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gradients (Portner 2008, Melzner et al. 2009b). To investigate the molecular response and
capacities of acid-base regulation in different life stages of Hyas araneus, the gene
expression of different transporters and enzymes (NBC, NaK, CA, NHE) in larval stages
kept at different levels of seawater Pco; was quantified (Fig. 4.1 and publication III). The
data will be complemented by gene expression analyses in gills of adult males of H.
araneus (Harms unpublished data).
Fig. 4.1 Gene expression (calculated as
log2 fold changes + SE in comparison to
control (baseline)) of ion transporters
and enzymes (sodium bicarbonate
cotransporters NBC; sodium potassium
ATPase NakK; carbonic anhydrase CA;
sodium proton exchangers NHE) in gills
of adult males (Harms unpublished
data) and in eggs (unpublished data)
and larvae of Hyas araneus (publication
III) kept at elevated seawater PCO..
Asterisks indicate significant
differences between high CO, and

control treatment.
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In all stages, H. araneus showed no strong response in expression of these
transporters and enzymes at high seawater CO; levels. If any, a down-regulation of the
corresponding transporters could be seen in most life stages. In contrast, NaK and CA gene
expression was 2-4 fold up regulated in strong osmoregulating crustaceans in response to
salinity stress (Towle et al. 2011). Based on the molecular data, it can be assumed that all
investigated life stages of H. araneus have weak abilities to regulate the extracellular pH
(pHe) actively during hypercapnic exposure via an increase in protein density of acid-base
related enzymes and transporters.

[t remained to be established whether the limited molecular response of ion
transporters and enzymes is mirrored in low capacities of extracellular acid-base
regulation in H. araneus. Measurements of extracellular pH in larvae of H. araneus are
difficult to achieve due to the small size of the larvae. However, low capacities for ion
regulation found in adults suggest the same pattern in larvae and embryos (Charmantier
1998).

In adult spider crabs H. araneus from an Arctic population of Svalbard (Norway)
kept at two different temperatures (5°C as control and 10°C as elevated temperature) and
different seawater PcO: for long-term (10 weeks), extracellular pH decreased with
increasing seawater CO; concentration (Fig. 4.2). Haemolymph Pco: at 1000 patm was
twice that of the control animals with a further slight increase at higher seawater CO;
concentrations (1600 - 3000 patm). A hypercapnia-induced increase in the haemolymph
bicarbonate concentration (HCO3-) could be found at 1000 patm CO; in animals kept at
10°C. Comparable pHe values between the 390 patm and 1000 patm CO; treatments
indicate a compensated haemolymph acidosis through compensatory increase in HCO3-
concentrations at 1000 patm. The accumulation of 5 mmol/l1 HCO3- remained below that of
other decapod crustaceans (Truchot 1984, Cameron and Iwama 1987, Pane and Barry
2007) exposed to higher CO; levels.

There was a different regulatory response of H. araneus after medium-term (12
days) (Zittier et al. 2012) and long-term exposure (10 weeks) to elevated seawater PCO:
(Fig. 4.2). The reduction of haemolymph pH with increasing seawater PC0. was less
pronounced after 12 days of exposure. In cold- and warm-acclimated animals, the
extracellular pH decreased by 0.1 units and 0.3 units, respectively, at a seawater PCO: of
3000 patm (Zittier et al. 2012). Haemolymph pH decreased by 0.4 units after ten weeks of
exposure to 3000 patm and 10°C (Fig. 4.2). Furthermore, there was a positive correlation
between seawater Pc0O: and haemolymph Pco: after 12 days of exposure resulting in a 5-

fold increase at 3000 patm in warm-acclimated animals. After ten weeks, the haemolymph
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Pco: did not differ in animals exposed to 1000 patm and 3000 patm. The most striking
difference was seen in the HCO3 accumulation. The haemolymph HCO3 concentrations
increased almost linear with the seawater CO: concentration after a medium-term
exposure (Zittier et al. 2012), while after ten weeks the haemolymph HCO3-concentration
increased at 1000 patm followed by a significant decrease at 2000 and 3000 patm,
respectively (Fig. 4.2). Long-term exposure (10 weeks) might also limit the ability of adult
H. araneus to actively compensate for haemolymph acid-base disturbances at medium
seawater PC0; (1000 patm) as the HCOsz accumulation remained below that of animals
exposed for 12 days.

The data suggest a compensatory response of H. araneus via HCO3 accumulation
positively correlated with the seawater PC0. concentration after a medium-term
hypercapnic exposure. Despite the elevated haemolymph HCOs  concentration,
haemolymph pH decreased significantly between control and the highest CO; treatment
(Zittier et al. 2012, Fig. 4.2). Proton-equivalent ion exchange and the flexibility to respond
to acid-base disturbances are reduced at low extracellular pH in the marine worm
Sipunculus nudus (Portner et al. 2000b). The ion transporter NHE and NBC contributed to
the acid-base regulation in S. nudus, but at a lower rate at reduced pHe. The NHE and NBC
can be found in the gills of crustaceans and are involved in acid-base regulation
(Tresguerres et al. 2008). HCO3- produced via carbonic anhydrase hydration of CO; and an
active uptake from the seawater can be released into the plasma by means of NBC. Lower
NBC capacities at lower pHe would thus limit an active accumulation of HCOs and the
compensation of acid-base disturbances. Reduced transporter -capacities at low
extracellular pH can be due to changes in transporter activities or densities of
transporters. The gene expression and, thus, abundance of NHE and NBC was not affected
by seawater PCO: in H. araneus adults (Fig. 4.1). Soleimani et al. (1995) suggested that NHE
activity is predominantly regulated by pH with a constant number of transporters
whereas another important transporter, the H*-ATPase, is mainly regulated by HCO3 via
changes in transporter abundances. Gene expression of H+-ATPase was affected by
elevated seawater CO; concentration in adults of H. araneus after a 10 week exposure
(Harms unpublished data) revealing the same pattern as haemolymph HCOs3
concentrations with a strong up-regulation at 1000 patm followed by a decrease at 2000

patm.
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Fig. 4.2 A-C Haemolymph acid-base status of male Arctic spider crabs Hyas araneus after a
10 week exposure to different seawater PcO: levels and different temperatures. Different
letters indicate significant differences between treatments. Mean * SE. N = 4-8.

D-F Haemolymph acid-base status of cold (1°C) and warm (4°C) acclimated Arctic spider
crabs Hyas araneus after a 12-day exposure to different seawater PCO: levels. Asterisk
indicates significantly different from animals under control CO; levels at the same
temperature. Degree significantly different between cold- and warm-acclimated crabs. N =
4-6 (Zittier et al. 2012)

A&D) pHe, B&E) Pco. (kPa) and C&F) bicarbonate (mmol/1).

119



Discussion

[t seems that Arctic H. araneus has low capacities to fully compensate hypercapnia-
induced acid-base disturbances via a sufficient increase in the haemolymph HCOs
concentration at high external Pco. ( 2000patm). This leads to progressive decrease in
the haemolymph pH entailing a limitation of ion transporter. Consequently, the
haemolymph HCO3 concentration and buffer capacity decreases after a long-term
hypercapnic exposure.

However, extracellular pH of H. araneus did not decrease to the same extent as the
acidified seawater and was still 0.2 units higher than the pH of the surrounding seawater
at 3000 patm (Fig. 4.2). These findings suggest that it is at least partially compensated by
the (albeit not significant) higher HCO3 concentration compared to control animals (Fig.
4.2).

One explanation for the low ability to regulate acid-base disturbances could be that

pH. regulation is energetically costly. Deigweiher et al. (2010) showed a hypercapnia-
induced rise in the fractional cost of ion regulation in gills of Antarctic notothenioids.
Adult H. araneus have a low metabolism, mirrored in low oxygen consumption rates (Fig.
4.4), compared to other decapod crabs (Thurberg et al 1973, Klein Breteler 1975), which
might restrict the abilities to compensate for haemolymph acid-base disturbances.
Special emphasise in terms of acid-base regulation capacities should be given to embryos
of some marine taxa. The embryos of e.g. fish, cephalopods and crustaceans inhabit an egg
capsule during their development. Respiratory gases have to pass the egg wall, which
represents a natural barrier for these gases. As respiration of H. araneus embryos depends
on the developmental stage and increases with development (Petersen and Anger 1997,
Fig. 4.10), respiratory CO; should accumulate within the egg capsule and would rise
further at high seawater CO; concentrations.

