved oxygen/L water) due to the oxidative decomposition
processes carried out by bacteria (Diaz and Rosenberg 1995). The risk of oxygen depletion is enhanced if
the water column is highly stratified, impeding dissolved oxygen to diffuse down towards the bottom
water bodies. Research strongly points to a causal relationship between increasing benthic hypoxia and an
extensive anthropogenic eutrophication (Diaz, 2001). In only a few decades, hypoxia in bottom waters has
increased in frequency on spatial scale and in severity. In fact, dead costal zones have already spread to a
total area of 245,000 square kilometres worldwide (Diaz and Rosenberg, 1995; Diaz and Rosenberg,
2008). Although the main cause for hypoxia today is eutrophication, in the future climate change itself is
predicted to cause hypoxic events, as the elevated temperature will cause a thermal expansion and an
increased stratification of the water column. Climate change may also aggravate hypoxia by the increasing
rainfalls, with runoff carrying more fertilisers to the oceans and thus increasing eutrophication. Hence,
oxygen tension and the amount of oxygen that will reach the bottom water will be reduced even further.
Hypoxia is also likely to elevate the effect of OA in coastal zones (Melzner et al. 2013).

1.2.4 Climate change and increased manganese exposure

Changes in the mentioned physical properties of seawater can also have effects on the availability of
different compounds, some of which can be highly toxic to living organisms. One such compound, which
is in the scope of this thesis, is the redox-sensitive metal manganese. Soft sediments typically contain high
concentrations of oxidised manganese (MnO,) bound to sediment particles. When manganese is reduced,
it is released as free ions [Mn?'] into the water column where it can reach toxic concentrations of 10-20
mg/L (reviewed in Baden and Eriksson, 2006). Bioavailability of Mn*" becomes higher in as oxygen
saturation, pH and salinity decrease and as temperature increases (CICADS-report 2004). As there is an
intensified occurrence of hypoxia along the Swedish West coast, longer periods and higher levels of
bioavailable [Mn®'] will be expected in the benthic coastal zone (Schiedek et al. 2007; Diaz and
Rosenberg, 2008).

1.2.5 Climate change and salinity fluctuations

Elevated atmospheric and ocean temperatures also increase melting of snow and ice, which dilute the
salinity of ocean water and increase stratification of the water mass. Increased precipitation also
contributes to a reduced salinity (i.e. hyposalinity). In some regions an increased evaporation will instead
cause a higher salinity (i.e. hypersalinity) (IPCC, 2013). Thus the effect of climate change on salinity is
less predictable but is likely to cause increased salinity fluctuations.

1.3 The model organism — the Norway lobster

The benthic habitats sustain 98% of all marine species. Therefore, more knowledge is warranted on how
benthic organisms will cope with climate change (Widdicombe and Spicer, 2008). The Norway lobster
(Nephrops norvegicus) represents an ideal ‘model organism’, as it is a species of key ecological
importance, in that it oxygenates soft sediment in the process of bioturbation. It is also already exposed to
a harsh environment, such as seasonal hypoxia and elevated [Mn'], which pose the question, is it
currently at its tolerance limit or can it tolerate additional climate change related stress?

The Norway lobster is a decapod crustacean, which can be found on the continental shelf and slope
throughout the North-East Atlantic Ocean and in the Mediterranean Sea. It is the most extensively caught
crustacean in Europe with an annual catch of 60 000 tonnes (FAO, 2012). In 2009, 290 tonnes were
caught by creel on the West coast of Sweden (Skold et al. 2011).



1.3.1 The Norway lobster life cycle

The Norway lobster life cycle is divided into several morphologically distinct stages (Figure 1). The
embryos develop externally on the female abdomen for 6-10 months depending on temperature, latitude
and habitat (reviewed in Powell and Eriksson, 2013).

. PreZoeal Stage |
\S\t?ge? %’ Stage I
o " Y 6 mm
Berried adult TN 7-8 mm
female releases S, .
developed hatching S8 Zoea 10days
embryos S

~«..  |Pelagic

~
~

Benthic
Growth, development, Post Larvae
copulation (female
maturity reached from .
20mmC.L) Metamorphosis
and settling

15 days

Juvenile

10-15mm

Figure 1. Life cycle of Norway lobster Nephrops norvegicus (not including embryonic stages). Modified after Santucci (1926) by Powell and
Eriksson (2013).

During the embryonic phase it is thus confined to the ambient environment of the burrow, as the female
tends to stay in the sediment during this time period. Conditions in the burrow are likely to fluctuate with
regards to oxygen and pH levels but probably hold a stable high salinity and low temperature indicated at
sites deeper than 30 m in Table 1. Although this has not yet been studied in Norway lobster burrows in
situ, low-pH water has been documented for example in burrows of polychaete worms and thalassinidean
shrimps (Torres et al. 1977; Zhu et al. 2006). This is due to the strong pH gradients at the sediment-water
interface in organic-rich soft sediments. After hatching, the first stage of Norway lobster larvae (zoea I)
escapes to the pelagic zone, where it develops through three larval morphs (zoea I — zoea II — zoea I1I). In
the open water, the oxygen level is high but pH, temperature and salinity may fluctuate (Table 1). The
Kattegat/Skagerrak region is influenced by the outflow of brackish water through the Danish straits,
resulting in a strong halocline at approximately 10—15 m depth (Moksnes et al. 2014). The abundance of
zoea larvae peaks in July and the majority is found at the halocline or just below it, at 10-30 m depth
(Moksnes et al. 2014). Survival to the first post-larval stage in laboratory-reared mass-cultures is typically
low, 3-22% (Smith, 1987) and it has been estimated that field survival is =~30% (Nichols et al. 1987). In
the end of zoea III, the larva descends back to the seafloor and finally settles as a post-larva.



In conclusion, through the whole Norway lobster life cycle the animal is naturally exposed to a range of
abiotic fluctuations, that is, changes in oxygen saturation, salinity, temperature, pH and pCO, (Table 1).

1.4 Abiotic conditions in Norway lobster habitats

All animals in this thesis came from a Norway lobster population in the Gullmarsfjord, which is a sill-
fjord situated on the West coast of Sweden. The water chemistry data in Table 1 were extracted from the
Swedish Meteorological and Hydrological Institute (SMHI) and represents known Norway lobster fishing
grounds along the Swedish west coast (ICES, 2012). The data represent a summary of >20 years of these
measurements. In the below text, data are reported as mean + standard deviation of the stations means,
minimum and maximum values.

Annual temperature at the nine SMHI stations was 9.7 = 0.3°C at 10 meters depth and 7.6 = 0.8°C 1 meter
above sediment surface. Maximum temperature 1 meter above the sediment surface was 13.8 £ 2.9°C and
maximum temperature at 10 meters was 21.2 £ 0.8°C (Table 1). The absolute maximum temperature
measured was 22.4 (10 meter, station T4) and 18.0°C (1 meter above bottom, station T4).

Longer time series of pH measurements in the vicinity of the Gullmarsfjord are difficult to obtain as
SMHI rarely measures these parameters. The average pH at the deep range was however 8.14 + 0.11 but
occasionally dropped down to pH 7.80 (September).

At 10 meters depth and 1 meter above bottom, oxygen saturation was 6.91 £ 0.29 ml/L and 5.19 + 0.88
ml/L respectively. The minimum amount oxygen at the deep range was 2.45 + 1.33 ml/L with the lowest
measured value of 0.6 ml/L at station TS5 (Table 1). SMHI reports their oxygen data in ml/L. To convert
ml/L to mg/L (Paper IV) the numbers are divided by 0.7 as 7 ml/L = 10 mg/L.

At 10 meters depth, salinity was 26 + 4 PSU and at 1 meter above the sediment surface it has been 34 + 1
PSU. Minimum salinity at 10 meters depth was 16 + 3 PSU with the lowest measurement at station T4 of
13.0 PSU.

Embryos develop in an ambient condition, which are here represented by the SMHI data collected at 1
meter above sediment surface. Some of the parameters are likely more severe in the actual burrows. The
collected data show that embryos experience low oxygen saturation or low pH and occasionally
experience a combination of the two (see station C2, C3, C4 and T5; Table 1). The earliest stages are also
exposed to elevated temperature in some areas (see e.g. stations T3 and T4; Table 1). The free-swimming
zoea larvae instead experience high temperature, low salinity and occasionally a combination of the two
(see stations T3, T4, C4 and T5; Table 1). Thus in Swedish waters it is in the most southern geographic
locations (Kattegat) and in the Gullmarsfjord (C2 and C3) where water quality might become a challenge
to the Norway lobster.



Table 1. Field measurements extracted from SMHIs database (www.smhi.se) along the Swedish West coast, where Norway lobsters are fished.

Station Depth pH Temperature Oxygen Salinity
(m) (NBS) ({9 (mV/L) (PSU)

c2 10 8.2 10.2 6.4 27.2
(-0.8-21.7) (3.0-9.6) (18.0-34.6)

c3 10 8.2 9.5 6.7 2717
(7.9-8.5) (-1.1-21.0) (4.0-11.1) (17.8-34.4)

T3 10 NA 9.7 7.1 22.8
(-0.9-21.5) (3.3-10.6) (14.5-33.6)

Cc4 10 8.2 9.8 7.2 22.0
(8.1-8.4) (-0.3-21.0) (5.1-11.0) (13.8-32.8)

c1 24 NA 6.5 52 34.8
(231-248) (4.7-8.3) (3.5-6.8) (33.8-35.1)

T1 92 8.3 77 6.0 347
(79-120) (3.0-14.5) (45-7.4) (32.3-35.3)

T2 90 8.2 7.2 6.0 347
(78-105) (8.0-8.4) (2.8-13.8) (3.7-1.5) (33.3-35.3)

T4 23 NA 8.6 57 32.0
(21-25) (1.8-18.0) (3.0-9.0) (17.6-35.5)

T5 57 8.0 7.7 4.6 33.7

Mean, min and max temperature, salinity, pH and dissolved oxygen from the complete database (>20 years). Stations are either creeled (C) or
trawled (T) for Norway lobsters. Data from the bottom water were taken from 1 m above the bottom surface. NA = Not Analysed. For station C1

the bottom data were collected deeper than creel depth.



58°N

57°N

56°N

6°E 8°E 10°E 12°E 14°E 16°E 18°E

Figure 2. Map over the Swedish West coast with the SMHI stations marked. C = Creeled stations, T = trawled stations. By Mikael Dahl.

1.5 Early development in a changing environment

Previous research suggests that early development is particularly sensitive to environmental changes and
that it therefore poses a bottleneck in the overall success of the species (Byrne, 2011). Combined data
suggests that elevated temperature can endanger all early life stages, with both lethal and sublethal effects
(e.g. Byrne, 2011; Agnalt et al. 2013; Arnberg et al. 2013). As a consequence of warmer water, oxygen
solubility decreases and metabolic rate increases. This may also cause a higher uptake of certain pollutants
and predispose developing organisms to their impact and vice versa (Westerhagen and Dethlefsen, 1997;
Schiedek et al. 2007; Negri and Hoogenboom, 2011).

Knowledge about the effects of elevated temperature on the earliest stages of the Norway lobster is limited
and mostly concern development rate of zoea larvae (e.g. Smith 1987; Dickey-Collas et al. 2000). Studies
on other brooding species in the research field of climate change are also scarce (Noisette et al. 2014).
Potentially, brooders offer their offspring some protection against environmental stress (Fernandez et al.
2000; Przeslawski, 2004). Female Norway lobsters are for example known to increase pleopod fanning of
the egg clutch during hypoxic events (Eriksson et al. 2006).

1.5.1 Effects of OA exposure

A substantial part of previous research on biological effects of OA has focused on consequences for
biomineralization, that is, the building of calcium carbonate (CaCO;)shells (e.g. Orr et al. 2005). In this
thesis, focus is instead on for example metabolic and developmental effects of OA. According to previous
data, species tolerant to OA are generally also good ion-regulators. Although, adult crustaceans have been
found more tolerant to OA than other invertebrates little is still known about tolerance of early crustacean
developmental stages, which might not have the same capacity for ion regulation. If these are sensitive to
the environmental changes, the species can still be at great risk (reviewed in Whiteley, 2011; Melzner et
al. 2009).



Negative effects of OA on both adults and early development has been seen previously in many marine
species, on for example fertilization, hatching, growth, settling success, metabolic rate, growth, immune
defence and proteins biosynthesis (Kurihara et al. 2004; Havenhand et al. 2008; Wood et al. 2008; Parker
et al. 2009; Hernroth et al. 2012; Dupont et al. 2013; Bradassi et al. 2013; Mukherjee et al. 2013). Species
able to control for example biomineralization might also be afflicted by energetically costly trade-offs due
to a shift in energy allocation (Wood et al. 2008; Findlay et al. 2010).

1.5.2 Effects of hypoxia exposure

Marine organisms will be severely challenged by eutrophication and climate change caused hypoxia. The
adult crustacean is able to decrease metabolic rate and utilize stored phosphoarginine during periods of
low oxygen (Hervant et al. 1999; Abe et al. 2007). Adults suffering hypoxia are also known to control the
flow of body fluid towards the animal’s nervous tissue in order to manage the oxygenation of these vital
parts (Reiber, 1995). Short-term metabolic depression can be an advantage to the organism, as energy is
saved in an unfavourable condition. However, both short term and prolonged metabolic depression has
been found to negatively affect organisms with consequences such as reduced growth, development rate
and a lower fecundity (Landry et al. 2007; Brown-Peterson et al. 2008). In the Norway lobster embryo,
oxygen saturation below 20% induced a decreased heart rate (bradycardia) (Eriksson et al. 2006). It is
however not known for how long the embryos can survive this depression and if there are associated costs
or benefits that appear later on. Zoea larvae exposed to 50% (=3.1 ml/l) oxygen saturation, develop the
adult type of the oxygen-transporting blood pigment haemocyanin, which has a higher affinity than the
larval type (Spicer and Eriksson 2003).

1.5.3 Effects of manganese exposure

Although Mn?* is an essential metal, elevated concentration of [Mn”] is known to affect immune defence
in Norway lobster as it decreases the total number of haemocytes and causes a greater fraction of
apoptosis (Hernroth et al. 2004; Oweson et al. 2006). Exposure to Mn’" can also interfere with
mitochondrial calcium uptake and expression of for example skeletogenic genes (Pinsino et al. 2014). In
the sea urchin, Paracentrotus lividus, exposure to ~60 mg/L prevented skeleton growth and gave rise to
embryos lacking skeletons (Pinsino et al. 2011). Manganese can also disturb ion-balance in muscle
membranes (Baden and Eriksson, 2006).

1.5.4 Effects of hyposalinity exposure

In the current era of climatic change, tolerance to different salinity regimes may become crucial as salinity
fluctuations are forecast to increase in coastal areas due to more extreme climatic events (Table 1; IPCC,
2013). Osmoregulation through the ATP driven N'/K'-ATPase enzyme is energetically costly (Santos et
al. 2007). First stage zoea larvae (zoea I) of the Norway lobster have been found to contain less lipids and
proteins after exposure to 20-25 PSU for two days (Torres et al. 2011). Furthermore, larvae of a gastropod,
which hatched in low salinity water, exhibited for example decreased metabolic rate and reduced survival
(Montory et al. 2014). In low salinity, the toxicity of metals typically increases as availability of metals
increase and as metals to a higher degree will bind to for example gills. Salinity also affects survival and
growth (Bianchini et al. 2008).



1.5.5 Combined exposures to the different stressors

Climate-change stressors will not occur in isolation and combined stressors can have synergistic, additive
or even antagonistic effects on biology, as such multiple stressor experiments will be crucial to gain a
better understanding of the vulnerability or tolerance of Norway lobster early development to future
environmental changes (e.g. Darling and Cote, 2008; Holmstrup et al. 2010; Whiteley, 2011). A search on
Web of Science, October 21, 2014, also reinforce the great lack of these kinds of studies (Figure 3). For
example only 14 studies have previously dealt with physiology and the combination of OA and hypoxia
and no previous studies included both OA and Mn®",
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Figure 3. On the y-axis: the number of search hits on Web of Science (www.webofknowledge.com). On the x-axis different combinations of

search words on topic.