As H. araneus embryos seem to have low capacities for active ion regulation, at
least on a molecular basis (Fig. 4.1), exposure to high seawater CO, might elicit acid-base
disturbances within the egg. However, there was no effect of elevated seawater CO; on egg
pH, bicarbonate concentration and Pco: (Fig 4.3) when late stage 11l embryos of H. araneus
were exposed to two different seawater Pc0; of 450 patm and 2400 patm for 14 weeks. In
both CO; treatments egg pH was low whilst PcO: and bicarbonate levels were extremely
high compared to the extracellular compartment of adults. The measured parameters
represent the egg fluid and extra- and intracellular fluid of embryos as a whole and make
statements about the effect of a low egg fluid pH on the embryo acid-base status difficult.
Unfortunately, there is almost no data available on the acid-base status of egg fluid and
embryos in marine ectotherms. In eggs of the cuttlefish Sepia officinalis, Pco: of the

perivitelline fluid (PVF) increased and pH decreased with development and embryonic
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wet weight (Gutowska and Melzner 2009). However, the PVF pH of around 7.2 in S.
officinalis was considerably higher than the mean egg pH of H. araneus, whereas PCO. at
0.25 kPa was lower than in H. araneus eggs and was negatively affected when embryos
were exposed to high seawater CO; (Hu et al. 2011). Sedlacek (2008) reported even lower
intracellular pH values of 5.4 for non-diapause eggs of copepod crustaceans. The
methodical resolution might be a problem as the high HCO3- and Pco: levels as well as a
relatively high standard deviation might limit the possibility to detect small changes due

to high seawater COz concentrations.
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Fig. 4.3 Acid-base status of eggs of the Arctic spider crab Hyas araneus after 14 weeks of
exposure to different seawater PC0: levels (450 patm, 2400 patm). egg pH (white circle),
egg Pco: (kPa)(grey square) and egg bicarbonate (mmol/l) (black triangle). Mean + SE. n =
9-10 egg batches

4.1.2 Effects of elevated seawater Pc0. on metabolic rate and metabolic pathways in
different life stages of Hyas araneus

There was no effect of elevated seawater PCO. or temperature on oxygen
consumption in Hyas araneus adults from a temperate population (Sweden) exposed to
different seawater Pc0. (1000 - 2000 patm) and different temperatures (10°C as control

and 16°C as elevated temperature) (Fig. 4.4).
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Fig. 4.4 Oxygen consumption of males of the temperate spider crab Hyas araneus adults
after 10 weeks of exposure to different seawater Pc0: levels and different temperatures

(open circle 10°C, closed circle 16°C). Mean + SE. n = 5-9

As discussed above, an active HCO3-accumulation and pH compensation by means
of ATP-consuming ion transporters at a medium seawater CO; concentration (1000 patm)
might be accompanied by elevated energy demands, while an uncompensated pHe at high
seawater CO2 (2000 patm) may elicit a metabolic depression. However, ion regulation and
metabolic depression proceed on a cellular level of different tissues and might not be
reflected in whole-animal respiration. Furthermore, shifts in tissue and/or whole-animal
energy budgets during hypercapnic exposure might occur. Overall gill energy turnover
was constant under pH compensated hypercapnia, while energy demands for ion
exchange, protein and RNA synthesis increased in Antarctic notothenioids suggesting a
shift in the gill energy budget (Deighweiher et al. 2010). Besides ion regulation,
calcification might be another energy-consuming process during exposure to high
seawater CO; and a rise in calcification costs might compensate for metabolic depression
of tissues.

Development in crustaceans is characterised by regular moulting events, including
metamorphosis in some life stages. At regular intervals, crustaceans shed the old cuticle

and a new cuticular matrix has to be synthesised and mineralised after moulting (Roer
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and Dillaman 1984). During moult, calcium is reabsorbed from the old cuticle and partly
deposited in storage structures (Luquet and Marin 2004). These ion movements and
deposition during development and growth are energy-consuming processes, as they
require active transport via a series of ATP consuming enzymes, such as Ca-ATPase (Roer
and Dillaman 1984, Luquet and Marin 2004). Shell deposition and/or maintenance and
elevated calcification rates, respectively, might explain elevated metabolic rates in marine
calcifiers exposed to hypercapnic conditions (Wood et al. 2008, Stumpp et al. 2011a).

While calcification of H. araneus megalopa larvae was compromised at a seawater
Pcoz of 3000 patm (Walther et al. 2011), electron microscope images did not show any
changes in the carapace of adult H. araneus after exposure to high seawater CO; levels
(Eva Klumpen personal observation, Fig. 4.5) indicating no carapace dissolution under
conditions of elevated seawater PCO: in adults. There was no visible evidence of a detached
and crenated cuticle at elevated seawater PCO: as it e.g. could be found in the edible crab
Cancer pagurus (Eva Klumpen personal comment).

Carapaces of all animals used for experiments in the present thesis were covered
with epibionts suggesting an intermoult stage. The potentially negative impact of a non-
compensated haemolymph pH on calcification processes and the associated increase in
energy costs may only become obvious during moulting, when ion movements and
deposition are accomplished. Post-moult calcification under hypercapnic conditions took
twice as long in the blue crab Callinectes sapidus (Cameron 1985). Furthermore, the CaCO3
formation in crustaceans takes place in the shell fluid compartment at 0.3 to 0.5 pH units
above that of the haemolymph (Cameron and Wood 1985). The observed decrease in
haemolymph pH in adult H. araneus due to hypercapnic exposure will increase the pH
gradient between the haemolymph and the shell fluid and more energy might be needed
to maintain the shell fluid pH. This mismatch has the potential to adversely affect

calcification and growth of this species.
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Fig. 4.5 Scanning electron micrographs of Hyas araneus cuticle after 10 weeks of exposure
to different seawater PcO: levels. (picture by Eva Klumpen). A) Animals exposed to 400
patm CO; B) Animals exposed to 2400 patm CO2 There was no visible evidence of a

detached or crenated cuticle at elevated seawater CO-.

A metabolic depression can be indicated by a repression of genes of the citric acid
cycle and the electron transport system (van der Meer et al. 2005). In order to investigate
whether high seawater CO; (> 3000 patm) elicits a metabolic depression, transcript levels
of several genes responsible for the mitochondrial energy metabolism were measured in
different larval stages of H. araneus exposed to 420 patm and 3300 patm (publication III).

There was no indication for a hypercapnia-induced metabolic depression in the
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gene expression of various genes involved in the citric acid cycle and the electron
transport system in H. araneus larvae. The majority of genes representing mitochondrial
metabolic pathways were up-regulated under hypercapnic conditions (Table 5 in
publication III). An increase in whole-animal mRNA levels of these genes could indicate a
compensation of elevated energy demands during exposure to elevated seawater PCO: as
we assume that the strong increase in expression should result in increased protein levels.
Elevated energetic costs should be accompanied by higher metabolic rates, which was not
the case in H. araneus larvae (Fig. 1 in publication III). The results imply that standard
metabolism under high seawater CO2 can only be maintained due to higher numbers of
enzymes from the citric acid cycle and the electron transport system. Elevated transcript
levels of corresponding enzymes might be related to a depression in enzyme activities at
elevated seawater CO; due an inhibition of rising intra- and extracellular bicarbonate
concentrations (for details see discussion publication III). Elevated seawater as well as
atmospheric CO; inhibited mitochondrial respiration and respiratory enzymes (Gonzales-
Meler et al. 1996, Drake et al. 1999, Strobel et al. 2012). Bicarbonate inhibited citrate
synthase in mouse kidney mitochondria (Simpson, 1967) and activates adenylyl cyclase,
which produces the second messenger cAMP, which is involved in enzyme regulation by
phosphorylation and also transcription factor regulation (Acin-Perez 2009, Tresguerres et
al. 2011). Thus, an increase in transcript levels of genes from the citric acid cycle and the
electron transport system could be a prerequisite to maintain standard metabolic rates at
high seawater COx.

An up-regulation of the majority of genes representing mitochondrial metabolic
pathways was also evident in H. araneus adults after a ten week exposure to elevated
seawater PCcO; (Harms unpublished data) revealing the same pattern as haemolymph
HCO3 concentrations with a strong up-regulation at 1000 patm followed by a decrease at

2000 patm.

4.2 CO; sensitivities of early life history stages and spawners: evaluation of potential
bottlenecks

Different life cycle stages of benthic calcifiers are known to be differently affected
by high seawater Pco. (Kurihara 2008). However, studies focusing on specific effects of
high CO; on several life stages of one species are scarce. The present thesis examined the
response of embryos, larvae, adults, and spawners of the spider crab Hyas araneus to
elevated seawater PCO. from the systemic to the molecular level attempting to determine
the stage-specific characteristics of CO; tolerance as it has been done for other stressors

like temperature (Fig 4.7). Some physiological responses of different life stages of H.
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araneus to elevated seawater PCO: have been discussed above (see chapter 4.1). This
chapter will focus on the life stages, which have been proposed to be most sensitive to
environmental stress: the early ontogenetic stages (embryos, early larvae) and the

ovigerous females (Fig. 4.6).

Thermal window widths Fig. 4.6 The aerobic thermal window of different life

across life stages (fishes) stages of fish (from Portner and Farrell 2008).
Position and width of windows can differ between

Spawners life stages.