2 Aim of Thesis

The overall purpose of this thesis was to provide long-term and multi-stressor experimental work on
effects of near future environmental stress on an ecologically and economically important species. Effects
of the following ecologically relevant stressors were investigated: elevated temperature, ocean
acidification, hypoxia, hyposalinity and increased bioavailable manganese on development and
physiological performance of a marine benthic invertebrate, the Norway lobster was investigated. Effects
on embryos, larvae, juveniles and females are included in this thesis.

Paper I.

The aim of this paper was to investigate effects of long-term (4 months) exposure to OA and elevated
temperature on embryonic development of the Norway lobster. Two levels of pH (current vs. -0.4 pH
units) and six levels of temperature were used. In specific, development rate, proxies for metabolic rate
(i.e. oxygen consumption and heart rate) and the level of oxidative stress were investigated. A quantitative
scale of development was also constructed on the basis of amount yolk (%).

Paper II.

The aim of this paper was to develop an easy-to-use tool for age classification of Norway lobster embryos
as the existing developmental schemes was found insufficient. This was done by fitting morphological and
cardiac characters to the quantitative scale of development that was used in Paper 1. Several of the
observed characters had not been described previously in the Norway lobster: such as the on-set of
heartbeats, the appearance of heartbeat regularity and the appearance of leucophores/xanthophores. In
addition, the developmental sequence was tested in relation to pH (current vs. -0.4 units) and temperature
(5°C vs. 18°C). Furthermore, the effect of pH and temperature on cardiac rhythm was investigated.

Paper lIl.

The aim of this paper was to assess vulnerability of zoea larvae to decreased salinity and pH. However, in
this paper the stressors were not combined. The focus was on survival, body weight and oxygen
consumption rate (OCR) of developing zoea larvae (stage I-1I).

Paper IV.

The aim of this paper was to investigate effects of exposing females, juveniles and embryos to OA and
hypoxia or Mn*". The duration was approximately 2 months. In specific, development rate, proxies for
metabolic rate (i.e. oxygen consumption and heart rate) and effects on weight and cardiac rhythm were
investigated in embryos. OCR was also determined in juveniles and females. In this paper a more severe
level of OA was applied than in Paper I-III as it was concluded that Norway lobsters (adults and
embryos) most likely experience low pH naturally in their habitat. This was also confirmed by extracting
measurements from the SMHI database collected along the Swedish west coast (Table 1).



3 Methodologies and Parameters

For experimental treatments, life stages included and parameters analysed in each paper of this thesis
please see Table 2.

Table 2 Summary of experimental work in the thesis

Paper Abiotic factors and treatment levels Exposure time | Parameters and life-stages studied
1
Temperature; 5, 10, 12, 14,16 and 18 °C Long-term Development rate (embryos)
pH; ambient vs. -0.4 pH units (2100) (4 months) Heart rate (embryos)
OCR (embryos)

Oxidative stress (embryos)

11
Temperature; 5 and 18 © Long-term Staging morphological and cardiac characters
. . (embryos)
pH; ambient vs. -0.4 pH units (2100) (4 months)
Developmental timing
Cardiac arrhythmia (embryos)
1 .
Salinity; 17, 21 and 34 psu Short term Development
pH; ambient vs. -0.4 pH units (2100) 12-18 days OCR (zoea II)
Weight (zoea II)
Tolerance and survival (zoea I-1I)
Calcium content (embryos, zoea I)
v . .
pCO,; ambient vs. + 600 patm (2100) Medium-long Development rate (embryos)
R term X
Oxygen saturation; full vs. 23% Weight and water content (eggs)
. " (7+1.5 weeks)
Manganese; ambient vs. 8 mg/L Heart rate (embryos)

Cardiac arrhythmia (embryos)

OCR (females, juveniles and embryos)

10



3.1 Collection of specimens

For all included studies (Papers I-IV) eggs and larvae were taken from creel caught female Norway
lobster females, which arrived at the Sven Lovén Centre for Marine Sciences, Kristineberg within 2 hours
after capture. At arrival the females were allowed to recover for a minimum of one week before starting
the experiments.

3.2 Experimental set-up

The studies in this thesis are all derived from experimental set-ups in laboratory conditions with water
supply from the fjord at a depth of 32 meters. Air and water temperature were controlled and water filtered
(100 um). Natural salinity of incoming seawater was logged.

In Paper I and II, the experimental period progressed for 4 months, as one of the major aims was to
acquire long-term data for the embryonic development. Each combinational treatment of OA (ambient vs.
-0.4 pH units) and temperature (5, 10, 12, 14, 16 and 18°C), n = 6. The females were held in separate 15 L
aquaria’s with inflow of water from a header tank system. Each brood was subsampled for eggs every
month throughout the experiments. The developmental scheme was constructed using all replicates in the
control pH from all temperatures. The developmental sequence was then tested by comparing two
temperatures in combination with OA (5 and 18°C).

A medium to long-term experiment was also conducted in Paper IV where juvenile and egg-carrying
Norway lobsters were exposed to either OA or ambient pCO, for ~7.5 weeks, combined with an additional
stressor during the final week; either hypoxia or Mn?". The lobsters (0 femates = 10-12, 1 juyenites = 6-8) were
held in 400 L tanks and were separated by a compartment system. Two tanks replicated each treatment.
Paper III sums of experimental data from several different larvae experiments in OA and salinity
treatments where zoea development was followed for 12-18 days. For more details on the different
experimental set ups please see Paper I1I (Table 2).

3.3 Experimental treatments

Low pH or high pCO, treatments were achieved by bubbling CO, gas via a solenoid system controlled by
a pH computer (AB Aqua Medic, Bissendorf, Germany). As the Aqua Medic computers tend to drift they
had to be adjusted by measuring pH (Paper I-11I) or CO, (Paper 1V) of the experimental water on a daily
basis with a WTW pH 3310 with a SenTix 41 electrode, Weilheim, Germany and a Vaisala GM70,
Helsinki, Finland respectively. In all papers the simulated OA treatments corresponded to the global
predicted decrease by the end of this century (IPCC, 2013). In Paper I-III, pH was at all times kept -0.4
pH units below the pH of ambient fjord seawater. In Paper IV, pCO, was increased by 600 patm from the
naturally occurring pCO; of station T5 = Anholt E (Table 1) where mean pH for September between
2003-2013 was 7.8 = 950 patm pCO,, which can be compared to the current global average of
approximately 380 patm pCO, (IPCC, 2013). The level of 600 patm pCO; corresponds to one of the more
moderate model predictions for the end of this century (predictions between 500-1000 patm; IPCC, 2013).
Water chemistry parameters that were not obtained directly were in Paper I calculated by using the
COysys software (Pierrot et al. 2006) with dissociation constants from Mehrbach et al. (1973) refitted by
Dickson and Millero (1987). In Paper IV, these data were calculated with the software CO,calc (USGS,
USA).

The salinity treatments in Paper III were made according to Wood et al. (2013) by diluting fully saline
seawater with aerated fresh water.

The hypoxic treatment was achieved by bubbling nitrogen (N,) gas into header tanks. The water was
thereafter fed to the animal tanks (Paper IV). The amount N, fed to the header tanks was controlled
through a dissolved oxygen (DO) control system equipped with four DO optodes (Qubit Systems Inc,
Kingston, Canada), which continuously measured the oxygen saturation. Basically this system bubble the
water with N, through a solenoid whenever the oxygen saturation exceeds a given set point.
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3.4 Parameters in focus

An organism will direct energy towards different vital functions, throughout its life cycle, such as growth,
reproduction and homeostasis. In times of stress, certain traits or mechanisms will require additional
energy, energy that will require a higher intake of food or allocation from other less vital functions
(Stearns, 1992). In this thesis the following parameters were studied: development rate, development of
morphological characters, OCR, heart rate and cardiac rhythm, calcium content, oxidative stress, weight
change and survival, as they all and together reflect upon an organisms sensitivity to environmental
change.