<+—\Growing adults

~<— / Juveniles

Sequence of life stages

Eggs, early larvae

Aerobic thermal window

The early post-hatching larval stage of crustaceans (zoea I) has been identified as a
relatively tolerant developmental stage also when exposed to extremely high seawater
Pco.. Hypercapnic exposure did neither affect dry weight and elemental composition
(growth) nor survival of the zoea I in different crustacean species (Arnold et al. 2009,
Walther et al. 2010, 2011, Bechmann et al. 2011). The main response observed in post-
hatching larval crustaceans exposed to elevated seawater Pc0z, was slower development
(Walther et al. 2010, Bechmann et al. 2011, Keppel et al. 2012). However, if elevated
seawater CO; levels lead to longer developmental times in zoea larvae, studies of CO;
effects on time-dependent functions would create a classic experimental design problem
(Portner et al. 2010a). How to distinguish age-related effects from the effects of elevated
CO; levels, when high CO; leads to different stages at a given time point? By sampling once
per larval stage, previous studies suggested that there is no effect of elevated seawater
Pco2 on the growth of the first larval stages of crustaceans (Arnold et al. 2009, Walther et
al. 2010, 2011). However, no differences in post-moult dry weight between larvae exposed
to control and high CO; under which they needed longer time to moult into the
subsequent stage, would indicate that at high seawater CO; a longer time period is needed
to gain the same amount of weight as control larvae. This would imply reduced growth

rates in early larval stages of crustaceans exposed to elevated seawater CO; levels. Thus,
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dry weight should be measured at several time points in larval development to avoid
misleading conclusions. Such measurements have not been conducted yet.

The underlying mechanisms responsible for the observed developmental delay are
still unknown. Higher energetic demands for maintenance of intra- and extracellular
homeostasis and calcification have been proposed for sea urchin larvae as possible
mechanisms resulting in less energy available for somatic growth and a slower
development (Stumpp et al. 2011a,b). So far, there are no data available concerning the
energy budget of crustacean larvae during exposure to elevated seawater PC0. within
and/or at a given time point in the moult cycle.

Ocean acidification studies disentangling the effects of larval age from those of
high seawater CO; levels on physiological parameters have been carried out on sea urchin
larvae with continuous development (Stumpp et al. 2011a, Martin et al. 2011), but not on
species with discrete development (e.g. crustaceans). In crustaceans, the fitness of
planktonic larvae is influenced by pre-hatching conditions, termed carry-over effects
(Anger 2006). Carry-over effects were proven in Chasmagnathus granulata with an
increase in the ability to hyper-osmoregulate in the first zoea stage after embryonic
exposure to reduced salinities (Charmantier et al. 2002). The developmental delay in the
early larval stages of crustaceans exposed to elevated seawater PCO. suggest that high
seawater CO; levels constrain early larval development with unknown mechanistic
background, which might become more obvious in the later larval stages by carry-over
effects. However, in crustaceans, most studies dealt with effects on post-embryonic (post-
hatching) larval stages but disregarded effects of seawater PCO: on embryos. This critical
transition phase between embryos and early post-hatching larvae and any carry-over
effect has not comprehensively been explored.

The development of physiological processes in the first larval stage of H. araneus in
response to elevated seawater PCO: was determined in the present thesis in order to
observe if changes in physiological responses occur at a certain time point and to examine
the mechanisms underlying the observed developmental delay of the first larval stages in
response to high CO; exposure (publication I). The results were linked to a comparative
time series study indicating hypercapnia-induced carry-over effects between embryos and
the first zoea stage (publication II). In order to determine if a CO; induced disruption of
female-egg interactions could be responsible for the observed carry-over effects, brooding

behaviour was monitored in ovigerous females of H. araneus (unpublished results).
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4.2.1 Effect of pre-hatching seawater Pco: on the development of physiological
processes during development of the first larval stage of Hyas araneus

Development of Hyas araneus zoea | larvae exposed to control seawater PCO:
during pre-hatching phase was not delayed in response to acutely elevated seawater PCO:
exposure during the larval phase (publication I). This is not in accordance with previous
studies (Walther et al. 2010) and might be due to higher rearing temperatures used in my
study. Development of crustacean larvae is characterized by a high degree of plasticity and
depends on environmental conditions. Environmental temperature is one main driving
force for developmental duration in crustacean larvae (Anger 1983). Temperature has a
much stronger influence on developmental duration of H. araneus larvae at the cold end of
the thermal tolerance window and the increased developmental duration due to a
decrease in temperature is stronger than the acceleration caused by an equal increase in
temperature (Anger et al. 1983, Walther et al. 2010). The negative impact of elevated
seawater PCO: (3000 putm) on larval developmental time in zoea larvae reared at 3°C
vanished at higher rearing temperatures (9°C and 15°C) in the previous study on H.
araneus (Walther et al. 2010). Thus, a rearing temperature of 6°C, as used in my study,
might have been too high to detect a CO; induced developmental delay in H. araneus zoea |
larvae (publication I). These findings indicate synergistic effects of temperature and
seawater CO; concentration on mechanisms eliciting the developmental delay in
crustacean larvae exposed to hypercapnic conditions. Both environmental factors seem to
influence each other and effects might counteract each other.

One aim of my thesis was to detect the mechanisms responsible for the observed
hypercapnia-induced developmental delay in the first larval stages of crustacean. Despite
equal developmental times in H. araneus larvae reared at 490 and 2400 patm (publication
[), I was able, following the development of physiological processes, to show age-related
differences in growth and energy demands in zoea I larvae reared at different seawater
Pco: levels. As earlier studies sampled only once per larval stage (Arnold et al.2009,
Walther et al. 2010, 2011), these differences might not have been detected and led to the
assumption that the early post-hatching larval stage (zoea I) is a relatively tolerant
developmental stage in terms of ocean acidification.

Under hypercapnic exposure, H. araneus zoea | larvae exhibited higher energy
demands a few days before moulting into the second stage (zoea II). Oxygen consumption
rate had reached a steady state level under control conditions, while there was a rise in
oxygen consumption rate continuously leading to a maximum 1.5-fold increase beyond
control level in larvae exposed to high seawater Pco: (Fig. 1 in publication I). As metabolic

rates of larvae comprise the energy demand for both maintenance and swimming activity,
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the hypercapnia induced elevation in the energetic costs was discussed and explained by
increased activity shortly before moulting (see discussion publication II). The observed
higher metabolic costs during pre-moult events at high CO; exposure likely deplete energy
stores of zoea I larvae. Developmental duration and successful moulting of decapod
crustacean larvae highly depend on energy reserves accumulated from food (Anger 1987).
However, it is unlikely that higher metabolic costs during pre-moult events in larvae
exposed to high seawater CO. concentrations elicit delayed moulting, as accumulated
energy reserves should be sufficient to assure a successful moulting. The pre-moult phase
is a comparatively short period within the moult cycle of crustacean larvae and elevated
oxygen consumption rates in H. araneus zoea | larvae were only detected shortly before
moulting into the second larval stage (day 36 post-hatching) (Fig 2 in publication I).
Different critical points have been found in the interaction between energy accumulation
from food and developmental duration in crustacean larvae (Anger 1987). One of them is
termed “point of reserve saturation (PRS)”. If larvae pass that point under conditions of
sufficient food supply and reserve accumulation, they will successfully moult to the
subsequent stage independent of food availability. The second critical point in the
interaction between reserve accumulation from food and developmental duration in
crustacean larvae is called “point of no return (PNR)”. If unfed larvae had passed about
70% of the maximum possible survival time under starvation, they were not able to
recover when re-fed and stayed in their present stage of development with no return to a
complete moult cycle (Anger and Dawirs 1981).

The PRS is reached after one third to one half of total developmental duration of
the first larval stage (Anger 1987). With a developmental duration of about 43 days, H.
araneus zoea I larvae would have passed the PRS before the 1.5-fold increase of metabolic
costs in larvae exposed to high CO; concentrations on day 36 post-hatching.

The effects of high CO; exposure on the metabolism did not influence zoea I
survival (publication I). It seems that the zoea I stage of H. araneus is able to compensate
for the elevated costs associated with the development in a high Pco. environment. This
compensation might affect the performance of later stages by carry-over effects due to
depletion of energy reserves (Dupont et al. 2012). The observed severe impact of
hypercapnic exposure on later larval stages of crustaceans (Arnold et al. 2009, Walther et
al. 2010, 2011) might therefore be explained by energy depletion through compensatory
mechanisms in the early larval stages.

Energy depletion and energy accumulation and the associated growth and weight
increment are highly relevant factors substantially shaping crustacean larval survival and

developmental duration (Anger and Dawirs 1981, Anger 1987). The relevance of these
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factors for larval survival and development under hypercapnic conditions becomes most
obvious when comparing results of publication I and II.

Elevated seawater PCO: affected zoea I dry weight increment independent of pre-
hatch history (high CO; during the pre- and post-hatching phase vs. normocapnic CO;
during the pre-hatching phase and high CO; during the post-hatching phase). An exposure
to high seawater PcO: elicits an initial time period with low dry weight increment followed
by a developmental period of increasing dry weight until a certain time point in
development when larvae gained the same amount of weight as control larvae (Fig. 4.7).
However, zoea I larvae exposed to elevated seawater PCO: during the pre- and post-
hatching phase had a longer period of low weight increment and needed longer to gain the
same amount of weight as control larvae (Fig. 3 in publication II) compared to larvae
acutely exposed to high seawater PC0O. concentrations after hatching (Fig. 3 in publication
0.

Beside the differences in dry weight increment in pre-exposed and acutely exposed
larvae, we observed extremely divergent survival rates and developmental times. There
was no effect of seawater CO; concentration on the survival rate and developmental
duration in H. araneus zoea I larvae exposed to elevated CO; after hatching (publication I).
Contrary, when embryos were pre-exposed to elevated PC0:;, 64 % more of them died
under continued CO exposure during the zoea I phase and stage duration until moulting
into zoea Il was extended by 21 days at high CO; levels (publication II) (Fig. 4.8).