3.4.1 Cardiorespiratory development and performance

The cardiovascular system is of great importance to homeostasis. As development progresses, oxygen
demand increases and at some point, diffusion will not be sufficient. Further development will require a
functional convective system to keep the tissues oxygenated (Spicer, 1994). The exact onset of
heartbeats in the Norway lobster is not previously known but should be coupled with development of
thoracic segmentation (Spicer, 2001). Patterns in cardiac performance and rate of oxygen consumption
also reflect upon metabolic rate and may reveal critical environmental conditions (Frederich and Portner,
2000; Brown et al. 2004).

L Erythrophores
g on carapace
Erythrophores " ("4
on telson '

-

Leucophoresf;
xantophores

Erythrophores
on limbs

'3 / € Compound eye

Figure 4. Eggs from Norway lobster with developing embryos. Chromatophores and other characters are pointed out.

During early crustacean development, heart rate equals cardiac output (Harper and Reiber, 2004) making
heart rate an easy and relevant parameter to quantify. This is also easily done with Norway lobster eggs, as
they are transparent (Figure 4). When studying cardiac performance in Norway lobster embryos, two
kinds of cardiac irregularities can be observed, that is intermittence (IM) and double beats (DB). The IM
equals cardiac arrest, such as when the heart temporally stops but resume beating. The DB occurs when
the heart performs double beats instead of single beats. These two may be important health traits. In
Norway lobster embryos, IM has earlier been shown to increase in high oxygen saturation (>95%) while
DB were more common during hypoxia (Eriksson et al. 2006).
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Cardiac arrest has also been described in adult Norway lobster (Hagerman and Uglow, 1985). IM and DB
are also found in other adult crustaceans (McMahon and Wilkens, 1983; Kuramoto and Ebara, 1991).

Cardiac parameters (i.e. heart rate and cardiac rhythm) were studied in eggs placed under an inverted
microscope in water filled flat surface flasks. Temperature during these measurements did not deviate
more than 1°C from experimental temperature. OCR (ng O2/egg/h) of embryos and larvae were
investigated by measuring oxygen saturation (%) in closed vials containing eggs or larvae, pre and post
incubation in a temperature-set water bath or a thermo-constant room. Measurements were performed with
an Oxy 4, fibre-optic system (PreSens, Regensburg, Germany) (Papers I, III and IV). Oxygen saturation
in the vials with zoea larvae exposed to different salinities was measured continuously (Paper I1I).

Standard metabolic rate (mg O2/kg/h) of females and juveniles (Paper 1V) were measured using static
intermittent-flow respirometry on individuals (Clark et al. 2013). In short, the lobsters were placed into
custom-made 1.1-liter respirometers (inner diameter 7 cm, inner length 26 cm) equipped with a circulation
pump with the stream of water passing across an in-line robust 3 mm oxygen optode (Firesting,
Pyroscience, Aachen, Germany). For the adults, the measurements consisted of 10-minute measurements
followed by 10 minutes of flushing to replenish the respiration water. For juveniles the measurement took
30 minutes with 10 minutes of flushing in-between. In total 3-6 subsequent runs were performed. Each
measurement was corrected for background respiration.

3.4.2 Weight

Through development, egg dry weight decreases as the embryo consume its yolk and egg wet weight
increases as water is absorbed, especially close to hatching (Smith, 1987). An increased or decreased
weight could be indicative on the energetic demand of the organism (Schiffer et al., 2013). Increased wet
weight could also indicate an adaptive swelling of the egg to facilitate gas exchange (Dorey et al. 2013).

Wet and dry weights of eggs and larvae were scaled on a Mettler XP205 (1 pg accuracy) (Paper III and
IV). Animals were blotted dry prior to wet weighing. For larvae, single individuals were weighed and
freeze dried in a Scanvac Coolsafe™. Eggs were weighed in small clusters taken from the same replicate
female and the number of eggs in each sample was counted to estimate average dry and wet weigh per
egg. For females and juveniles only wet weight was obtained (Mettler Toledo, 0.1 g accuracy) (Paper III
and IV)

3.4.3 Development

Effects on development rate can have far-reaching effects on species biogeography and recruitment
patterns (e.g. Portner and Farrell 2008). For example, earlier hatching could subject the larvae to the risk
of a mismatch in food source timing (Gotceitas et al. 1996; Byrne, 2011; Pochelon et al. 2011).
Environmental stress are known to

To measure development rate eggs were photographed (Leica stereomicroscope, MZ16 A, Leica
Microsystems, Wetzlar, Germany) and analysed with the ImageJ software (Wayne Rasband, National
Institute of Health, USA) by calculating pixels covering yolk: pixels covering entire egg. Development
rate was estimated by dividing total yolk consumption with the number of experimental days (Paper I and
IV). In Paper IV development rate was also assessed as the rate of increased eye index (average of length
and width of eye) according to Perkins (1972) and Helluy and Beltz (1991).

Developing embryos can be accurately stage classified with the help of easily recognizable morphological
features such as chromatophores (Figure 4; Paper II). This has been done previously in Dunthorn (1967)
but as that scale was considered too gross it was developed further in this thesis. In Paper I and II, the
amount yolk was used as a continuous measure of embryonic age instead of eye index, which was used by
Perkins (1972) and Helluy and Beltz (1991) on the closely related Homarus americanus. This was because
the eggs at start of experiment had no visible eyes and in many not even an embryo.
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3.4.4 Calcium content

Crustaceans build calcium carbonate (CaCO;, calcite) exoskeletons and calcification has been seen to
accelerate after zoea III (Spicer and Eriksson, 2003). So far, calcium content in embryos and in the first
larval stage has not been reported.

Calcium content was measured by flame atomic absorption spectrophotometry (GBC 932 Scientific
Equipment PTY Ltd, Victoria Australia). In brief, five eggs and newly hatched larvae (zoea I) were
sampled and immediately frozen in -80°C. The larvae were <5 hours post hatching when sampled.
Samples were freeze-dried before placed in an ultrasound water bath for five hours (Eriksson and Baden,
1998) where after calcium content was measured. For more details, see Paper I11.

3.4.5 Oxidative stress

Metabolism produces potent reactive oxygen species (ROS), which are both important signalling factors
for homeostasis, as well as the cause of cellular damage, such as oxidative stress (Finkel and Holbrook,
2000; Hamdoun and Epel, 2007).

Oxidized proteins are known to accumulate in tissues with age and exposure to certain pollutants and
therefore are commonly used as biomarkers for oxidative stress (Harman, 1956; Dalle-Donne et al. 2003;
Carney-Almroth et al. 2005). Tolerance towards oxidative stress depends on the organism’s ability to
mitigate damaging effects of ROS. This can be done through antioxidant enzymes (e.g. superoxide
dismutase, catalase and glutathione peroxidase), antioxidant compounds (e.g. carotenoids) and/or through
the composition of tissues (Finkel and Holbrook, 2000; Monaghan et al. 2009). Oxidative stress can be
looked upon as a negative trade-off to energy consuming activities. Whether organisms will be able to
mitigate an increased oxidative stress in a changing environment is of great interest to study (Monaghan et
al. 2009).

In Paper 1, oxidative stress was assessed with a protein carbonyl method (Levine et al. 1990; Reznick and
Packer 1994; Yan et al. 1996). Protein Assay Reagent Kit was purchased from Pierce, Thermo Scientific.
All other chemicals were from Sigma-Aldrich (St Louis, MO).

3.4.6 Survival rate

The ability to maintain homeostasis at periods of environmental stress is energetically costly and could
have a negative effect on population fitness. Homeostasis may be upheld up to a critical point at which
physiological functions break down, and the animal dies. Survival rate is an ultimate end-point and the
outcome will depend on the species plasticity and or ability to adapt quickly enough to the expected
environmental changes.

Survival of Zoea I-1I in different salinity and OA treatments were assessed in Paper III.
3.4.7 Data analysis

Statistical analyses were performed in either R, SPSS Statistics or PRIMER 6 with the PERMANOVA+
add-on. PERMANOVA provides analyses without the limitations of normally distributed datasets. All
analyses held a 95% significance threshold. For example ANOVA, ANCOVA and MANOVA was used.
For details, please see Paper I-IV.
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4 Results and Discussion
4.1 Morphology during embryonic development

Through egg development, the embryos’ main source of energy is the yolk, which shrinks from 100 % to
0 % of the egg space. Meanwhile, chromatophores appear successively on different parts of the embryo
(Figure 3; Paper II). In this section the appearance of these characters on the scale of amount yolk is
presented. The amount yolk was chosen instead of eye index (Perkins, 1972; Helluy and Beltz, 1991) as it
can be quantified already from day 1 of development. In Paper 11, the dark eye pigment was observed at
87+13% yolk. In Paper IV, amount yolk and eye index was found to be interchangeable as they were
linearly related.

Each character’s first appearance was represented by the average between observed maximum and
minimum amount yolk. The embryo was visible at 95 + 5 % yolk (mean + max/min) and its eye pigment
was first observed at 87 £ 13% yolk. The red chromatophores (erythrophores) appeared in close sequence
first on the limbs (70 £+ 4% yolk), then on the carapace (69 + 6 % yolk) and last on the terminal segment
(64 + 5% yolk). From about 49 + 1% yolk, when the leucophores/xanthophores appeared and to the time
of hatching, all morphological features that could be visually examined seemed to be in place (Table 2;
Figure 3a; Paper II). The aim of Paper II was to scheme visually different types of chromatophores in
order to create a tool for age classification rather than to fully identify the type of chromatophores seen,
such as leucophores or xanthophores.

4.2 Cardiorespiratory physiology

In times of stress, an organism can either increase metabolic rate in order to maintain its performance level
or it can reduce metabolic rate in order to save energy.

4.2.1 Cardiorespiratory development in embryos

The embryonic heart started to beat at 79 + 8% yolk and it becomes regular at 72 + 3% yolk (Paper II). In
the closely related species American lobster (Homarus americanus), onset of heartbeats was shown to take
place when the egg is filled with approximately 90% yolk (Helluy and Beltz, 1991). This might be
explained by the fact that eggs from American lobsters have a lower surface to volume ratio of 3,3
(recalculated from Sibert et al 2004) compared to eggs from the Norway lobster of 4,0 (recalculated from
Powell and Eriksson 2013), which makes the American lobster require an active circulation system at an
earlier developmental stage. At a temperature of 12°C, heart rate was found to increase from ~55 beats
per minute (BPM) at 70% yolk to ~150 BPM at 20% yolk and OCR was seen to increase from 1.9 nmol
O,/egg/h in eggs with 70 % yolk to 3.3 nmol Oy/egg/h in eggs with 20% yolk. This is in contrast to the
crayfish, Procamabrus clarki, where heart rate decreased through embryo development but in agreement
with for example the crab, Cancer pagurus (Reiber, 1997; Naylor et al. 1999) and many other crustaceans.
Furthermore, IM was the most common cardiac arrhythmia through embryonic development of the
Norway lobster (Paper II and IV; Figure 5).
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Figure 5. Proportion of DB and IM during embryonic development in 12°C and fully oxygen saturated water.

4.2.2 Combined effects of OA and elevated temperature

Elevated temperature decreases solubility of oxygen in seawater and increases metabolic rate up to a
thermal limit. Simultaneous exposure to OA has previously been seen to lower this limit in many
organisms (e.g. Metzger et al. 2007). In response to elevated temperature, mean heart rate in Norway
lobster embryos increased linearly from 78 BPM at 5°C to 155 BPM at 18°C in eggs with 50% yolk
(Paper I). Exposure to OA (-0.4 pH units ) did not change this pattern. Thus heart rate in the Norway
lobster embryos were not limited in the conditions tested. However, a decreased proportion of DB was
seen as temperature was elevated (Paper III). In contrast to mean heart rate, OCR reached a maximum at
14°C (Paper I). The same pattern has been observed in adult spider crab (Maja squinado) and in kelp crab
larvae (Taliepus dentatus), that is, an increased heart rate with temperature above the level where
ventilation no longer increases (Frederich and Portner, 2000; Storch et al. 2009). This indicates that the
cardiovascular system was insufficient at providing oxygen. However, in the embryos it may also reflect
upon the number of metabolically active cells able to take up oxygen (Guppy and Withers, 1999).

Exposure to OA at the level of -0.4 pH units (=1279 £44 patm CO, at 12°C) had no main or interactive
effects with temperature on OCR, (Paper I). This is in contrast to previous studies on embryos, for
example, Littorina obtusata and Petrolisthes cinctipes, which both showed depressed OCR as well as
heart rate during exposure to OA (Ellis et al. 2009; Carter et al. 2012; Ceballos-Osuna et al. 2013).

4.2.3 Combined effects of OA and hypoxia or Mn?*

Oxygen consumption in the juveniles and embryos studied in Paper IV were unaffected by OA as a single
stressor. This was in accordance with the results seen in Paper I, although a milder but longer CO,
exposure was applied in Paper I. However, in the females, a slight increase in OCR following exposure to
OA (1550 patm CO,) was seen (Paper IV).

Metabolic suppression is considered an adaptive strategy for the survival of short-term stress (Fabry et al.
2008). A greatly reduced OCR was found at hypoxia for all life stages tested in Paper IV. During
exposure to declining oxygen saturations, adult decapod crustaceans are known to regulate their oxygen
uptake and thereby maintain oxygen consumption. This is achieved by for example an increased
ventilation rate and an increased perfusion of hemolymph through the gills but also through an increased
biosynthesis and optimisation of the respiratory pigment (haemocyanin) (DeFur et al. 1990; Baden et al.,
1990; Hagerman and Uglow, 1985; Taylor, 1981; Spicer and Baden, 2001). Acclimated adult Norway
lobster maintain oxygen uptake down to SkPa (~25% O,-saturation) after which it declines (Spicer, 1995).
In Paper IV the hypoxic treatment averaged ca. 23% saturation, which corresponds to approximately 4
kPa, and it was maintained for over a week.
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Interestingly, combined exposure to OA and hypoxia further reduced OCR in embryos. This could
possibly be attributed to a reduced gas exchange across the eggshell due to the initial metabolic depression
induced by hypoxia, leading to an accumulation of CO, inside the egg, which lowered pH and further
steepened the depression (Portner et al. 2005; Reipschlidger and Portner, 1996; Guppy and Withers, 1999).
The combined effect was not reflected on heart rate. However, cardiac performance became more
rhythmic in the combination of OA and hypoxia than in hypoxia alone (Paper IV). Physiological stress
has previously been seen to cause a more regular cardiac rhythm in crustaceans (McMahon, 1999).

Embryonic heart rate was higher in hypoxia than in the other groups although OCR was lower.
The increased proportion of DB also suggested that heart rate could not be increased further, and that
cardiac output had to be elevated through the means of DB instead (Paper IV). When average mean and
average maximum heart rate was compared a smaller difference in hypoxia compared to in the other
groups was evident. This indicates that the eggs in hypoxia were closer to their tolerance limit, with less
capacity to further increase heart rate. As a caveat, the maximum heart rate observed may not be the
maximum possible heart rate. However, this heart rate corresponds well to the rate seen embryos in Paper
I at 18°C and with the same amount yolk. Pre-hatch N. norvegicus embryos have earlier been seen to
induce bradycardia at low oxygen saturation (Eriksson et al. 2006). Though the authors could show a
linear decrease at oxygen saturation of <30%, the data only showed a clear bradycardia at oxygen
saturation <20%. This is then in agreement with the findings of the present study on less developed
embryos exposed to 23% oxygen saturation. However, differing response to environmental stress
depending on development stage has been seen previously; red swamp crayfish (Procambarus clarki)
exposed to hypoxia exhibited decreased heart rate of 16 days old embryos and third instar larvae whereas
no effect on heart rate was seen during the embryonic and larval development in-between (Reiber, 1997,
Spicer, 2001). Earlier developmental stages of Norway lobster embryos have also been found to be more
tolerant to hypoxia, as they will survive chronic progressive exposure down to 5% O,-saturation,
compared to later stage embryos that had decreased survival rates below 7% O,-saturation as well as
premature hatching below 16% O,-saturation (Eriksson et al. 2006). Insensitivity to hypoxia has also been
seen in for example early development of the grass shrimp (Palaemonetes pugio) (Reiber et al. 2000).