Divergent survival rates and developmental times of in pre-exposed and acutely
exposed larvae might be due to differences in accumulation of energy reserves. I estimated
the two critical points in the interaction between reserve accumulation from food and
developmental duration in crustacean larvae (PRS and PNR) for H. araneus zoea I larvae
with different pre-hatching history (publication I, publication II). The PRS should be
reached between approximately day 15 and day 22 in larvae exposed to elevated seawater
Pco: after hatching and between day 16 and day 24 in larvae exposed to high CO; during
pre-and post-hatching phase. Maximum survival time during starvation of zoea I larvae
reared under control seawater PCO; was 26 days at 3°C and 19 days at 9°C (publication II).
Based on these findings, the PNR was calculated and interpolated for H. araneus zoea |
larvae with different pre-hatching history. The PNR should be reached on day 16 in zoea
larvae reared at elevated seawater PCO: after hatching and day 19 in pre-exposed zoea.
When comparing differences in dry weight increment due to different pre-hatching
history, these critical points should be considered (Fig. 4.7) as they relate to survival and
moulting success. When H. araneus zoea 1 larvae acutely exposed to hypercapnic

conditions after hatching reached the PNR and PRS, respectively, dry weight increased
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continuously and larvae gained almost the same amount of weight as control larvae (Fig.
4.7 A). Zoea I larvae pre-exposed to high seawater PC0. concentrations before and after
hatching passed the PNR long before the increasing dry weight equalled that of control
larvae (Fig. 4.7 B).
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Fig. 4.7 A Growth pattern (dry weight) of zoea I larvae of Hyas araneus reared under two
different seawater PCO: levels (490 patm CO2: white circles; 2400 patm CO2: black circles).
Mean * SE. Asterisks indicate significant differences between treatments on the same
developmental day. N = 8 B Dry weight of zoea I larvae of Hyas araneus pre-exposed to
elevated PcO: during the pre-hatching phase and reared under two different seawater
Pco; levels (350 patm COz: white circles; 3100 patm CO3z: black circles) during time of
development. Mean * SE. Asterisks indicate significant differences between treatments on
the same developmental day. PNR: “point of no return” (dashed line); area of PRS: “point

of reserve saturation” (between solid lines) n = 8
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As the PNR and PRS are reached during the first third of larval development, it
might be a critical phase within the larval development determining the recruitment
success. H. araneus larvae depend on immediate food supply for a successful development.
Earlier studies showed that a sufficient food supply determines developmental duration
and survival of crustacean larvae (Anger and Dawirs 1981, Dawirs 1983). Elevated
seawater PCO; caused a reduction in zoea I feeding rates at the beginning of the moult
cycle, when embryos were pre-exposed to elevated seawater PCO: (publication II). The
higher mortality and prolonged development found in H. araneus zoea I larvae pre-
exposed to high seawater CO; during the pre-hatch phase might be attributed to reduced
feeding rates and slower dry weight increment before reaching the PNR. This assumption
is further supported by the fact that survival of pre-exposed zoea I started to decreased
considerably when larvae passed the PNR (Fig. 4.8).

The lower survival of pre-exposed zoea I larvae could also be due to the higher
seawater PcO: of 3100 patm used for experiments. However, exposure to even higher
seawater CO; levels of 3300 patm did not considerably increase zoea I mortality of H.
araneus (publication III).

The insufficient growth and dry weight increment during the beginning of
the moult cycle in H. araneus zoea I larvae pre-exposed to elevated seawater PCO; before
hatching might be attributed to either reduced feeding or elevated energy demands.
Elevated respiration rates at increased seawater PCO: in zoea I larvae two days post-
hatching (Fig. 2A in publication II) could only be observed in pre-exposed, but not in
acutely exposed zoea I larvae, indicating that high seawater CO; levels might also affect the
hatching process. The underlying physiological mechanisms still need to be explored.
However, during this transitional phase of metamorphosis, larvae may be especially

sensitive to environmental stressors.
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Fig. 4.8 Survival (%) of zoea I larvae of Hyas araneus reared under 490 patm (white
circles) and 2400 patm (dark grey circles) (6°C), respectively, and zoea I kept at 350 patm
CO2 (light grey circles) and 3100 patm CO: (grey circles) (4°C) after the two weeks of the
respective pre-exposure of eggs. Data were collected from hatching onward until larvae
were either dead or moulted to the second stage. Box whisker plots show developmental
time of zoea I larvae of H. araneus from hatching until moulting to the second stage (same
colour code for the different treatments). Box limits represent 25th and 75th percentiles,
the line within the box marks the median and whiskers indicate 90th and 10th percentiles.
PNR: “point of no return” for zoea I larvae acutely exposed to high seawater PCO:
concentrations after hatching (grey line) and pre-exposed during the pre-hatching phase

(black line).

Elevated respiration rates two days post hatching indicate an uncompensated
energetic cost associated with maintenance at high seawater PC0.. Respiration comprised
16 %, while growth comprised 11 % and excretion 71 % of the total energy assimilated by
food intake and 2 % was lost as cast exoskeletons in zoea I larvae of Carcinus maenas
(Dawirs 1983). Assuming a similar energy budget for H. araneus zoea 1 larvae, any
increase in the cost of maintenance two days post hatching would reduce the amount of
energy available for other processes like growth (Fig. 4.9). Metabolic rates of larvae
comprise the energy demand for both maintenance (standard metabolic rates SMR) and

swimming activity (active metabolic rates AMR). Storch et al. (2011) suggested that
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swimming costs were between 17 % and 22 % of total metabolic rate in larval stages of
the Chilean kelp crab Taliepus dentatus. It is possible that a shift in energy budget occurs
in pre-exposed zoea | larvae of H. araneus with more energy spent on maintenance and
less for swimming. As a dilemma, lower swimming activity causing lower feeding rates

reduces energy availability and may thereby exacerbate the reduction in growth (Fig. 4.9).
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Fig. 4.9 Diagram of the energy budget for zoea I larvae of Hyas araneus. Percentage of
different processes was calculated after Dawirs (1983) and Storch et al. (2011). CO;
induced shifts in the energy budget are indicated by + and -. + depicts a possible CO;
induced increase in the corresponding process. — depicts a possible CO; induced decrease
in the corresponding process. The dashed arrow indicates the relationship between active
metabolic rate (AMR) and larval growth. Metabolic rate (MR), standard metabolic rate
(SMR).

Not only during the transitional phase of remodelling between embryo and larvae,
early life stages may be especially sensitive to environmental stressors, but also during the
embryonic phase. As the fitness of planktonic larvae is influenced by pre-hatching
conditions, effects of high seawater CO; on embryos might carry over to the first larval
stage resulting in low zoea I survival. Another experiment has been performed to
investigate effects of elevated seawater PCO. on embryos and ovigerous females. Non-
ovigerous and ovigerous females carrying late stage IIl embryos of H. araneus were
exposed to two different seawater PcO: of 450 patm and 2400 patm for 14 weeks. The
effect of high CO2 exposure on the embryonic acid-base status has been discussed in the

previous chapter (4.1). The high mortality rates of pre-exposed zoea I larvae cannot be
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explained by an altered acid-base status within the egg capsule as egg pH, Pc0o. and HCO3
were not affected by the seawater CO, concentration (Fig. 4.3). However, the methodical
resolution might be a problem and might limit the possibility to detect small changes.
Lower survival rates of pre-exposed zoea I larvae might be due to modified behaviour of
the female. The effect of elevated seawater CO; concentrations on the supply of oxygen to

the embryos through specific female brooding behaviour is discussed in the next section.

4.2.2 Brooding behaviour of females during hypercapnic exposure

Like in many marine decapod crustaceans, Hyas araneus embryos are protected by
the female, and eggs are attached to the female’s pleopods. To guarantee oxygen
availability in theses compact egg masses, specific female behaviours could be
demonstrated in some species (Ferndndez et al. 2000, Baeza and Fernandez 2002).
Parental care involves costs related to the provision of oxygen to the embryo. Fernadndez
et al. (2000) showed that oxygen consumption of brooding females could be almost twice
as high as standard metabolism in non-brooding spider crabs Maja squinado.

There is already evidence that exposure to elevated seawater PCO: leads to a shift
in energy budgets eliciting reduced somatic and reproductive growth in echinoderms
(publication II, Stumpp et al. 2012). In brooding females of crustaceans, a CO; induced
shift in the energy budget might constrain sufficient provision of oxygen to the embryo as
less energy can be invested in parental care. This might have crucial consequences for
embryos and the survival of subsequent larval stages. Embryonic development is oxygen
limited (Fernandez et al. 2003). Oxygen limitation would be exacerbated by enhanced
embryonic oxygen demand or a limiting role for female ventilation. Progressive oxygen
limitation goes hand in hand with CO; accumulation from respiration and thereby
exacerbates exposure to elevated PCO;.