Manganese was also seen to depress metabolism in females. Previous research has not found any
inhibiting effects of manganese on oxygen uptake of the crustacean respiratory pigment, haemocyanin
(Baden and Neil, 1998). Although manganese has the potential to block haemocyanin production, this has
little influence on oxygen transport at normoxic levels (Baden et al. 2003). In several of the lobsters
exposed to manganese, a black layer of precipitated manganese dioxide was observed on the exoskeleton
(Figure 6) including the gills, similar to what has been observed in Norway lobsters from hypoxic areas in
the field (SE Kattegat) (Baden et al. 1990). Effects of the precipitated layer of manganese on respiration is
not yet investigated but may impede normal function of the gills and cause internal hypoxia, as has been
found for crustaceans when exposed to other essential metals like Cu and Zn (Spicer and Weber, 1991).
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Figure 6. Inside of a carapace from an adult Norway lobster exposed to 8 mg Mn/L during 1.5 week. The black layers are precipitated manganese

dioxide.

Exposure of embryos to Mn** had no significant effects, neither on heart rate, cardiac rhythm nor OCR.
The level of OCR was although higher in the Mn®>" embryos. Norway lobster embryos have previously
been found to take up manganese through their eggshells during exposure to manganese-enriched water of
similar concentration and duration (i.e. 10 mg Mn L™ for x days) as was used in Paper IV (Eriksson,
2000). Due to the known neurotoxic effects of Mn*", it is plausible that negative effects of exposure during
embryonic development will be seen first later in development, e.g. on hatching success, metamorphosis,
swimming and feeding (Baden and Eriksson 2006).

Combined exposure of females to OA and Mn** increased metabolic rate significantly. This was probably
linked to a higher cost of ion regulation, which could have implications on physiological performance and
ultimately survival (Wood et al. 2008; Li and Gao, 2012; Stumpp et al. 2012). An organism under stress
can reallocate energy from other physiological functions such as protein synthesis and growth (e.g. Guppy
and Withers, 1999; Portner et al, 2005; Gorr et al. 2006) but also increase feeding in order to compensate
for the higher energetic demand (Thomsen et al. 2013). Whether the increased metabolic rate in females
had negative consequences for other physiological endpoints are still to be tested. Data on for example
weight and lipid content of the hepatopancrease will be analysed. In contrast, the embryos exhibited a
lower oxygen consumption in the combination of Mn>" and OA, suggesting severe stress (Paper IV). A
lower uptake of Mn”" in low pH (CICADS-report, 2004) has previously been seen in invertebrates. This
however, does not explain the effect seen on embryos in Paper IV. It remains to be investigated whether
it was caused by a higher uptake or a higher toxicity in combination with OA.

As the treatment effects in Paper IV was seen to increase with embryonic age it would be very interesting
to redo the experimental set up with embryos closer to hatching. I would then expect to see a significant
higher oxygen consumption rate in Mn>" compared to in the control due to the higher metabolic demand
and higher permeability of the eggshell with development.
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4.2 .4 Effects of OA and hyposalinity on zoea larvae

The level of OCR of developing zoea larvae (in 12°C), in zoea I - zoea II - zoea III increased on average
from about 40, 60 and 140 nmol O»/larva/h respectively (Figure 7). These data are not included in any of
the papers.

No significant difference due to exposure to OA could be seen in OCR, not after 12 or 18 days of
exposure.

A high variance in OCR was however seen between larvae from different broods. This high variance in
OCR was also seen in both embryos and larvae of the porcelain crab as well as in embryos of another
crab, Cancer pagurus (Naylor et al. 1999; Carter et al. 2012). This is likely true also for embryos of
Norway lobster but in this thesis OCR was not measured for individual eggs/embryos due to
methodological constraints.

Exposure to hyposaline water increased OCR, although not significantly (Paper III). An increased OCR
in response to osmotic stress has been seen in other crustaceans, as the energetic demand for
osmoregulation increases. This might lead to decreased energy stores and changed energy substrate
utilization (Torres et al. 2011).

Larvae of the porcelain crab were not affected by either OA or salinity stress as single factors but when
sequentially (OA then salinity) added an increased OCR was measured (Miller et al. 2014). Future studies
on Norway lobster larvae should aim at combining low salinity with elevated temperature and OA, as it is
a highly relevant condition for the pelagic life stages (Table 1).
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Figure 7. Oxygen consumption rate (OCR) in the three different stages of developing Norway lobster zoea larvae. N = 18 (ZI), 12 (ZII) and 2
(ZI11).. Data from both control pH and low pH combined.

4.3 Weight and water content of eggs and larvae

In Paper III, zoea larvae (from zoea I to zoea II) exposed to different salinities for 12 days had a
significantly different dry weight. Larvae exposed to 34 or 21 PSU weighed 2.1 mg while larvae exposed
to 17 PSU only weighed 1.7 mg. This is in agreement with Torres et al., 2011 who saw a decrease in lipid
and protein content in Norway lobster zoea I larvae exposed acutely to 20-25 PSU for 2 days. Wet weight
of larvae exposed to OA was not affected, although there was a general trend towards greater weight in the
acidified condition. This is in contrast to H. araneus larvae, which exhibited a lower weight in 2400 patm
pCO, at day 8 (Schiffer et al. 2013).
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In Paper IV dry weight was not affected by treatment. Wet weight was however significantly lower in the
hypoxia eggs also exposed to OA. Eggs exposed to the combination of OA and Mn and OA and hypoxia
also had significantly lower water content than the others. The lower water content was likely an effect of
the reduced metabolic rate also seen in these groups, as a lower production of metabolic water would be
expected (Petersen and Anger, 1997).

4.4 Development rate of embryos and larvae

In this thesis, development rate during the egg phase was quantified using two methods, 1) consumed
amount yolk day” (Papers I and IV) and 2) increase in eyeindex/day (Paper 1V). By measuring yolk
consumption; the embryos energy requirement was in focus and by studying eye growth; the energy
converted into embryonic growth was in focus. There was a significant relationship between the amount
yolk and eye index, making them both suitable as continuous age equivalents (Paper IV). The second
method was however more time efficient, as it demanded less analytic time per image. As the eye pigment
is not seen until 87+13% yolk and as it can be difficult to measure early on I propose to calculate yolk
percentage in eggs pre-appearance of erythrophores on limbs (= 70% yolk) after which the eye-pigment is
easily seen.

Temperature is the major controlling factor in invertebrates of development rate (e.g. Byrne, 2011).
Exposure to a temperature outside the thermal limit of a species can cause developmental abnormalities,
reduced fitness and also negatively affect higher levels of organisation, such as population and ecosystem
(Wang and Overgaard, 2010; Portner and Farrell, 2008; Byrne, 2011). In the Norway lobster, development
rate of embryos was found to increase from 0.14% yolk/day at 5 °C to 0.77% yolk/day in 18°C (Paper I).