Embryonic oxygen consumption increased with time in control embryos, with no
significant effect of hypercapnia (2400 patm). However, energy demands of embryos were
(albeit not significant) higher after two weeks of exposure to high seawater CO..
Hypercapnic exposure led to an enhanced ventilation activity in female H. araneus despite
the same embryonic oxygen consumption after 14 weeks (Fig. 4.10). On average, each
female flapped its abdomen twice per hour at control seawater PCO;, while high CO;
exposure increased the number to 11 times per hour. As abdominal flapping is associated
with an increase in oxygen availability in the centre of the brood mass (Baeza and
Fernandez 2002), the observed high mortalities in zoea I larvae exposed to elevated

seawater during pre- and post-hatching phase might not be due to a constricted provision
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of oxygen to the embryo by the female. Unfortunately, no data on the flapping frequency of
females were obtained after two and eight weeks of exposure to high seawater CO; and an

initially limited provision of oxygen to the embryo cannot be excluded.
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Fig. 4.10 Oxygen consumption of embryos of Hyas araneus exposed to two different
seawater PCO: (450 patm CO; white circle, 2400 patm CO; grey circle) and number of
abdominal flapping per hour of ovigerous females measured after 14 weeks (450
patm COz white bar, 2400 patm CO;grey bar). Mean * SE. Eggs: Different lowercase
letters indicate significant differences between weeks of incubation within one
treatment. N= 4-6. Females: Asterisks indicate significant differences between

treatments. N=6

Our understanding of the underlying mechanisms linking active brood care and
oxygen provision in crustaceans is far from being complete. Abdominal flapping of female
crabs was observed to increase the oxygen availability in the center of the egg masses
(Bazea and Fernandez 2002). Chela and pereiopods were used to pierce the embryo
masses and appendages were directed to the female mouthparts after eggs were pierced
(Bazea and Fernandez 2002). A high number of mechano- and chemosensory setae are
located at the dactylus of the pereiopods and in the mouth region of crustaceans (Ache
1982, Schmidt and Gnatzy 1984). Abdominal flapping triggered by release of pheromones

through eggs during time of hatching have been reported in ovigerous crabs (de Vries et al.

136



Discussion

1991). The observed changes in female brooding behaviour at high seawater CO, might be
due to a chemo-responsive behaviour, as it has been shown for the chemo-responsive
“sniffing response” in an intertidal crustacean (de la Haye et al. 2012).

An altered female brooding behaviour at elevated seawater PCO: in H. araneus
should have consequences for the female’s energy budget with females putting more effort
in oxygenation of broods. Acid-base status of ovigerous and non-ovigerous females were
compared to investigate if ovigerous females spend less energy on acid-base regulation
due to energy depletion through elevated costs of brooding. There were no differences in
extracellular and intracellular (muscle) acid-base status of ovigerous and non-ovigerous
females of H. araneus (data not shown). This indicates that elevated costs of brooding
under high CO; are not at the expense of acid-base regulation. Further studies are needed
to evaluate possible higher energy demands or/and shifts in the energy budget of

ovigerous females in a high CO; world.

4.3 Synergy between CO: and temperature: implications for future spatial
distribution of Hyas araneus

Future scenarios predict a concomitant increase of seawater CO; concentrations
and temperature with both factors in synergy challenging marine species and ecosystems.
Interaction between these environmental factors on the physiology of marine organisms
can result from physiological mechanisms affected by both factors (Portner et al. 2005).
Different underlying physiological mechanisms might be affected. 1) Ion regulation:
Interactions of elevated seawater PCO. and temperature elicit strong acid-base
disturbances leading to reduced protein functional capacity via lowered pHe and thereby
lower temperature tolerance. 2) Metabolism: An uncompensated drop in extracellular pH
can have a depressing effect on aerobic energy metabolism, which will likely reduce the
capacities to withstand temperature extremes. 3) Elevated seawater PC0: affects the heat
shock response (higher or lower heat shock protein abundance). 4) Function of
respiratory pigment: A lower haemolymph pH limits the functionality of the respiratory
pigment and, therefore, a sufficient oxygen supply at high temperatures.

To test whether these biological processes set temperature tolerance during
hypercapnic exposure, changes in transcript levels of several genes responsible for ion
regulation, metabolism and heat shock response were determined in different larval
stages of Hyas araneus exposed to elevated seawater PC0. before and after larvae were
heat shocked. On the whole animal level, oxygen consumption, heart rate and activity

during acute warming was measured to determine thermal windows of different larval
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stages exposed to elevated seawater PCO: in order to examine their temperature tolerance
and a possible limitation due to high CO; exposure (publication III).

The low capacity of H. araneus to compensate for hypercapnia induced
extracellular acid-base disturbances did not elicit a metabolic depression and the
expression of genes of mitochondrial metabolic pathways was mainly affected by elevated
seawater CO; with no synergistic effects of high temperature and high CO; (publication III).
The results have been discussed in section 4.1. In the next section [ will focus on the gene
expression patterns of cellular heat stress response in H. araneus larvae exposed to
elevated seawater Pc0O: in order to align molecular responses to whole organism
performance and to reveal mechanisms affected by the synergistic action of high CO, and
high temperature. Furthermore, the role of the respiratory pigment of the crustaceans,
haemocyanin, and its oxygen binding characteristics under hypercapnia will be discussed
for adult H. araneus (unpublished data) as systemic oxygen supply strongly affects thermal
tolerance windows (Frederich and Pértner 2000) and respiratory protein function may be
of central importance sustaining tolerance to hypercapnia and elevated temperatures.

As different populations along a latitudinal gradient are adapted to different
thermal regimes and might possess different thermal tolerance windows, they might be
affected to a different degree by increasing ocean temperatures. Acute temperature
tolerance windows of larval stages from different populations of H. araneus will be
compared to those of larvae of another spider crab species (Pugettia producta)
(publication III, unpublished date) in order to assess the vulnerability of populations and
species to ocean temperature changes and to discuss implications for their future spatial

distribution considering the aspect of narrower thermal windows at high seawater CO,.

4.3.1 Temperature tolerance of Hyas araneus exposed to elevated seawater PCO:
Larval thermal windows of different larval stages of Hyas araneus were
determined in the present thesis (publication III) and will be compared to the adult
thermal window examined in a previous study (Walther et al. 2009). However, different
populations of H. araneus were sampled. Adults were collected from the Helgoland
population of H. araneus, while larvae were obtained from the Gullmarsfjord (west coast
of Sweden). The temperature range experienced by the Helgoland population of H.

araneus is comparable to that of the population in the Gullmarsfjord with an annual mean

temperature range of 2-17°C (www.weather.loven.gu.se/en/data.shtml). I could show that
the three different larval stages of H. araneus display different upper thermal tolerance

limits indicated by maximal oxygen consumption and heart rates detected at 25°C in zoea |
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and zoea Il in comparison to 22°C in megalopa larvae (publication III). Different
temperature ranges in three larval stages have also been reported for the kelp crab
Taliepus dentatus with the narrowest window found in the megalopa (Storch et al. 2011).
It has been proposed for marine fish that early larval stages possess narrower thermal
windows and, thus, are more stenothermal than adults (Portner et al. 2006). This
assumption also holds true for H. araneus with an upper critical temperature of over 25°C
in adults, 25°C in zoea stages and 22°C in the megalopa stage. The high sensitivity of the
megalopa to environmental stressors has been found in previous studies suggesting that
this larval stage is a physiologically sensitive bottleneck within the life cycle of decapod
crustaceans (Walther et al. 2010, Storch et al. 2011).

Our knowledge of mechanistic principles in stenothermal polar fish might help to
explain why thermal windows vary between different life history stages (Portner et al.
2006). Stenothermal fish have low standard metabolic rates and high Qio values of
baseline mitochondrial oxygen demand, which might reflect high activation enthalpies and
therefore reduced maintenance costs (Portner et al. 2006). Reduced standard metabolic
rates favour growth rates as a trade-off and at the cost of enhanced stenothermy. This
pattern is applicable to the megalopa larvae of H. araneus. The lower respiration rates of H.
araneus megalopa larvae at the rearing temperature of 10°C (publication III, Fig. 1) and
higher growth rates compared to the more agile zoea stages (Anger et al. 1983) might
narrow its thermal tolerance.

Different thermal tolerance windows of life history stages might also be due to
morphological and physiological constraints and different capacities of central organs like
the heart (Portner et al. 2006). Heart rates of adult and larval fish are temperature
sensitive and increase with increasing temperature. Fish larvae displayed higher Qio
values of standard metabolic rates and heart rates than adult fish, although larval Q1o
values for heart rate were lower than the values for standard metabolic rates (Pértner et
al. 2006). Portner et al. (2006) suggested that mechanisms responsible for temperature
compensation in adult hearts are less or not developed in larval fish.

For H. araneus adults, Walther et al. (2009) reported a Qio for heart rate of 1
between 10°C and 25°C. Q1o values were 1.5 (zoea I), 1.9 (zoea II) and 1.4 (megalopa)
between 10°C and the critical temperature of 25°C in the zoea stages and 22°C in
megalopa stage (publication III) and, thus, slightly higher compared to the adults. The
cardiac activity of larval H. araneus seems to be more temperature sensitive triggered by
mechanisms comparable to fish larvae and less developed mechanisms of temperature
compensation might narrow the larval thermal window of H. araneus larvae.