By including a recalculated value on development rate from Farmer (1974), 0.83% yolk/day in 21 °C
could be included in the graph (Figure 8). By comparing Q, values between the range of 10-18°C (Q;o =
2.9) and 18-21°C (Qyo = 1.3) an upper limit to an increased development rate close to 21°C is suggested
but this however need further investigations by experiments at higher temperatures (Figure 8). Farmer
(1974) suggested that the increase in development rate should stabilizes above 15°C. Paper I supports no
such limit as development rate increased linearly up to the highest temperature tested, 18°C. At 5°C,
development proceeded, although at a slow rate. This contradicts earlier literature, where it has been
suggested that development may arrest for up to 7 months at winter temperatures (Farmer 1974).
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Figure 8. Arrhenius plot of the average development rate (Ln % yolk consumption/clutch/day) vs. incubation temperature (1000/Kelvin) for 5, 8,
10, 12, 14, 15, 16, 18 and 21°C.
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Development rate of Norway lobster embryos was not affected by exposure to either the -0.4 pH units (or
1280 patm in 12°C) exposure for 4 months in Paper I or the 1570 patm CO, exposure in Paper IV. Also,
there were no interactive effects of exposure to OA in combination with temperature on development rate.
The insensitivity of development rate to OA is in line with previous studies on early development in a
range of crustaceans, for example, Acartia tsuensis, Homarus gammarus, ,Petrolisthes cinctipes and
Pandalus borealis (Kurihara and Ishimatsu 2008; Arnold et al. 2009; Ceballos-Osuna et al. 2013; Arnberg
et al. 2013). However, low pH has been found to reduce development rate in several other crustacean
species, for example, Semibalanus balanoides, Hyas araneus, and Homarus americanus (Findlay et al.
2009; Walther et al. 2010; Keppel et al. 2012). Exposure to OA also reduced embryonic development rate
in the barnacle, Semibalanus balanoides and decreased growth of rock oyster (Saccostrea glomerata)
embryos and larvae with elevated negative effects seen in combination with an increased temperature
(Findlay et al. 2009; Parker et al. 2009). Exposure to OA in combination with low salinity increased
development rate in the amphipod Echinogammarus marinus (Egilsdottir et al. 2009).

Exposure to hyposaline water (i.e. 17 PSU) caused zoea I larvae to start moulting into zoea Il one day
earlier (i.e. on day 7) compared to zoea larvae exposed to 21 or 34 PSU. Moulting was however completed
in all treatment groups at day 11 (Paper III). Furthermore, three larvae in zoea stage III were found in the
control pH treatment at termination of the OA exposure experiment (Paper III). These finding were not
significant but suggests an increased zoea development rate in hyposaline and OA treatment. Additional
studies are needed to further evaluate this.

In Paper IV where both yolk consumption rate and eye growth rate was used as measures for
development rate the results where contradictive. For yolk consumption rate a significantly higher
utilization of yolk was seen in both hypoxia and in manganese compared to in the control while no
significant difference could be seen for eye growth. This suggests a higher energy demand, which could
have implications later in the life cycle, such as low energy reserves in the hatched zoea larvae. This effect
however was not reflected in patterns of metabolic rate, which would be expected. Therefor this need to be
further explored before making assertive conclusions.

4.5 Calcium content of embryos and larvae

As exoskeletons of crustaceans are mostly in the form of calcite, crustaceans are believed to be less
sensitive to future lowered ocean pH (reviewed in Whiteley, 2011). In Paper III, the calcium content
[Ca®] of the egg increased through embryonic development from 0.063 to 1.37 pg Ca*'/egg between 95%
yolk and close to hatching. Calcium content was 22-fold higher (i.e. 25.8 pg Ca*/larva) in newly hatched
zoea I larvae when compared with in eggs (Table 3; Paper III). Crustaceans typically take up Ca®" by
absorbing ambient water and newly hatched zoea I larvae contain 12% more water than the final egg stage
(Greenaway 1985; Smith 1987). However, the absorbed water volume consists of no more than 1.18%
Ca®" at an experimental salinity of 31 PSU (Castro and Huber 2005). Consequently, a great increase in
[Ca®*] was seen between late stage eggs and newly hatched larvae (within < 5 hours) that cannot only be
explained by the increased wet weight of the larvae. Furthermore, in Paper III, exposure to low pH
caused a slightly higher [Ca®"] through egg development but did not affect calcium concentration in the
newly hatched larvae. If to speculate, the result seen at metamorphosis is not likely due to calcification of
the cuticle, as this is first seen at zoea III (Spicer and Eriksson, 2003). Although, an active uptake up Ca®*,
accumulated for later use in calcification is plausible. After hatch the larva becomes carnivorous and is
thus in need of a well functioning alimentary canal. In adult lobsters ingested food is grinded by a
calcified structure in the stomach, the gastric mill (Patwardhan, 1935). Whether this exists in the larvae is
not known but the formation of this structure could be a reason for the rapid uptake of Ca®" directly after
hatch.

The increasing effect of pH on [Ca®"] in eggs was not likely related to changes in structural calcification as
the effect then also would have been seen in the newly hatched larvae (Paper III). Although, an increase
in [H'] which reacts with CaCO; in the shell or other calcified structures would cause a higher internal
[Ca®] (Booth et al. 1984).
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The data collected, together with the limited published data on mechanistic physiology and chemistry of
embryonic development are not enough to draw conclusions as to the meaning of these results seen at
metamorphosis (from embryo to zoea 1) and under OA. However, these are interesting findings that should
be followed up with additional experiments.

4.6 Ageing and oxidative stress in embryos and larvae

Oxidative stress is coupled with energetically costly activities (Alonso-Alvarez et al. 2004). In this thesis
an initial low level of oxidative stress, in eggs with close to a 100% yolk was found (Paper I). This is in
accordance with earlier finding where eggs seemed to be actively cleared from metabolic rest products, so
that new generations started physiologically young (Hernebring et al. 2006; Fredriksson et al. 2012).
Closer to hatching, oxidative stress was higher, probably due to the increase in metabolic rate causing a
mismatch between oxygen demand and delivery (Monaghan et al. 2009). After hatching, oxidative stress
declined to 1.03 nmol protein carbonyls/mg proteins. It is possible that the larva at hatching can rid it self
of cellular damage as this has been seen in for example mice during early embryonic development
(Hernebring et al. 2006). Through larvae development oxidative stress was not seen to increase, although
OCR did (Figure 7 and 9).
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Figure 9. Level of oxidative stress (protein carbonyls/mg proteins) for the first and the second half of embryo development (first
= E100-50%, second = E50-20%) and the first 18 days of zoea development (zoea I = ZI and zoea II = ZII) at 12°C. White
columns = control pH and black columns = -0.4 pH units. Protein carbonyl measurements performed by Dr. Helen Nilsson Skéld.
Data on larvae is not included in any of the attached papers. Npo0as = X (E100-50%), x (50-20%), 7 (ZIday0), 6 (ZI day2), 6 and 4
(Z1day5), 6 and 4 (ZI1lday12) , 4 and 3 (ZIlday18).

An increased embryonic development rate might infer a lower tolerance to oxidative stress (Metcalfe and
Monaghan, 2001). In Norway lobster embryos, development rate increased as temperature did (up to
18°C) but the level of oxidative stress did not. However, effects of elevated temperature on oxidative
stress have been observed in many other invertebrates (Lesser, 2006). Furthermore, oxidative stress was
not seen to increase in either eggs or larvae exposed to -0.4 pH units. In fact, oxidative stress was higher in
the control pH eggs (Paper I).

Adult Norway lobsters, exposed to the same low pH treatment as the eggs in Paper I exhibited a higher
level of oxidative stress in their hepatopancreas than the control animals (Hernroth et al. 2012). Although
antioxidant levels were never analyzed for the embryos in this thesis, their insensitivity compared to the
adults and through larval development, suggests a high antioxidant capacity. Whether developing Norway
lobsters use a separate antioxidant system than the adults is not currently known. However, developing sea
urchins utilize a more potent embryo-specific antioxidant, mercaptohistidine (Shapiro, 1991; Hamdoun
and Epel, 2007).
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The role of chromatophores (i.e. carotenoids) in ROS defense is also of interest. In birds, carotenoids are
important in protection against cellular damage (Surai, 2007). This is also likely in the Norway lobster
(Sagi et al. 1995; Linan-Cabello et al. 2002).

It has been suggested that negative effects of low pH seen in for example bivalves, could be coupled with
a persistent oxidative stress signal (Tomanek et al. 2011). However, this explanation was not supported by
Matoo et al (2013). The link between oxidative stress and pH is thus not straightforward. As oxidative
stress was measured using different methods in Norway lobster embryos (Paper 1, protein carbonyls) and
adults (Hernroth et al. 2012, advanced glycation end products), the potential effect of method choice also
needs further examination.

4.7 Survival of embryos and larvae

Although not quantified, mortality was not apparent in the experimental eggs. Thus, by all accounts, there
has not been any lethal effect of treatments on the embryos. However, there is a slight possibility that
females have removed dead eggs as other brooding crustaceans have been observed to do (Factor, 1995).
So far, however, no female Norway lobster has been observed with this behaviour.