In early larval stages of fish, developing cardiac performance and activity are not
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yet fully linked to metabolic requirements as in adult fish (Pelster 2002). The concept of
oxygen and capacity limited thermal tolerance (Pértner 2001, Portner and Farrell 2008) is
based on the assumption that a mismatch between oxygen demand and oxygen supply due
to limited capacity of ventilatory and circulatory systems at temperature extremes limits
the aerobic scope and, as a consequence, thermal tolerance (Frederich and Pértner 2000).
If metabolic requirements are insufficiently linked to cardiac activity, a lower Qio for
cardiac output than for oxygen consumption in early larval stages would lead to an early
oxygen deficit during warming. Q1o values for heart rate and oxygen consumption were
close to 1.5 between 10°C and 25°C in zoea stages of H. araneus (publication III). In H.
araneus megalopa larvae, the Q1o value for oxygen consumption between 10°C and 22°C
revealed a strong temperature dependency and was about 5, while the Q1o value for heart
rate was much lower (1.4) (publication III). It seems that the lower metabolic rates of the
megalopa stage led to enhanced stenothermy accompanied by a much stronger increase in
oxygen demands with warming than observed in zoea stages. Elevated oxygen demands
could not be covered by a sufficient increase in oxygen supply due to limited capacity of
the circulatory system in the megalopa. The high thermal sensitivity of megalopa might be
a trade-off for reduced energy expenditure making this larval stage a physiologically
sensitive bottleneck within the life cycle of H. araneus.

Exposure to elevated seawater CO; narrowed the thermal window of all larval
stages and the adults of H. araneus (Walther et al. 2009, publication III). The upper critical
temperature shifted from above 25°C at control Pco. to 23,5°C and 21,1°C, when adults
were exposed to elevated seawater CO: concentrations of 710 patm and 3000 patm,
respectively (Walther et al. 2009). The shift of upper thermal limits in hypercapnia-
exposed adults was attributed to stronger thermal stimulation of heart rate possibly as a
response to lower oxygen tensions. As haemolymph oxygen levels set thermal tolerance
windows in marine crustacean adults (Frederich and Pértner 2000), function of the
respiratory protein, haemocyanin, is of central importance during exposure to elevated
seawater PCO: and elevated temperatures. Haemocyanin occurs freely dissolved in the
haemolymph of crustaceans and its oxygen binding characteristics are of greatest
importance for oxygen loading and CO; unloading of blood at the gills, oxygen transport
and oxygen release and CO; loading in the tissue. The binding of oxygen to haemocyanin is
(amongst others) affected by temperature, pH and CO; in crustaceans (Weber and
Hagerman 1981, Jokumsen et al. 1981). Metabolic CO; is released at tissues and forms
bicarbonate and protons. High proton concentrations lead in turn to a low haemolymph
pH. High CO; concentration and low haemolymph pH cause more oxygen to be released

from the protein (Schmidt-Nielsen 1975). Vice versa, low CO; concentrations and a more
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alkaline pH favours the oxygen uptake at the gills. This effect is known as Bohr effect.
However, CO; can lower the oxygen binding capacities even at a constant pH (Weber and
Hagerman 1981) possibly by binding to the respiratory protein.

In a preliminary approach, the oxygen binding characteristics of haemocyanin of
adult H. araneus were examined in a pH saturation diagram (unpublished data, Fig. 4.11).
Animals were exposed to 390 patm (control Pc0:) and 1960 patm (high Pco:) for ten
weeks. Haemocyanin oxygen saturation was determined at different haemolymph pH and
Po: to investigate the effect of elevated seawater PCO: on the relationship between pHe, P0.
and oxygen binding. Measurements started at different pHe as hypercapnia-exposed
animals had a lower in vivo pH of 7.7 compared to a pH of 8.0 in control animals. There
was almost no decrease of oxygen saturation with pH at an oxygen partial pressure of 21
kPa, while the steepest decrease in oxygen saturation with pHe was found at 1 kPa, 2 kPa
and 5 kPa in animals from both treatments (Fig. 4.11). The steepness of the oxygen
saturation isobars is an indicator for the pH sensitivity of haemocyanin as it describes the
relationship between the changes in pH and the liberation of oxygen from haemocyanin.
There was strong effect of seawater CO2 concentration on the steepness of the 1, 2 and 5
kPa isobar. Haemocyanin saturation decreased from 100 % to 50 % between a pH. of 8.1
and 6.8 at a Po: of 2/5 kPa and 7.4 at a P02 of 1 kPa, respectively, in control animals. At
high seawater CO;, haemocyanin became half-saturated between a pHe of 7.5 and 7.3 and
7.1 at a Po; of 2/5 kPa and 1 kPa, respectively, suggesting an influence of seawater CO; the
on haemocyanin molecule.

In crustaceans, the contribution of haemocyanin to the in vivo oxygen transport
increases with decreasing haemolymph Po. (Lallier and Truchot 1989). Hypoxic exposure
(4 kPa) of the shore crab, Carcinus maenas, elicited a strong decrease of haemolymph Po.
from 14 kPa to around 1.5 kPa, which was accompanied by an increase in haemolymph
haemocyanin levels and enhanced haemocyanin oxygen affinity (Lallier and Truchot
1989). Under normoxic conditions oxygen transport relied mainly on physically dissolved
oxygen (80 %), while during hypoxia the major part of the oxygen was transported as
oxyhaemocyanin (94-98 %). In H. araneus, the maximum steepness of the 1 and 2 kPa
oxygen saturation isobars indicates high haemocyanin cooperativity implying that
relatively small changes in pH are sufficient to deliver a large fractions of haemocyanin
bound oxygen into the blood. Higher haemocyanin cooperativity might be a crucial
strategy to cope with a lower in vivo pHe at elevated seawater CO. At a lower pHe, the pH
range between the gills, at which oxygen loading of blood takes place, and metabolising
tissue, at which oxygen is released, would be narrowed. The high haemocyanin

cooperativity would favour oxygen unloading over a small pH range.
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Fig. 4.11 Relationship between pH., haemocyanin oxygen saturation and PO: in adults of
Hyas araneus exposed to control seawater PCO; of 390 patm (A) and elevated seawater
Pcoz of 1960 patm (B). The solid line indicates the half-saturation of haemocyanin with
oxygen. Dashed lines indicate the corresponding pHe for the half-saturation of

haemocyanin.

These preliminary results (n = 1, haemolymph of one animal per CO;
concentration) provide the first evidence that a hypercapnic exposure chances the pH
sensitivity of the respiratory pigment at a low haemolymph Po: in crustaceans. This effect
might become involved during acute warming. Haemolymph P0. decreased with
increasing temperature in H. araneus adults down to values of around 2 kPa at critical

temperatures of 21°C and 23°C in hypercapnia-exposed animals (Walther et al. 2009). At
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elevated seawater PC02, a lower haemolymph pH and a higher pH sensitivity of the
respiratory protein at low P0; might act in concert narrowing the thermal tolerance of H.
araneus through an oxygen limitation at lower temperatures. Further studies are
necessary to substantiate the proposed mechanisms.

The earlier oxygen- and capacity limitation of thermal tolerance (OCLTT) of larvae
and adults of H. araneus at elevated seawater PCO: was also reflected in the heat shock
response (heat shock protein abundance). In H. araneus adults from the Gullmarsfjord
(Sweden), the proteomic response to elevated seawater PCO: levels and permanent heat
stress resulted in a higher abundance of heat shock protein (HSP) 70 (Harms, unpublished
data). Zoea larvae of H. araneus showed a similar response at the gene expression level
(publication III). Zoea larvae reared at elevated CO; of 3300 patm showed higher
expression of HSP70 and HSP90 than control larvae, when they were exposed to heat
shock 10°C above the ambient temperature. A left shift of the three key characteristics
(Ton, Tpeak and Toff) of the heat-shock response has been discussed in publication III. In
marine organisms, OCLTT thresholds seem to be reflected in the threshold temperatures
for the HSP response. Ton was found to be close to the upper pejus temperature at which
mortality starts to rise (Anestis et al. 2007), while Toff was close to the upper critical
temperature at which survival was strongly compromised (Tomanek and Somero 1999).
As heat shock response and threshold temperature for HSP induction show a high degree
of phenotypic plasticity (Buckley et al. 2001, Hamdoun et al. 2003) and are subject to
acclimation, the results indicate a capacity to adjust passive thermal tolerance under CO;
in larvae and adults of H. araneus (Fig. 4.12). Proteins might be less stable during
hypercapnic exposure and thermal denaturation of the proteins might have to be
prevented at lower temperatures leading to a left shift of Ton and equal shifts in Tpeak
and Toff. However, a left shift of the heat shock response is a trade-off between
maintenance of thermal tolerance and costs of thermal denaturation of the protein pool at

lower temperatures.
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Temperature

Fig. 4.12 Conceptual model of how hypercapnia-exposure shapes the physiological
performance and concomitantly the heat-shock response (heat shock protein gene
expression) of H. araneus during acute warming. High Pco. shifts the three key
characteristics of the heat-shock response: Temperatures at which enhanced synthesis of
HSPs first occurred (Ton), temperatures of maximal induction of HSP synthesis (Tpeak)
and temperatures at which HSP synthesis was heat-inactivated (Toff) (adopted from
Tomanek and Somero 1999). The synergistic effect of elevated seawater PC0. and heat
shock cause a left shift of the heat shock response equivalent to the left-shift of the critical

temperature (T.) at which the physiological performance decreases.