Survival of fed larvae exposed to OA was brood specific with a large effect in 2 broods but no effect in 3
other broods. Survival of starved zoea I larvae, was significantly lower at day 6 in the group exposed to
OA (Paper III). Newly hatched larvae need to reach shallower water in order to start exogenous feeding
and survive the intervening period by catabolising endogenous proteins. Starved larvae increase their
protease activity, which suggests an ability to utilize protein reserves during periods of starvation
(Pochelon et al. 2011). At day 6 in the OA treatment, either this capability dropped or the protein reserve
was close to depleted due to a higher utilization rate in low pH. Either way, this was indicative of a higher
energetic demand in OA. The first stage zoea larvae should however reach food-rich water within 24 h
from hatching (Pochelon et al 2011). Exposure to OA is therefore not likely to pose a threat to this aspect
of the larvae success. However, OA could affect the predation skill of the larvae as elevated pCO; has
been found to disturb olfaction and behaviour in several species of fish and crustaceans (Munday et al.
2009; Dixson et al. 2010; Briffa et al. 2012). Survival of larval porcelain crabs was not affected by
exposure to seawater with pH 7.6, although survival of juveniles of the same species was reduced by 30%
(Ceballos-Osuna et al. 2013). Exposure of larvae to OA has also been seen to decrease survival in for
example scallops (e.g. Argopecten irradians) and fish (Baumann et al. 2012; Gobler et al. 2014)

Larvae, which were allowed to acclimate to a decreasing salinity over a couple of days, were fairly
tolerant to exposure to salinities down to 17 PSU. Survival of larvae exposed to 34, 21 or 17 PSU was all
significantly different. Larvae exposed to 21 PSU had the highest survival (84%) and larvae exposed to
17PSU had the lowest survival (41%) (Paper III). This indicates that the optimum salinity for early larvae
is below fully saline seawater, possibly somewhere between 20-30 PSU. The exact optimal level needs to
be further explored but it corresponds to the lower salinity of surface water along the Swedish West coast
(Table 1). Post-hatching, the larva ascends up through the water column where it acutely is exposed to a
different water body than that at the sea floor.

This exposure is instant and in Paper III young zoea larvae were more sensitive than the older to acute
exposure to hyposaline water. Thus, the field situation might not allow for any acclimation to occur.

Larvae that hatched in the highest temperature (18°C) in Paper I were all viable, although they were only
followed < 1 day. It would be interesting to follow larvae exposed to the stressors in this thesis during
embryonic life through zoea development.
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4.8 Maternal protection during early development

The Norway lobster female invests massive amounts of energy into breeding as does all brooding species
(Menge 1974; Clarke 1987; Pandian 1994; Fernandez et al 2000). The on-set of female maturity occurs at
approximately 20 mm carapace length (for review see Powell and Eriksson 2013). Each brood takes two
years to develop from immature oocytes to hatched larvae. The female also supply each egg with high-
energy yolk, which sustains the embryos for the entire incubation time (6-10 months), this is highly
energetically demanding (Rosa and Nunes, 2002). There seems to be a relationship between the amount
yolk that an egg is filled with and performance of the later adult (Heming and Buddington, 1988). During
incubation, the female also invest energy by physically ventilating the brood with her pleopods. It is
known that the frequency in pleopod beating increases as the embryos develop and also during periods of
hypoxia (Eriksson et al. 2006). This is also seen in other brooders such as goobies and crabs (Naylor et al.
1999; Pollock et al. 2007; Brante et al. 2003). Females have also been seen to transfer for example
hormones, immune factors, mRNAs and other beneficial biomolecules to her offspring (Burggren and
Blank 2009). Brood specific variability in tolerance to environmental stress, which was seen in Paper II1
could also be related to genotype/ maternal tolerance. This has previously been demonstrated in for
example the urchin Heliocidaris erythrogramma (Schlegel et al., 2012).
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5 Main Conclusions and Future Perspectives

This thesis has investigated the potential effect by climate change-induced stressors on the Norway lobster
early development. It comprises studies on embryonic and larval tolerance in response to multiple
stressors: ocean acidification (OA), temperature, hypoxia, Mn®" and salinity. It also includes data for
juveniles and egg carrying females.

Norway lobster embryos of the Swedish west coast population were found to be tolerant to 4 months of
exposure to elevated temperature (up to 18°C), although naturally exposed to an annual average
temperature of 8°C and seldom to the highest temperature tested here. Between 2010-2014 Norway
lobsters in the Gullmarsfjord were exposed to 18°C or just above for only 19 days in total, with the
majority of these days in August or September. It was thus concluded that initially, the Norway lobster
would benefit from global warming. However, global warming will continue to increase seawater
temperature, which will extend the number of warm days as well as elevate the maximum temperature the
lobsters will encounter.

Embryos were also tolerant to OA and the combination of OA and elevated temperature. No negative
effects were seen on development rate, development timing, cardiac performance, metabolic rate or the
level of oxidative stress. However, negative carry-over effects of condition to subsequent stages are
plausible, this warrant further experimental work.

Metabolic rate in embryos exposed to hypoxia was supressed as expected. Thereto, combined exposure to
OA and hypoxia suppressed oxygen consumption rate (OCR) even further. This was however not
statistically significant but as the difference between the treatments increased with embryonic age it is
likely that it would have been with a slightly different experimental set up, including more developed
embryos. Metabolic rate in the embryos also dropped in the combinational treatment of OA and Mn*'. A
prolonged metabolic suppression would reduce development rate in an early organism but this was not
seen in this thesis. Possibly the experimental period was too short for the method applied but since
development rate actually seemed to increase in both hypoxia and Mn®" these results cannot be interpreted
from the data in this thesis alone. The physiological consequences of the metabolic depressions observed
are thus still to be unravelled as well as the increased development rate.

Larvae, which were hatched in ambient pH and then transferred to -0.4 pH units showed a strong brood
specific difference in OA tolerance, possibly genetic. Larvae that were kept unfed also displayed mortality
at an earlier time point in OA than in ambient pH, thus the OA larvae probably experienced a higher
energetic demand probably connected to ion regulation. Furthermore, newly hatched zoea I larvae exposed
to acute hyposalinity were found to be more tolerant than older larvae. When allowed to acclimate,
tolerance and thus survival increased. A higher survival was then seen in 21 compared to in 17 or 32 PSU.
In lowest salinity the larvae had a significantly lower dry weight, which suggests higher energy
expenditure. The pelagic zoea stages are naturally exposed to the combination of elevated temperature and
hyposalinity and effects of further shifts in these abiotic stressors together with OA need to be thoroughly
investigated. I therefor recommend these stressors to be combined in a future experimental set up for this
species.

The juveniles in this thesis were exposed to OA and hypoxia as well as the combination of the two.
Hypoxia led to a metabolic depression but no effect of OA was observed. In the egg carrying females
OCR was also suppressed in hypoxia but increased in the combination of OA and Mn”". Due to practical
constraints the combination of hypoxia and manganese could not be tested in this thesis although in the
natural world these will act simultaneously on all the benthic Norway lobster life stages. Hence, future
studies of this sort, also including OA, would be highly interesting.

In conclusion, all stages seemed relatively resilient to OA alone but life-stage dependent effects were seen
when treatments were combined, such as the opposite response to OA and Mn*" in embryo and female
OCR. Previous research has seen brooding females to sense and adjust ventilation of their eggs in
unfavorable conditions. If the increased OCR seen in females exposed to OA and Mn*' is a result of an
elevated fanning was not in the scope of this thesis but should be investigated.
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The synergistic effects seen in this thesis would have been overlooked in a single stressor experimental
set-up, which emphasise the great need for additional multiple-stressor studies. Finally, the highest
increase in pCO, (600 patm) tested in this thesis still represents a moderate scenario for the end of this
century, since different models predict an increase of between 500-1000 patm pCO, (IPCC, 2013). Thus,
the effects observed could be an underestimation of the future impact of OA. In many places the Norway
lobster currently lives close to the tolerance limit of the early life stages. As such, the geographic area of
suitable abiotic habitat for Norway lobster may be severely affected in a near future.
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