A different physiological and heat shock response was found in the megalopa stage
of H. araneus. There was no effect of seawater CO; concentration on the thermal sensitivity
of heart beat rates and only slight differences in oxygen consumption during acute
warming in H. araneus megalopa (publication III, Fig. 1&2). Furthermore, gene expression
of HSP after a heat-shock of 20°C was not affected by seawater CO; level in the megalopa
larvae (Table 5 in publication III). The data suggest that the high thermal sensitivity of the
megalopa under control conditions is accompanied by the limited capacity of stress
response mechanisms. Unlike the zoea stages, the megalopa stage seems to have low
capacities to shift thermal limits or enhance the capacity for passive thermal tolerance,
emphasizing the inflexibility or bottleneck characteristics of this larval stage (Fig. 4.13).
This larval instar has already been suggested to be physiologically sensitive bottleneck
within the life cycle of H. araneus in terms of ocean acidification and warming (Walther et

al. 2010, 2011).
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Fig. 4.13 Conceptual model of ontogenetic
changes in the thermal tolerance of Hyas
araneus. High seawater CO; concentration
mainly affects the thermal tolerance of adults
and zoea stages, while the low thermal
tolerance of megalopa larvae might not be

further limited at high CO..

Life history stage

Thermal tolerance

4.3.2 Temperature tolerance of different population and species of spider crabs

The energetic demands during acute warming of spider crab larvae from different
populations and of different species have been examined in the present thesis (publication
[1I, unpublished data). The thermal tolerance of larvae of Hyas araneus was investigated in
two populations: An Arctic from the Kongsfjord (Svalbard, 79°N) and a warm-temperate
from the Gullmarsfjord (Sweden, 58°N). In the Kongsfjord the temperature ranges from 0-
6°C (Svendsen et al. 2002), while larvae from the Gullmarsfjord experience ambient

temperature between 2°C and 17°C (www.weather.loven.gu.se/en/data.shtml). Pugettia

producta is a spider crab species, which is comparable to H. araneus in terms of its
distribution range and life history stages. Just like H. araneus, P. producta shows a wide
distribution range. While H. araneus is distributed from Arctic waters around Svalbard to
boreal waters of the southern North Sea, P. producta can be found from boreal Chichagof
Island, Alaska to subtropical Asuncion Point, Mexico. In contrast to H. araneus, it is able to
exist and reproduce in warmer, subtropical waters.

Oxygen consumption rates of zoea larvae from the Arctic population of H. araneus
doubled between 3°C and 9°C (Fig. 4.14). Oxygen consumption rates were constant
between 9°C and 21°C in zoea I larvae, while there was a further increase between 9°C and
15°C in zoea II larvae followed by a significant drop at 21°C. Oxygen consumption rates of
zoea | larvae were significantly higher than that of zoea Il larvae at 21°C (Fig. 4.14). This
pattern was not reflected in the temperate population of H. araneus. Oxygen consumption

of both zoea larvae increased between the rearing temperature of 10°C and 25°C, followed
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by a significant drop at the highest experimental temperature of 28°C (Fig. 4.14). These
results indicate that the first zoea stage of Arctic H. araneus has a higher relative (not
absolute) upper critical temperature than both temperate zoea stages. Furthermore,
differences in thermal windows were identified in Arctic H. araneus zoea larvae, which
was not the case in the temperate population. Arctic zoea II larvae displayed a narrower
thermal window than zoea I larvae.

Larvae from the two different populations of H. araneus differ in their absolute
thermal tolerance. Critical temperature limits, indicated by maximal oxygen consumption,
were reached at 25°C in both temperate zoea stages of H. araneus (Fig. 4.14). Arctic H.
araneus zoea Il displayed maximal oxygen consumption at 18°C. The lower critical
temperature limits were accompanied by a stronger thermal sensitivity of whole-animal
respiration in both Arctic zoea stages. Arctic larvae had considerably higher Q1o value for
oxygen consumption, especially at the low end of their temperature tolerance, compared
to temperate larvae (Tab. 4.1). In Arctic larvae, the exceptional high Q1o (12.7) at 3°C
above the rearing temperature is due to the Q1o method of extrapolation. However, the
same method was used for all stages and populations, still resulting in a lower Qi for
temperate larvae. The results indicate permanent cold adaption in the Arctic population of
H. araneus. Stenothermy and high sensitivity to warming might result from high Q1o values
of oxygen consumption due to high thermal sensitivity of the proton leak and an
associated dissipative heat loss during warming in cold-adapted, polar ectotherms

(Portner et al. 2000Db).
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Fig. 4.14 Temperature dependent oxygen consumption (pgOz; mgDW-1h-1) of Arctic (A)
and temperate (B) zoea I and zoea Il of Hyas araneus and subtropical zoea I of Pugettia
producta (C) (Mean * SE). Asterisks indicate significant differences between life stages.
Different letters indicate significant differences between temperatures within one life

stage (lowercase letters: zoea [; uppercase letters: zoea II).
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As high seawater CO; levels narrows the thermal tolerance window of H. araneus
adults and larvae from temperate populations (Walther et al. 2009, publication III), a
concomitant increase in ocean CO; concentrations and temperature might cause migration
and a northern shift in the distribution limits of H. araneus. An increase in temperature in
the North Sea during the last 40 years has already led to a dramatic decrease in the
abundance of H. araneus around Helgoland (Walther et al. 2010). However, a migration
and a northern shift in the distribution could lead to an increased degree of cold
adaptation, which comes with enhanced stenothermy as a trade-off presumably entailing

an increase of sensitivity towards ocean warming.

Table 4.1 Q10 for oxygen consumption in Arctic and temperate zoea [ and zoea Il larvae of
Hyas araneus and zoea I larvae of subtropical Pugettia producta. Temperature is given as

difference between rearing (control) and experimental elevated temperature.

Zoeal Increase in temperature (°C above rearing temperature)
Population/Species 3°C 6°C 9°C 12°C 15°C 18°C
Arctic H. araneus 12.7 6.7 3.3 2.7 2.0 1.7
Temperate H. araneus 2.3 1.7 1.9 1.7 1.6 0.4
Subtropical P. 1.3 1.2 1.1 1.2 1.0 0.8
producta

Zoeall

Population 3°C 6°C 9°C 12°C 15°C 18°C
Arctic H. araneus 5.0 3.1 2.4 2.2 1.6 0.7
Temperate H. araneus 2.1 1.8 2.1 1.8 1.7 0.4

The thermal tolerance window of P. producta zoea I larvae from a subtropical
population (California, 37°N) was determined (Fig. 4.14). Unfortunately, no data for the
second zoea stage could be obtained due to difficulties in larval culturing. Whole-animal
respiration was almost thermally insensitive with constant Q1o values of around 1 (Tab.
4.1). There was a slight, but not significant decrease in oxygen consumption at 18°C above
the rearing temperature. However, it was less pronounced than in zoea stages of Arctic
and temperate H. araneus. Critical temperature limits might be encountered above a
seawater temperature of 30°C. Larvae of the sampled subtropical population of P.
producta experience ambient temperatures between 7°C and 17°C. Although larvae are
exposed to a smaller temperature range during development compared to other P.
producta populations further south (e.g. Mexico, 16-26°C), they still show a high
temperature tolerance. At the corresponding rearing temperature, P. producta larvae
displayed oxygen consumption rates, which were three times higher than those of Arctic
and temperate H. araneus larvae. Adaptation to a thermal environment requires a balance

between mitochondrial density, corresponding standard metabolic rates and as a result,
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thermal upper and lower critical limits (Portner et al. 2000b). The investigated population
of P. producta seems to be warm-eurythermal with high upper critical temperature limits.
Larvae from the temperate H. araneus population showed an intermediate and Arctic
larvae the narrowest thermal window suggesting a cold eurythermy for the temperate and
a permanent cold stenothermy for the Arctic population. Although temperature tolerance
of P. producta zoea | larvae was narrowed by elevated seawater PcO: (data not shown),
larvae of warm-eurythermal species/populations might be less affected by a concomitant
increase of seawater CO; concentrations and temperature due to wider thermal tolerance
windows. This could lead to a higher reproductive success in areas of coexistence and

shifts in species abundance, which could have strong ecological implications.
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5 Conclusion
In order to draw a conclusive picture, the research objectives formulated in the

introduction will be apprehended with respect to the experimental results:

1) Can different life cycle stages of the osmoconforming Hyas araneus regulate hypercapnia-
induced acid-base disturbances? Does a disruption or regulation of the acid-base status

compromises the metabolism of Hyas araneus?

Adults of osmoconforming Hyas araneus cannot fully compensate for hypercapnia-
induced acid-base disturbances of extracellular compartments via bicarbonate
accumulation or trans-epithelial ion transport. Extracellular pH decreased with increasing
seawater CO; concentration, but was compensated for to various degrees by an increase in
bicarbonate. mRNA expression of several genes important for acid-base regulation were
either not affected by high seawater PC0. or mainly down-regulated in embryos, larvae
and adults. There was no evidence for metabolic depression or compromised metabolism
due to insufficient acid-base regulation. However, a shift in energy budget cannot be
excluded. High seawater CO; levels had an influence on mitochondrial energy metabolism
indicated by an up regulation of genes of the electron transport chain and citric acid cycle.

Depending on pre-hatch history and larval age, exposure to elevated seawater
Pco; caused a rise in standard metabolic rates of H. araneus larvae. Elevated metabolic
rates were paralleled by reduced growth rates in larvae pre-exposed to elevated PCO:

during maternal care, possibly due to shifts in the larval energy budget.

2) Are early developmental stages (embryos, larvae) the most CO; sensitive life cycle stages of

Hyas araneus?

Predicting CO; sensitivities of different life history stages of a species is difficult as
different physiological mechanisms might be affected at different life stages. Adults and
larvae (zoea) had efficient compensatory mechanisms to maintain homeostasis during
hypercapnic exposure. Despite extracellular acid-base disturbances in adult H. araneus,
exposure to elevated seawater CO. did not affect oxygen consumption, mortality or
carapace structure. Effects of elevated seawater PCO: on oxygen consumption, weight and
elemental composition in developing zoea [ larvae of H. araneus were small,

developmental duration and survival remained unaffected. These findings are in line with
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previous studies on crustacean larvae, where elevated seawater Pc0. did not influence
development, mortality or growth in the first two zoea stages of the European lobster
(Arnold et al. 2009) or zoea mortality and growth in H. araneus (Walther et al. 2010,2011).

Crustacean zoea larvae show relatively high survival rates under high levels of
seawater PCO: in comparison to other marine invertebrate larvae (Dupont et al. 2008,
Talmage and Gobler 2010). To maintain homeostasis, compensatory mechanisms might
involve an up-regulation of enzymes of the mitochondrial energy metabolism, especially
those involved in the electron transport chain. A hypercapnia-induced increase in
transcript levels of these enzymes could be found in zoea larvae (publication III) and also
in adult H. araneus (Harms unpublished data).

The outcome of the experiments underlines the hypothesis that early ontogenetic
stages (embryos) and spawners are sensitive life stages of H. araneus (Fig. 5.1).
Hypercapnic exposure leads to altered female brooding behaviour. This might have
consequences for the female’s energy budget with females increasing their effort in brood
oxygenation. It cannot be excluded that embryos were affected by elevated seawater PCO:
through less oxygen supply by the females. However, the transition from eggs to hatching
larvae may be even more critical than progression within an individual stage per se and
thus, depicts a putative bottleneck in the larval development of H. araneus. Zoea I larvae
pre-exposed to high seawater PC0O. during maternal care showed extremely high mortality
rates and severe developmental delays due to potential hypercapnia-induced changes in

the early larval energy budget leading to insufficient growth increment.

Fig. 5.1 Schematic model of ontogenetic
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3) Is the thermal tolerance of Hyas araneus larvae limited under elevated seawater Pco: due
to synergistic effects of hypercapnia and temperature on metabolism, acid-base regulation

and/or heat shock response?

At elevated seawater CO; concentrations, upper thermal tolerance limits were
lowered by around 3°C in zoea larvae of H. araneus. This suggests that high CO, and
elevated temperatures act synergistically on physiological mechanisms of the larvae. The
genetic approach of the present thesis supports the hypothesis that a shifted physiological
temperature tolerance is reflected in changes in the heat shock response, namely the gene
expression of heat shock proteins (HSP). Chronic exposure of larvae to elevated CO;
increased the transcriptomic response to acute heat shock, while the mRNA expression of
genes from other cellular processes (metabolism and ion regulation) did not respond to a
synergistic treatment of high seawater CO; and acute heat shock.

Regarding the megalopa stage, neither the physiological measurements, nor the
outcome of the genetic approach indicated a hypercapnia-induced narrowing of the
thermal tolerance range. However, the stenothermy of the megalopa stage of H. araneus
might reduce the possibility to detect differences in its thermal tolerance and also might
prevent a further reduction of the thermal tolerance capacity due to hypercapnia-

exposure.

The present thesis set out to pursue the question if the environmental variability
during daily life can be correlated with capacities for CO; tolerance in marine crustaceans.
[t was postulated that osmoconforming, slow-moving inactive species commonly found in
the deep sea and high latitudes are the species most at risk in terms of ocean acidification
and warming (Pane and Barry 2007, Whiteley 2011). Summing up the present results,
osmoconforming sublitoral crustacean, such as H. araneus, species are more tolerant
towards ocean acidification than they were expected to be. It seems that H. araneus adults
tolerate extracellular disturbances, raising the question whether this is an adaptive
strategy or due to limited physiological capacities. Whiteley (2011) suggested that the low
oxygen carrying and buffering capacity contributes to the low compensatory capacities in
inactive species with low metabolic rates. However, a low, mainly passive, buffering of
extracellular acid-base disturbances is characterized by several advantages and
disadvantages. Maintenance of intra- and extracellular acid-base balance is accomplished
to ensure continuity of normal physiological and metabolic processes (Henry and Wheatly
1992). At the extracellular level this involves maintaining the structural and functional

integrity of the respiratory pigment haemocyanin. As the contribution of haemocyanin to
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the in vivo oxygen transport increases with decreasing haemolymph P02 in crustaceans
(Lallier and Truchot 1989) often displayed at elevated temperatures, uncompensated
acid-base disturbances might affect oxygen transport at temperature extremes. This is
further supported by the observed higher pH sensitivity of the respiratory protein at low
Po:in hypercapnia-exposed adults of H. araneus and the previously reported lower heat
tolerance at high seawater Pco. (Walther et al. 2009). In contrast, tolerance to heat was
not affected by hypercapnia in osmoregulating Necora puber (Small et al. 2010). The data
indicate that crustacean species not actively regulating acid-base disturbances are most
threatened by a concomitant increase of seawater CO; and temperature. Furthermore,
growth in crustaceans, more specifically moulting, can also be compromised by a low
extracellular pH as the CaCO3 formation takes place in the shell fluid compartment at 0.3
to 0.5 pH units above that of the haemolymph and a decrease in haemolymph pH will
increase the pH gradient between the haemolymph and the shell fluid.

Vice versa, the ability to tolerate acid-base disturbances might be an advantage to
deal with high seawater CO,. Acid-base compensatory mechanisms are accomplished via
active transmembrane ion exchange and are a trade-off between acid-base balance and
ion-regulation and maintenance of haemolymph ion composition. Elevated levels of
haemolymph magnesium during compensation of acid-base disturbances were connected
to reduced oxygen consumption during hypercapnic exposure (Small et al. 2010).
Furthermore, extra- and intracellular ion regulation and the establishment of ion
gradients is highly energy consuming and leads to shifts in the animals’ energy budget
entailing reduced somatic and reproductive growth (Stumpp etal. 2011a, b, 2012).

Whether or not the lack of compensation of hypercapnia related acid-base
disturbances is an adaptive strategy or due to limited capacities, the mentioned
advantages and disadvantages emphasize the complexity to evaluate CO; effects on marine
organisms. Concluding that osmoconforming, slow-moving inactive species are the species
most at risk might be premature. Certainly, the environmental variability relates to the
capacities to tolerate high seawater Pc0.. This especially holds true for intertidal
crustacean species, which are exposed to severe fluctuations of the abiotic parameters of
their environment and are strong ion- and osmoregulators (Truchot 1979). However,
these species commonly experience short-term fluctuations within the supralitoral and
underlying mechanisms support short-term survival in extreme environments. Special
attention should be paid to long-term effects of ocean acidification. Among those species
that have a sublitoral distribution and experience stable environmental conditions, the
ability to compensate for acid-base disturbances is highly species dependent and it needs

to be addressed, which strategies (compensation vs. non compensation) prove best on a

153



Conclusion

long-term scale. This will also have implications for species interactions and competition
in future ecosystems.

[t still needs to be considered that near future ecosystems will not be challenged
by such high seawater CO, concentrations as commonly used in experiments on adult
crustaceans. An increase of atmospheric PCO; to 970 ppm by the end of this century is
projected (Caldeira and Wickett 2005), while most experiments on crustaceans were
conducted between 2000 and 60000 ppm CO,. Marine crustaceans are, thus, more tolerant
towards high CO; levels than e.g. echinoderms and bivalves, which appear to be highly
sensitive taxa negatively responding to lower increases in seawater PC0.. Nonetheless,
severe impacts of elevated seawater PCO: could be detected in certain early life cycle
stages of H. araneus and other marine crustaceans implying the embryonic and larval
development as potential bottlenecks in terms of ocean acidification. Therefore, future
studies should aim to verify these bottlenecks at intermediate seawater CO:
concentrations below 2000 patm.

However, the ongoing increase of seawater PCO: in the ocean is occurring in
synergy with increasing ocean temperature and expansion of hypoxic zones. Cumulative
or interactive impact of different factors could be shown to be even more severe for
osmoconforming and regulating crustaceans than CO; alone and the organisms’ response

to these multiple stressors/factors will inevitably shape the ecosystems of the future.
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